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ABSTRACT

The UA2 experiment at the CERN pﬁ Collider has terminated its physics programme
at the end of 1990. The large data sample collected in the second experimental phase
from 1988 to 1990 at /s = 630 GeV allowed for detailed tests of many aspects of the
Standard Model of particle physics. Precise measurements of clectroweak parameters
have been performed, predictions of perturbative Quantum Chromodynamics have been
tested, and a new mass range has been explored for the existence of new particles. In the
present article the final results of the UA2 experiment are summarized and compared to
the Standard Model predictions.

*{o appear in International Journal of Modern Physics A
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1. Introduction

Proton antiproton collider physics has played a major role in experimental parti-
cle physics since the startup of the CERN pp Collider programme in 1981. With the
centre of mass energy of 630 GeV, access to a new energy regime was opened up al-
lowing for the study of parton parton interactions at the energy scale of ~100 GeV.
The discovery of the intermediate vector bosons W and Z in the years 1982 and
1983,! by the two large experiments UA1 and UA2, was an excellent confirmation
of the predictions of the electroweak theory of Glashow, Salam and Weinberg.? Not
only was the electroweak theory established, but also the other building block of the
so called ‘Standard Model’ of particle physics, Quantum Chromodynamics (QCD),?
was impressively confirmed. Even before the W and Z particles were discovered,
jets with high transverse momentum, resulting from hard parton parton scattering,
were observed with unexpected clarity.* Already in the early days the gross features
of the events could be described by leading order QCD calculations.

In the first experimental phase from 1981 to 1985 each of the two experiments
collected data corresponding to an integrated luminosity in the order of 0.9 pb™'.
About 250 W and 30 Z candidate events could be recorded in the electron de-
cay channels by each experiment. Even though enough to establish the existence
of the particles, they did not, however, allow for detailed tests of the theoretical
predictions,

Motivated by the success of the collider, CERN undertook an important up-
grade programme of the pp complex in the years 1985 to 1987, where the machine
luminosity was increased by an order of magnitude. In parallel also the experiments
were upgraded in order to improve the detector performance and to adapt the de-
tectors to cope with the higher expected event rate. In the second experimental
phase from 1988 to 1990, the UA2 experiment accumulated data corresponding to
an integrated luminosity of 13.0 pb~? in three major running periods. After nearly
ten years of operation the UA2 experimental programme stopped at the end of 1990.

In the present report the main physics results of the UA2 experiment, based on
these data, are presented. This includes a detailed discussion of the measurement
of electroweak parameters with the focus on the measurements of the mass and
the width of the W, on the study of various W decay modes, and on the direct
search for the top quark. In addition, the experimental data are confronted to the
theoretical predictions of perturbative Quantum Chromodynamics for a variety of
hard scattering processes, including jet production, direct photon production and
the production of W and Z bosons. Finally, they have also been used to explore
the unknown and to look for physics beyond the Standard Model. Searches for
supersymmetric particles, additional heavy vector bosons, quark compositeness and
for leptoquarks are presented.

In the meantime the centre of pp collider physics has moved to the United States.
Since 1987 the TEV I Collider at Fermilab is successfully running at a centre of mass
energy of 1.8 TeV, and the CDF experiment has collected data in paralle] to the UA2
experiment at CERN. For several years there was a fruitful competition between
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the CDF and the UA2 experiments, where the advantage of the Fermilab Collider
of having a higher centre of mass energy was partially compensated for by the
higher luminosity delivered by the CERN Collider. Today two experiments, CDF
and D0, are continuing their physics programme at Fermilab with good prospects
for significantly improving the existing measurements over the forthcoming years,
and perhaps for discovering new phenomena. Whenever relevant, the UA2 results
presented here are compared to the results obtained at the Fermilab Collider.

Before describing the large body of experimental data in Sect. 4, 5 and 6 of
this report, the main features of the Standard Model are briefly recalled in Sect. 2.
In particular, those predictions which can be tested in pp collisions are discussed.
Experimental aspects, which are relevant for the data analysis, are briefly presented
in Sect. 3.

2. Theoretical Framework

The fundamental interactions between the elementary particles are described by
the Standard Model, which comprises the eleciroweak theory of Glashow, Salam
and Weinberg and Quantum Chromodynamics. Whereas the latter describes the
strong interactions between coloured quarks and gluons, the first one provides a
unified description of the weak and the electromagnetic interactions. The Standard
Model leads to distinct predictions, which can be tested experimentally. In the
following those predictions relevant for pp physics are briefly discussed. For details
the reader 1s referred to the extensive descriptions existing in the literature.®

2.1. Parameters of the FElectroweak Theory

The electroweak theory is a field theory based on the gauge group SU(2) of weak
isospin and U(1) of hypercharge, with gauge bosons W3, ¢ = 1,2,3 and By and
gauge couplings g and ¢’ for the two gauge groups respectively. The fundamental
fermionic constituents of matter are placed in left-handed SU(2) doublets,

i vy i Uj
= (,1_ ) and X} = (d;_ )L, 1)

and right-handed singlets ¥ = (I;)g and \IlfI = (u;)R,(d;)r, where 1 denotes the
family generation index. The ‘down-type’ quarks d} are related via the Cabibbo-
Kobayashi-Maskawa matrix® to the mass eigenstates d;. The Lagrangian con-
tains via the covariant derivative the interactions between the gauge fields and
the fermions. If the gauge fields WJ and Wf are combined into the fields Wﬂ: =
VIE{WF} F iW? }, terms can be identified, which describe the coupling of a lep-
ton neutrino current to a charged vector field, corresponding to the experimentally
observable weak charged currents. Since the theory is bound to contain the electro-
magnetic interaction, the linear combination of W7 and B, which does couple to a
v — v current is associated to a field Z,, which 1s orthogonal to the photon field A,,.
For this purpose the weak mixing angle # is introduced leading to the following
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representations for the physical bosons:

1
x 1 -

W,u = ﬁ {W# q:’tWﬁ }

Z, = cosfw WS — sinfy B,

Ap = sinfy W2 + cosy B,. (2)

From the requirement that the photon couples with strength equal to the electric
charge e to the left- and right-handed charged fermions, the following relations can
be derived:

e = g¢gsinfwy and

e = ¢ cosfyw. (3)

Using these relations, all couplings can be expressed in terms of the parameters ¢ and
sinfy . The Lagrangian contains three different interaction terms corresponding
to the weak charged current, the weak neutral current, and the electromagnetic
current.

For the generation of masses the mechanism of spontaneous symmetry breaking
1s used, which together with local gauge invariance leads to massive vector fields.”
In the minimal version, a single complex scalar doublet field ®(2), the Higgs field,
13 coupled to the gauge fields. The self interaction V(®) = p201e 4 )\(‘I>Jf(1>)2
is chosen in such a way that it has a non-vanishing vacuum expectation value
v = y/—p?/X. The manifold of points at which V(®) is minimized is invariant
under SU(2) transformations. By choosing a particular direction in the SU(2)
space, three out of the four field components of the complex field ®(z) are removed
from the physical spectrum by the Higgs mechanism and become the longitudinal
modes of the W* and Z bosons. The fourth neutral field is related to a neutral
scalar particle H and appears with a mass term my = \/—2u2 in the Lagrangian.
In addition, mass terms for the vector bosons W and Z of the form

_ Ll v
T 2cosfw

mw = Svg and mz (4)
appear. The relation mw /mz = cosfw 1s a prediction of the Standard Model.
At tree level in perturbation theory this relation is also true if the Higgs sector is
built up of more than one Higgs doublet. In this case, two more charged and two
more neutral Higgs scalar particles appear for each additional doublet. In addition,
Yukawa couplings to fermions are introduced to generate mass terms of the form
my, = cj, % with parameters cy, for each charged fermion f;.

Given the relations defined above, the fundamental parameters introduced in
the theory, g, g, A, p, and ¢y, can be replaced by the parameters

e, mw, mgz, myg, and my

which can be directly measured in suitable experiments.
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2.2. Properiies of the W and Z Bosons
2.82.1. The Boson Masses

From the requirement of consistency of the electroweak theory at energies well
below the W mass with the Fermi theory of weak interactions® a prediction for the
W mass can be deduced:

A2
sin” By

o
myy = (5)
The parameter A is related to the fine structure constant @ and to the Fermi
constant Gg by the relation 4 =, /772;;———. From the measured values of @ and Gp

F

1t can be computed to be A = 37.2810 & 0.0003 GeV.? This tree level prediction for
the mass is modified by higher order corrections in the renormalizable electroweak
theory. Choosing a renormalization scheme such that sin? 8y is defined to all orders
by the relation!®

me

sin?fw =1~ —‘;/, (6)

mz

the Standard Model predictions for the boson masses take the form

2 A?
mw = o y
sin” B (1 — Ar)
} 2
my = - ™

sin’ Ay cos? fw (1 — Ar)

The variable Ar represents the radiative corrections to O(«) arising from loops in
the gauge boson propagators. They include contributions from Higgs, gauge boson,
and fermion loops. The value of Ar is found to depend logarithmically on the
Higgs mass (~ ln(’;—?)z) and quadratically on the top quark mass (~ ;%“2/—) Such a
strong dependence is typical whenever there 1s a fermion doublet with a large mass
splitting between the two members.1!

The dependence of Ar on the unkown top quark mass m, is shown in Fig. 1.
It should be noted that also higher order electroweak terms, O(«?), and additional
QCD corrections, related to large top quark masses, have been calculated.'? Both
electroweak and QCD higher order effects give a small positive shift to Ar and thus

diminish slightly the slope of the first order dependence (see Fig. 1).

2.2.2. The Boson Decays

By construction of the electroweak Lagrangian, the W and Z bosons decay into
fermion pairs. The partial widths for decays into massless fermion antifermion patrs,
including first order strong and electroweak radiative corrections are given by:3

GF m%v 2 W
Yworg = Feer g vl e,
r _ pa.n GF Mz [T+ (1 -4|Q;|sin 8w)?] (1+67) (8)
E—f] = QCD 247 /2 ! w fr
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Figure 1. Radiatve corrections Ar as a function of the top quark mass m,.

The factor Fpep 1s a colour factor which includes QCD corrections. It takes the
values Focp = 1.0 for lepton pairs and Foep =3 (1 + a, /7 + ...) for quark pairs,
with a, being the strong coupling constant. In the case of W decays into quarks
the factor ]V,ﬁ: ? is the relevant Cabibbo-Kobayashi-Maskawa matrix® element. For
leptonic decays it takes the value 1. The terms 6}” and 6J? represent the electroweak
radiative corrections, which have been calculated and are found to be small. 314

Neglecting these corrections, one obtains for the electronic partial widths:

T _ o7 (MW ’ MeV
Weoer = 1\ 802 GeV v
3 My 3
Tz... = 835 (91_18 GeV) MeV. (9)

Despite the existing lower bounds on the top quark mass, derived in hadron collider
experiments assuming the Standard Model value for the semileptonic branching
ratio t — bev, W — tb decays could still be allowed, if for example top decays via a
charged Higgs boson H* exist (see Sect. 6.2. and Ref.!%). In this case, quark mass
corrections cannot be neglected and an additional phase space factor S;zz < 1 needs
to be taken into account.’® Also the QCD corrections of order a, are modified with

respect to the massless case.!”

The total widths I'y and I'z are given by the sum of the rates for the individual
final states. Due to the mass dependent phase space and correction factors, the
total widths also depend on the top quark mass. In the case of the W, the width
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varies between

I'n = 2.49 GeV for m; = 45 GeV and
'y = 2.08GeV for my > mw —my. (10)

Since any additional decay channels, beyond the ones considered in the Standard
Model, will lead to an increase of the decay width, a precise measurement of T'y
gives information on the presence of new physics in the mass range of the vector
bosons.

From the formulae given above, branching ratios Bw_.., = IM'w—en/T'w and
Bz_ce = Tz-ec/I'z for the electronic decay modes of 10.8% and 3.4%, respec-
tively, can be deduced in the case of m; > mw — my. About 70% of the vectors
bosons are expected to decay into gg pairs.

2.3. Quantum Chromodynamics

Quantum Chromodynamics is the quantum field theory of the strong interaction
based on the gauge group SU(3).® The fundamental constituents, the quarks, appear
in SU(3) triplets, according to the three components of colour. The interaction is
mediated by eight gauge bosons G, (a = 1,2, ...,8), the gluons. In the Lagrangian
only one basic coupling, the gauge coupling g, appears, which describes the flavour
independent coupling of quarks to gluons.

The calculation of physical quantities in perturbation theory up to any fixed
order requires renormalization in order to remove ultraviolet divergences. A renor-
malization scale y has to be introduced, at which the subtractions of the divergences
are performed. In general, the scale dependence is absorbed in a ‘renormalized cou-
pling’ o, (u) = g?(p)/4m. If the perturbative calculation of any physical quantity
is performed up to a given fixed order, the result will depend on the choice made
for the parameter p. This dependence disappears only if all orders are included
in the perturbative calculation. Mathematically, this is expressed in the so called
renormalization group equation, from which the functional dependence of o, on g
can be deduced. To leading order of perturbation theory the relation

33— 2n
T 12r

s (p) = (o) with b

L+ bag(uo)in (£)"

is obtained, where b is the first coefficient of the QCD S-function,® n; is the number
of quarks with mass less than the energy scale i and a,(ug) is introduced as an
integration constant. Thus perturbative QCD only makes predictions about the
variations of the coupling constant with the scale p but does not predict its absolute
value. The latter has to be obtained from experiments. It is more conventional to
introduce a dimensional parameter A instead of «;(ug) via the relation In ("f) =
1/ as(po), so that Eq. (11) is transformed into

127
) = (33— 2n;)In (&) (12)

(11)
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For p — oo the value of the coupling a; goes to zero. This behaviour, called
‘asymptotic freedom’, allows strong interaction processes at high energies to be
calculated in perturbation theory.

The definition of A can also be extended to next to leading order in perturbation
theory. In this case o (p) is extracted by taking into account two loop corrections
in the propagator. One way to define a, at second order 1s:°

o 197 [ 6(153 = 19n,) In (in(u?/A?))
W) = 5 2, () 53 —ony)? muijany | 1)

Since the number n; is changing when flavour thresholds are crossed, A must also
change discretely through flavour thresholds so that a;(p) is a continuous function.
Furthermore, the renormalization procedure is not unique and different schemes can
be defined.!® Thus, for the definition of A the specification of the renormalization
scheme and of the number of active quark flavours is needed.

2.4. QCD Predictions for pp Collisions

The high energy interactions of hadrons are described by the QCD improved
parton model. The hard scattering process between two hadrons is the result of
the interaction between the quarks and gluons which are the constituents of the
incoming hadrons. These hadrons provide broad band beams of partons which
possess varying fractions z; of the momenta of their parent hadrons. The cross
section for a hard scattering process initiated by two hadrons can be written as

o= Y [dnides o) iz (e, 20, (14)
i.]
The functions fi(z, ) are the quark and gluon distributions, defined at the scale
. The short distance cross section for the scattering of partons of type ¢ and j is
denoted by &;;. Since the coupling is small at high energy, this cross section can
be calculated as a perturbative series in the running coupling o,. The n-th order
approximation is given by

¢ = coat (14 call, (15)
J=1

with coefficients ¢;. In the leading order approximation (n=0), the short distance
cross section is identical to the parton scattering cross section of the naive quark
parton model. As discussed above, the scale p is an arbitrary parameter, which in
general is however chosen to be of the order of the energy characterizing the parton
parton interaction, like, for example, the mass of the vector bosons or the trans-
verse momenta of outgoing jets. The more orders are included in the perturbative
expansion, the weaker the dependence on p.

Those partons which do not take part in the hard scattering process will produce
what is generally called the ‘underlying event’. Finally, it should be stressed that
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Eq. (14} does not describe the bulk of the events which occur at a hadron collider.
It can only be used to describe the most interesting classes of events which involve
a hard interaction. Most events result from elastic and soft inelastic interactions
generally called ‘minimum bias’ events. In the following a few specific examples of
hard scattering processes are discussed.

2.4.1. Jel Production

Two-jet events result when an incoming parton from one hadron scatters off an
incoming parton from the other hadron to produce two high transverse monentum
partons which are observed as jets. All parton processes which contribute in lowest
order to the cross section are shown in Fig. 2. Expressions for the leading order
matrix elements are known and are given in Table 1 for the various subprocesses!® as
a function of the Mandelstamn variables s, and v under the assumption of massless
partons. In order to illustrate the relative importance of the subprocesses, also the
numerical values of |M2| at © = 90° are shown, where ©* is the scattering angle
in the two-Jet centre of mass system. Terms involving gluons in the initial state
are dominant, whenever the gluon density in the incident hadrons is comparable to
that of the quarks.

Table 1. Matrix elements for parton scattering

subprocess IM|* 6* = /2
z 2
qq’ — qq’ sody 2.22
2 2 2 2 2
w—qq | (SR04 ) - g2 3.26
_ 2 2
9q — ¢'9¢’ Charca 0.22
_ — 2 2 2 2 2
9¢ — 49 5 (;’ B4 e ) — =i 2.59
_ 2,2 & uZig?
99 — g9 SQudl _ Budt 1.04
_ 2 2 2 2
99 — 94 gt — duds 0.15
_aviis? | ul4s? 6.11
99 ~ q9 s a4+ .
g9 — 99 2(3— 4 g2t 30.38

Recently the evaluation of the full next to leading order matrix elements has
been completed.?® Unlike in lowest order, where a direct correspondence between
a jet cross section and the parton cross section c¢an be made, a prescription is
needed to derive jet cross sections in next to leading order. When such prescriptions
are applied, the next to leading order cross sections show substantially smaller
sensitivities to variations of the renormalization scale than at lowest order.?!
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Figure 2. First order diagrams for hard parton scattering.

2.4.2. W end Z Production

To leading order the production of the intermediate vector bosons W and Z is
described by the Drell-Yan mechanism,*? where a quark from the first incoming
hadron annihilates with an antiquark from the second hadron. The Born level
subprocess cross sections are given by

bop—w = VIGEMi Vog | 6(5 - M) and
. T -
o~z = FVIGFME(v] + af) (5 - M}), (16)

where V- is the relevant Cabibbo-Kobayashi-Maskawa matrix element and vy and
a, denote the vector and axial-vector coupling strengths. The O(a,) (see Fig. 3 for
the relevant diagrams) and O(a?) corrections to the W and Z cross sections have
recently been calculated in the M S renormalization scheme.?® The results of the

(o) (b)

Figure 3. {a) Born level and (b} O(«;) diagrams for W production.

calculations, which have been obtained using the structure function parametrization
of Ref.?* with a,(Mw) = 0.117, are summarized in Table 2. The O(«,) corrections
lead to an increase of ~27% and the ()(a?) corrections give an additional increase
of the cross section by ~7%. These corrections are often parametrized in terms
of total K-factors, defined at each perturbative order [i] as the ratio of the cross
section computed to that order normalized to the Born level cross section:
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Table 2. Total cross sections for W and Z production at \/E = 630 GeV (from Ref.za).

ow (nb) oz (nb)
Born level 5.03 1.54
Ofa;) 6.41 1.96
C’(af) 6.72 2.06
. [£]
I{Ezo]t = 2

ool

11

The largest uncertainties in these cross section calculations arise from uncer-

tainties in the structure functions.

been estimated to be in the order of +10%.23

The dependence of the cross sections on the renormalization scale y is shown
in Fig. 4. These results demonstrate that the dependence of the cross section on
the renormalization scale p is reduced as higher order terms are included in the

calculation.

Figure 4.
Ref23).

Total cross section (nb)

8.0

—— Born

—=— 0 (a,)
7.0~ 0 ()
6.0 "“-u\\
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4 O ) [l i 21 J 1 Il L 1 ] 1 1 111
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Using different parametrizations, they have

Renormalization scale dependence of the total W cross section (from
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2.4.8. Transverse Momenlum of the W and Z Bosons

As a consequence of the small intrinsic transverse momenta of the initial state
partons in the hadrons, most of the vector bosons (V=W ,Z) are produced with rel-
atively small transverse momenta. However, higher order QCD processes can lead
to the production of bosons with large transverse momenta, with the leading order
contributions resulting from the processes ¢ — Vg and g¢ — V¢ (see Fig. 3b).
For large transverse momenta (P} 2 20GeV) the cross section do/dPr can be com-
- puted using perturbative QCD. The calculations have been performed including the
complete Ofa?) contributions.?®2% At small transverse momenta the perturbative
calculations diverge due to infrared singularities. As the transverse momentum be-
comes smaller, the emission of multiple soft gluons becomes important. The generic
expression for the cross section is

My

1 do _ ﬂfs(PT) aS(PT)l 3

s = ot i+ e S e+ ()

with coeflicients ¢; in the order of 1 (Ref.”). The higher order terms become im-
2

portant when a,(PZ2) lnz(%) ~ 1 which corresponds to Pr values below ~10 GeV.
T

The large logarithms can be resummed to all orders in perturbation theory, leading
to QCD predictions of order o, (Ref.?®) and order a2 (Ref.?). Details about the
resummation techniques and a discussion of the remaining theoretical uncertainties
can be found in the literature 3
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3. Experimental Aspects
3.1. The UA2 Detector

After five years of successful operation during 1981 to 1985, the CERN proton
antiproton complex was substantially upgraded.3! A new separate antiproton collec-
tor (ACOL) was added to the existing antiproton accumulator and modifications to
the Super-Proton-Synchroton (SPS) were made to allow for a six-bunch operation.
This enabled the pp Collider to run at a luminosity of about 3 — 4 -10%%m=2sec!,
an increase by a factor of 10 compared to the previous performance. In order to
exploit the physics potential offered by the collider, the UA2 detector®? was also
upgraded during the period 1985 to 1987. The detection capabilities were improved
in two aspects:

o the calorimeter coverage was extended to small angles to improve the mea-
surement of missing transverse momentum by the addition of new endcap
calorimeters to the existing central calorimeter;

e the central detector was completely rebuilt in order to improve the electron
identification, especially at low transverse momenta.

In addition, a completely new three-level trigger and data acquisition system was
developed®® in order to cope with the expected high data rate. The UA2 detector
did place emphasis on the detection and measurement of electrons, photons, jets and
missing transverse momentum, whereas no muon detection system was available.
As in the earlier phase, particle detection was achieved without using magnetic
fields. Charged particle tracking was performed in the central detector covering
the pseudorapidity range |n < 1.6. Energy measurements were performed in the
calorimeters covering the range |n| < 3.0.

A longitudinal view of a quadrant of the upgraded UA2 detector is shown in
Fig. 5. In the following the main features of the detector are briefly summarized.
Details of the construction and performance of the various detector elements can
be found in Ref.3® and in the references given below.

3.1.1.  Calorimetry

The central calorimeter3? of the original UA2 detector was retained with minor
modifications. It covers the full azimuthal range, 0° < ¢ < 360°, and polar angles
40° < © < 140°. Each of the 240 electromagnetic and hadronic cells subtends
10° in © and 15° in ¢. The electromagnetic part is a multi-layer sandwich of lead
and scintillator, 17 radiation lengths thick, while the hadronic part, consisting of
two compartments, is an iron-scintillator sandwich, with a thickness of 4.5 absorp-
tion lengths, including the electromagnetic compartment. In order to increase the
radial space available for the new central detector, the thickness of the edge cell
electromagnetic compartments was reduced. These edge cells cover the polar angles
40° <« © <« 50° and 130° < © < 140°.
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Figure 5. Schematic longitudinal view of the UA2 detector showing one quadrant.

The forward calorimeters (end caps) cover the pseudorapidity region 1 < [g| < 3.
Each end cap consists of 12 modules and each module is segmented into 16 cells.
In a given module the two cells closest to the beam axis (2.5 < |g| < 3.0 and
2.2 < |n| £ 2.5) cover 30° in azimuth. The other cells have a constant segmentation
of Ag =15°, Anp = 0.2. All the cells in the pseudorapidity interval 1.0 < |l < 2.5
have one clectromagnetic and one hadronic compartment. The electromagnetic
compartment 1s a multi-layer sandwich of lead and scintillator, with a total thick-
ness varying from 17.1 to 24.4 radiation lengths, depending on the polar angle. The
hadronic compartment is a multi-layer sandwich of iron and scintillator correspond-
ing to ~ 6.5 absorption lengths, including the electromagnetic compartment. Each
compartment is read out via two wavelength shifting plates placed on oppostte sides
of each cell, introducing a dead space between adjacent cells of 7 mm for the elec-
tromagnetic compartments and of 13 mm for the hadronic ones. To minimise the
effect of these dead spaces each module is rotated by 50 mrad around its symmetry
axis normal to the beam.

3.1.2  Central Defector

The layout of the central detector is included in Fig. 5. It consists of:

e two layers of silicon pad detectors,3® one located outside the beryllium beam
E pipe at a radius of 3.5 cm, the second one at a radius of 14.5 cm. These
counters are used for tracking and ionization measurements;
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¢ a cylindrical drift chamber with jet geometry (Jet Vertex Detector),?0 located
between the two silicon layers. Its purpose is to confirm with a good resolution
in ¢ the presence of a track close to the interaction point:

e a transition radiation detector®” consisting of two sets of radiators and pro-
portional chambers, filled with a Xe — C H4 mixture. Its purpose is to provide
additional power in the electron identification;

e a scintillating fibre detector,®® which consists of approximately 60000 fibres
arranged on 24 cylindrical layers, forming 8 stereo triplets. The first six, used
for tracking, are followed by a 1.5 radiation lengths thick lead converter and
by two additional triplets, which are used to localise the early development of
electromagnetic showers initiated in the lead converter (‘preshower detector’).

The central detector is complemented in the end cap regions by a system of
proportional tubes,*® which provides both tracking and preshower information. A
time of flight system,?® covering the range 2.7 < || < 4.5, provides a trigger signal
for inelastic pp collisions and information on the position of the event vertex along
the beam line.

3.2. Detector Calibration

For a precise measurement of the masses of the intermediate vector bosons a
precise knowledge of the absolute energy scale of the calorimeters is essential. In a
non-magnetic detector such as UA2, this scale can only be derived from test beam
calibrations. The calorimeter response has thus been extensively studied in test
beams of electrons, pions, and muons during the period of 1986 to 1990. Approx-
imately 25 - 10° events have been collected during these measurements. Initially,
between 1986 and 1987, all cells of the calorimeters were exposed to test beams
to provide the absolute calibration. The energy scale has then been tracked us-
ing periodic ®°Co source and light pulser calibrations. Each year a portion of the
calorimeter has been recalibrated in the test beam to verify this procedure, leading
to an estimated uncertainty of £1% on the absolute energy scale of the electromag-
netic calorimeter and of £2% on the scale of the hadronic calorimeter,**

Careful studies were performed on a small number of representative cells in order
to parametrize the energy response to electrons as a function of the incident particle
direction and impact point. The observed variations, on the order of £10%, have
been accurately modeled by a parametrization of the test beam data.

3.3. Particle Identification

In this section the identification of electrons, neutrinos and jets in the UA2
detector is briefly described. They will provide the basic signatures for all physics
processes considered later.
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3.8.1. Cluster Reconsiruction in the Calorimelers

The starting point for the reconstruction of electrons and jets are clusters of
deposited energy in the calorimeters. At the trigger level and in the subsequent
analysis, clusters are formed by joining all cells with an energy greater than 400 MeV
sharing a common side. Clusters with a small lateral size and a small energy
leakage into the hadronic compartment, consistent with that from a single isolated
electron as measured in test beams, are marked as electromagnetic clusters and are
subsequently examined as potential electron candidates.

Due to the non-compensation of the calorimeter, the response to hadronic show-
ers depends on the energy fraction carried by photons. An average correction fac-
tor, determined from pion test beam data, is defined for each compartment. These
welght factors are used to multiply the observed energies in the hadronic showers in
order to compensate for the difference from electron showers. The weights applied
to the electromagnetic cells are 1.18 in the central calorimeter and 1.20 in the end-
caps. In addition, a factor of 1.06 is applied to the second hadronic compartment
in the central calorimeter to account for energy leaking through the back of the
calorimeter.

3.3.2.  Flectron Ideniification

For the identification of electrons, the calorimeter cluster information is com-
bined with the information from the tracking and preshower detectors. To this pur-
pose the detector can be divided into three regions: central (non-edge) (in| < 0.8),
central (edge) (0.8 < in| < 1.0), and forward (1.0 < |n| < 1.6).

The various steps applied for the electron identification are described briefly in
the following. The efficiencies for each cut are listed in Table 3. Details, along with
the methods for evaluating these efficiencies, are given in Ref %2,

An electron candidate must fulfill the following requirements:

e an electromagnetic cluster must exist with a transverse energy Er exceeding
a given threshold;

e a track must be reconstructed in the tracking detectors, onginating from a
reconstructed vertex and pointing to the electromagnetic calorimeter cluster;

e a preshower cluster must exist with a charge well above that deposited by a
minimum ionizing particle, which can be associated to the reconstructed track
within the detector resolution;

o the lateral and longitudinal profiles of the electromagnetic shower in the
calorimeter are required to be consistent with those expected for a single iso-
lated electron incident along the track direction, as determined from extensive
test beam measurements.

The detected energy is summed over a small number of calorimeter cells, typi-
cally two or three, which are determined according to the measured electron direc-
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tion and impact point. Direction and impact point dependent energy corrections
(see Sect. 3.2.) are then applied to determine the electron energy.

Table 3. Efficiencies for the standard UA2 electron selection in the various detector regions

Central region Forward region

non-edge edge
Calorimeter (clusterlevel) | 91.7 £ 0.7% | 91.8 £ 1.6% | 95.9+ 0.8%
Shower profile (Y?) 93.8+08% | 91.6+23% | 94.6+1.5%
Track-Preshower 772+ 17% | 772+ 1.7% 94.74+1.8%
Total 66.4+2.0% | 64.94+£3.3% | 85.9+1.7%

3.8.8. Neutrino Identification

The presence of neutrinos can be deduced by measuring the transverse momen-
tum imbalance in the event. The missing transverse momentum, £, is attributed
to an undetected neutrino. Experimentally it can be approximated by summing the
deposited transverse energies in all calorimeter cells

B o= =Y B, (18)

where 7i; 1s the unit vector in the transverse plane pointing from the event vertex
to the centre of the cell i with transverse energy E¥.

The quality of the £, measurement has been studied using minimum bias and
two-jet events, in which high energy neutrino emission is not expected. Experimen-
tally it has been found that the £ distribution can be described by

dn 1 2

~ — =) 19
The resolution parameter A has been found to depend on the total deposited trans-
verse energy y. Er in the event: 43

a=08 () ET)O'4 . (20)

Examples of the £.° distributions for two representative 3" E7 intervals are shown in
Fig. 6. Due to the good hermeticity of the UA2 calorimeter, there 1s no evidence for
non-Gaussian tails, thus allowing for a straightforward and unambiguous neutrino

identification by requiring B 2 4A.

3.3.4. Jel Reconstruction

Due to the fragmentation of partons into the experimentally observable hadrons,
jet reconstruction is not unique and requires a prescription for which hadrons to
include. The reconstruction is even more ambiguous since processes like final state
gluon radiation or the fragmentation of the spectator partons (‘underlying event’)



18 The Physics Resulls of the UA2 Ezperiment . . .

102 — I T t ] 102 T T T T

£ UA? g UAZ %
— = ﬁ -
";"..‘ L 30 < Ey < 40 Gey | "z M0 <« Ey <« 120 Gev 1
3 ] )

1

g 3 < ot .
s F 3 T ]
£ | Tk

T

dn/d i P
g
|
dn/d ()
3

LSRR |

W

P
L
f b)
i | ! 0 | A !
100 200 300 400 500 ) 100 200 300 400 500
7 (Gev?) Flo(Gev?)

10!
0

Figure 6. The distributions afﬂwz for two represeniative Y Ep inlervals.

are present in the same event. The studies over the past years have shown that
there 1s no unique prescription to define jets. Jet algorithms must be adapted to
the specific physics processes under study.

There are basically two different algorithms which have been used in the UA2
experiment, the cluster and the cone algorithm.

Cluster algorithm: Jets are identified with the reconstructed energy clusters
defined in Sect. 3.3.1. The jet energy is assumed to be the cluster energy and its
direction is defined by the event vertex and the energy weighted cluster centre. Usu-
ally only clusters whose transverse energy exceeds a given threshold are retained.
The basic advantage of this jet algorithm is the good angular separation between
neighbouring jets. However, the energy threshold of 400 MeV on the cell energies
implies that a significant fraction of the parton energy is not included in the re-
constructed jet energy. Instead, only the energy in the core of the jet is accounted
for.

Cone algorithm: The reconstructed calorimeter clusters are considered to rep-
resent the core of the jet, with the jet axis as defined above. The jet energy
is then computed as the sum of the energies of all calorimeter cells whose cen-
tres are contained in a cone around this axis. All cells satisfying the condition
VAP 4+ An? < Roone, where A¢g (in rad) is the azimuthal and A i1s the pseudo-
rapidity separation between the centre of the calorimeter cell and the jet axis, are
included in the energy sum. Values for R.on. are typically chosen to be in the range
from 0.5 to 1.0. There exist basically two variants of this algorithm. If the cones
of two original clusters overlap, the smaller cluster can either be merged together
with the larger one with the jet axis redefined or the energy in the overlap region
can be shared in the ratio of the original cluster energies.
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3.4. The Selection of W and Z Events

Since the W and Z events play a major role in many of the physics analyses
described later, their selection is briefly described here. The events are selected
from the total data sample collected by the UA2 experiment in the years between
1988 and 1990 corresponding to an integrated luminosity of 13.0 £ 0.7 pb~ ',

In order to select a clean sample of W — er decays, the events are required to
contain an electron passing the standard identification criteria in addition to the
following kinematical cuts:

Pi > 20 GeV, PL>90GeV  and
mr > 40 Gel,

where Pr and Pr are the transverse momenta of the electron and the neutrino and
mr 15 the transverse mass of the electron neutrino system, defined as

mr = /2P PA(1 - cos D), (21)

where Ay is the azimuthal separation between the measured electron and neutrino
directions. These selection criteria are passed by 3559 events, of which 2887 have the
electron in the central calorimeter. The transverse mass spectra are shown in Fig. 7
for both the central (solid line) and forward (dashed line) electron samples. As
expected from kinematics, the distribution for electrons in the central calorimeter
shows a prominent ‘Jacobian peak’, while electrons in the acceptance region of the
forward calorimeters produce a flatter distribution. These samples are expected
to contain a contribution of 3.8 + 0.1% (3.3 & 0.3%) of events resulting from the
process W — 7 followed by the decay T — ev¥ in the central (forward) region. In
addition, a small contribution of 0.5+ 0.2% of the events is expected to result from
misidentified jets from QCD jet production.**

For the selection of Z — ee events, one of the two electrons is required to pass the
standard electron cuts and to have a transverse momentum exceeding 20 GeV. The
second one may pass looser cuts on the track-preshower matching** and must have
a transverse momentum exceeding 15 GeV. The distribution of the invariant mass
of the electron pairs (m,.) selected in this way is shown in Fig. 8. In the Z signal
region, defined as 76 < m,. < 110 GeV, 269 events are found, with an expected
background from QCD jet production of 3.4 + 0.3 events.?? The events outside the
signal region can be explained as a superposition of electron pairs from Drell-Yan
production via a virtual photon®® and of background from QCD jet production.
One event is observed with an electron pair mass of 278 GeV.
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4. Measurement of Electroweak Parameters
4.1. The Measurement of the W Mass

The masses of the intermediate vector bosons, my and myz, are the two fun-
damental parameters of the Standard Model of electroweak interactions which are
directly measurable at the pp collider.

Due to the successful operation of the e*e~ colliders LEP and SLC during the
past few years, it has become possible to measure the parameters of the Z boson,
in particular the Z mass, with an extremely high precision. However, for the direct
measurement of the W mass, it is still necessary to rely on hadron colliders. Unlike
in ete~ colliders, where the beam energy provides a precise calibration of the mass
scale, in hadron colliders the W and Z decay products must be used to reconstruct
the boson masses. Since many systematic uncertainties, including the energy scale
uncertainty, cancel when the ratio of the W and Z masses is determined, the method
followed by the UA2 experiment has been to measure the mass ratio myw /my as
precisely as possible. When this ratio is combined with the measurement of the Z
mass from ete™ colliders, a precise measurement of the W mass is obtained.

4.1.1.  FEveni Samples

Since for a precise mass determination a high quality electron energy measure-
ment 1s required, only those events from the W and Z samples defined in Sect. 3.4.
are retained for which the electron is reconstructed in a fiducial region of the UA2
central calorimeter, well away from cell edges and cracks.®’ Since the energy re-
construction uncertainties and the relative populations of W and Z events in the
various calorimeter regions are different, a restriction to the acceptance of the cen-
tral calorimeter is necessary to ensure a cancellation of systematic uncertainties.

In the total data sample 2066 W — ev and 95 Z — ec events have been found
with the electrons in the central fiducial region. In order to enlarge the small number
of Z events, a second independent Z sample has been defined, where only one electron
is required to be in the central fiducial volume. The energy of the second electron
was determined by requiring that the total momentum of electrons plus hadrons
1s balanced in the transverse plane along a direction perpendicular to the bisector
defined by the two electron momenta.*! This results in an independent sample of 156
events. Although the mass resolution for these events is worse compared to the ones
of the central Z sample, their mass scale is dertved from the energy calibration of
the central fiducial region. With the larger number of events they make a significant
contribution to the Z mass measurement.

4.1.2.  Fitting Procedure

The masses of the W and Z bosons have been determined by using maximum
likelihood fitting procedures. The extraction of the Z mass from the measured
distribution of the invariant electron pair mass is straightforward and has been per-
formed using an analytic convolution of a relativistic Breit-Wigner with a Gaussian
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Table 4. Results of mw and mz fits (statistical errors only).

Sample Fit Variable | Fitted Mass Value (GeV)
Z {(central) Mee 91.656+0.34
Z (Pr-constrained) | m.. 92.10 £ 0.48
Z {combined) Mee 91.74 4+ 0.28
W mr 80.84 £ 0.22
w Pg 80.86 = 0.29
W 2 80.73 + 0.32

parametrization of the experimental resolution.4®

For the W — ev decays, the lack of knowledge about the longitudinal momen-
tum of the neutrino forces the use of transverse variables in the fitting procedure.
Probability density functions have been obtained numerically for the transverse
momenta F7, Pr, and the transverse mass mr by using a detailed simulation of
W production and decay. Important ingredients in this simulation are the rapid-
ity distribution of the W bosons, which is determined from the structure function
parametrization, the transverse momentum distribution of the W bosons and the
response of the detector to the hadrons in the event. The transverse momentum
distribution as well as the response to the recoiling hadrons have been extracted
from a detailed study of the Z — ee events.*® Unlike in the case of the W, where
a neutrino 1s involved, for Z events the transverse momentum spectrum and the
response to hadrons can be measured from the reconstructed electron pair.

The fits to the Z mass spectra are shown in Fig. 9 and the numerical results are
listed in Table 4. The analytical likelihood function does not include distortions
due to radiative corrections and the underlying event. They have been estimated
to lead to a net correction of -60 MeV for the fitted mass values.*® The results
obtained for the two Z samples are in good agreement and their combination gives
mz = 91.74 & 0.28 (stat) GeV, after applying this correction.

The results of the W mass fits to the my, P§, and P} spectra are shown in
Fig. 10 and the numerical values are listed in Table 4. Since the three variables are
not independent, the results cannot be combined to obtain a more precise result.
The mp-fit is used to quote the final result for the W mass, since it is affected by
the smaller statistical and systematic (see below) uncertainties.

All fits have been performed by fixing the width of the W and Z to the Standard
Model values of 2.1 and 2.5 GeV, respectively. The mass values have been found
to be insensitive to these assumptions. If instead the widths are left free in the
fit, mass values have been found which differ by less than 20 MeV from the values
obtained in the previous fits. For the W and Z widths the values Ty = 2.2+ 0.4
(stat) GeV and I'z = 3.2+ 0.8 (stat) GeV have been obtained from the fit.

The most complex aspect of the mass measurements involves the estimation of
the systematic errors. A detailed discussion of the various effects can be found in
Ref. 4. A summary of the errors is given in Table 5. The most important contribu-
tions to the systematic errors arise from uncertainties in the structure functions, in
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the electron energy resolution, in the knowledge of the neutrino energy scale, and fi-
nally from uncertainties on the Pp distributions and on the detector response to the
recoiling hadrons. In the case of the fits to the transverse momenta P§ and P¥ for
the W mass, there is an additional large contribution arising from the dependence
of the electron reconstruction efficiency on the hadronic activity in the hemisphere
containing the electron. This effect cancels to first order in the mp fit 4%

Table 5. Summary of systematic uncertainties in the measurement of 17 and mz (in MeV).

bmw (mr) | dbmw (Pf) | émw (P§) bmyz
cental / Pp const.

structure functions 85 135 105 -
elec. energy resolution 75 100 75 35
neutrino scale 70 - 140 -
PY and Phed 60 120 90 -
underlying event 30 50 - 50
had. activity in 25 95 350 -
electron hemisphere

others 50 75 55 50 / 110
total 160 240 420 80 / 130

4.1.8. Final Resulls

The final results of the absolute measurement of the W and Z masses from the
UA2 experiment are

mw = B0.84 £ 0.22 (stat) & 0.17 (syst) £ 0.81 (scale) GeV,
mz =91.74+0.28 (stat) £ 0.12 (syst) £ 0.92 (scale) GeV.

The largest errors result from the £1% uncertainty on the absolute energy scale.
These errors cancel in the ratio my /myz aside from a residual +80 MeV effect of
possible nonlinearities in the calorimeter energy response. The ratio

mw /mz = 0.8813 + 0.0036 (stat) £+ 0.0019 (syst)

can be multiplied by the value of mz measured at LEP*", mz = 91.175 x 0.021
GeV, to give a more precise value of the W mass

mw = B80.35 £ 0.33 (stat) £ 0.17 (syst) GeV.

This value is in good agreement with the W mass measured by the CDF exper-
iment, my = 79.91 + 0.39 GeV *3 If both results are combined the value

mw = 80.14 + 0.27 GeV

is obtained, where the statistical and systematic errors have been added in quadra-

ture.



at the CERN pp Collider 25

4.2, sin’dw and the Top Quark Mass

The measurement of the ratio of the vector boson masses is equivalent to the
measurement of the weak mixing angle sin® 6y . Using the on-shell renormalization
scheme,!? where sin” fy is defined to all orders as sin? fw = 1 — (my /mz)?, the
collider measurements can be translated into:

sin®fw = 0.2234 + 0.0072 (U A2),
sin fw = 0.2274 + 0.0052 (UA2+ CDF).

As discussed in Sect. 2.2, electroweak radiative corrections modify the Born level
predictions for the boson mass values. The dependence of the W mass on the mass
of the top quark and the mass of the Higgs in the Standard Model is illustrated in
Fig. 11. From the UA2 result it can be concluded that

my = 160 130 GeV for myg =100 GeV and
me < 250 GeV (95%C.L)  for my < 1TeV.
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Figure 11. The final result for my is compared with the Standard Model prediciion for
mwy as a function of my and my. The dotled, solid and dashed curves correspond
to Higgs masses of 50, 100 and 1000 GeV, respectively.

4.8. Determination of the W Width

As discussed in Sect. 2.2., the total width of the W, T'w, gives information
about the decay modes of the W, regardless whether or not they are observable.
For example, it is sensitive to the existence of a top quark lighter than the W, so
that the measurement of 'y can be used to set a lower limit on the top quark mass.
In contrast to direct top searches at hadron colliders,®°Y
top decay mode need to be made. Direct searches use the semileptonic branching

no assumptions on the
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ratio for top decays as expected in the Standard Model, an assumption which could
be invalid, for example, if top decays via a charged Higgs boson H+ were allowed.!®

As shown in the previous section, the fits to the transverse variables are not
very sensitive to the W width. A more precise, albeit indirect measurement can be
derived from the measurement of the ratio R = o§, /0% of the W and Z produc-
tion cross sections, multiplied by the appropriate branching ratios for the electron
channels. If this ratio is considered the rather large experimental uncertainties
on the individual cross section measurements, resulting from uncertainties on the
luminosity or on the reconstruction efficiencies, cancel to a large extent.

From the UAZ W and Z cross section measurements (see Sect. 5.7.), R can be
extracted to be

R = 10.4 10 0(stat) £ 0.3(syst).
Theoretically the ratio R can be expressed as

R=w o wlvoelz (22)
Ty - (24 FZ—bee 1—\VV,

where ow (oz) represent the total W (Z) production cross sections and Ty —.,
(I'z—ee) are the partial decay widths. The first term on the right hand side of the
equation can be computed in QCD calculations to the order O(e?).2® Structure
function uncertainties, which strongly affect the individual cross section measure-
ments, partially cancel in the ratio. Despite this cancellation, they still remain the
source of the dominant theoretical error on R. Due to the different couplings of the
W and Z to up- and down-type quarks, the remaining uncertainties arise mainly
from uncertainties in the d/u ratio in the parton density functions. Recent data
from deep inelastic scattering experiments®! on the measurement of the structure
function ratio FJ'/F} have been exploited to restrict the range of ow /cz, leading
to ow /oz = 3.26 & 0.09.%** The ratio of the partial widths is sensitive to the boson
masses and to sin” fy, but given the experimental bounds on mw and mz, the
effect on R is at the level of £0.6% only. Assuming the standard gauge couplings of
electrons, electron neutrinos and light quarks also the second term of Eq. (22) can
be computed reliably. Using the value 'z = 2.487 £ 0.010 GeV from LEP,?" one
obtains

Iw = 2.104 313 (stat) £ 0.08(syst) GeV .

The UA1 and CDF Collaborations have performed similar measurements. Using
the R values reported by these experiments together with the same theoretical
inputs as used in the UA2 measurement, the results given in Table 6 are obtained.
The predictions for I'y as a function of the top quark mass m, are shown in Fig. 12.
From the UA2 measurement of the W width a limit of m; > 53 GeV at the 95%
confidence level can be extracted. A combination of the results of the UA1l, UA2
and CDF experiments leads to m; > 55 GeV at a confidence level of 95%. Recently,
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Table 6. Compilation of 'y measurements.

Experiment mt. luminosity Iy (GeV)
UA1 Ref.*? | s53pb™' (1983-1989) 2.19 %+ 0.30
UA2 Ref.4* | 13.0 pb~"  (1988.1990) 2.10 % 0.16
CDF Ref.?3 | 4.4pb™' (19881989) 2.20 % 0.16
CDF, prel.  Ref.%? | 18.4 pb™1  (1992-1993) 2.03 & 0.09
DO, prel.  Ref.%% | 7.4pb™'  (1992-1993) 2.08 & 0.25

the CDF and D0 Collaborations have presented new measurements of Ty based on
large data samples collected during the 1892/93 running period at Fermilab. The
preliminary results of these measurements® are also included in Table 6. If these
values are taken into account, the lower bound for the top quark mass increases to
my; > 62 GeV at the 95% confidence level. Apart from these measufements, the
best limit on m;, which does not depend on the top decay modes, comes from the
LEP experiments which established a limit of m; > 46 GeV.5%
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Figure 12. Comparison of the I'w measurement with the Standard Model prediction
as a function of the top quark mass.

4.4. Test of Electron Tau Universalily

The gauge structure of the electroweak theory imposes a universal weak coupling
strength between the gauge bosons and all generations of leptons and quarks. From
measurements of the partial decay width of the Z to charged leptons and to various
quark flavours, the LEP experiments have demonstrated the universahity of the
neutral current coupling with an impressive precision.® A direct measurement of
the universality of the charged current coupling can be performed in W production
at hadron colliders. The UA2 Collaboration has performed a precise measurement
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of the ratio of branching fractions

Br(W — 1vr)

Br(W — ev.)’

which, if lepton masses relative to the W mass are neglected, is simply the ratio of
the squares of the charged current coupling of the tau and electron to the W boson,
(97 /97 ).

Since the UA2 detector has no muon detection system, the test of the universality
of the W couplings has been restricted to electrons and taus. In the study of
W — 7v decays, the hadronic 7 decays have been considered, resulting in events
containing a collimated jet with high Pr accompanied by large missing transverse

Rp =

momentum. In contrast to the electrons, taus cannot be identified on an event
by event basis and consequently a statistical analysis has been used to determine
the contribution of the W — v events in the data. The principal background
results from QCD jet production, which, due to its large cross section, makes the
analysis challenging in a hadron collider environment. The discrimination between
the tau signal events from W decays and the jet background is provided by requiring
a leading jet cluster with transverse energy £7 > 22 GeV in the central rapidity
range (|n| < 2.0) in conjunction with missing transverse momentum (£, > 25 GeV).
Two-jet configurations have been further suppressed by requiring that there is no jet-
cluster opposite in azimuth to the leading one with a transverse energy exceeding a
threshold E’7. For the choice Ef? = 2.5 GeV, ~ 1800 events fulfilling this selection
have been found in the total data sample. They represent a mixture of electrons,
taus, remaining jet background, and background resulting from beam-halo events.
Electrons from W decays have been identified by applying electron identification
criteria and have been removed from the sample.>” In order to determine the exact
composition of the remaining sample and to extract the tau fraction, two additional
variables have been used, the hadronicity £ and the profile p of the leading jet cluster,
which are defined as
Lhaa and p = ————=,

£ = Eiot Eror
where Ej.q is the cluster energy in the hadronic calorimeter, E;,; the total clus-
ter energy, and E(1) and E(2) the energies of the two leading cells in the cluster.
Figure 13a shows the p distribution for the leading cluster in the data. For com-
parision, Fig. 13b illustrates the p distribution for jets and taus from Monte Carlo
generated W — 7, events, including a full detector simulation. The comparison
of the two distributions indicates the presence of a significant 7 signal in the high
profile region (p > 0.75). After background subtraction, 273 £ 23 tau events and
1274 1 48 electron events have been found in the total data sample with p > 0.75.
After accounting for the relative acceptance between taus and electrons, which has
been determined by Monte Carlo simulations to be 0.209 + 0.005, one obtains the

result

_ E(L)+ E(2)

w
9o = 1.02 £ 0.04 (stat) £ 0.04 (syst).
gt
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Figure 13. Cluster profile p distribution for the leading cluster in events passing the
7 selection criteria. (a) Daia, f;b/ Monte Carlo for W — rv events (full line) and
jets from two-jel evenls (dashed line).

The systematic uncertainties result mainly from uncertainties in the calculation of
the detection efficiencies and from uncertainties in the jet and halo background
subtraction.

The result 1s in agreement with the Standard Model prediction of one and also
with the measurements of the UA1 and CDF experiments:*®5°

UAL: a¥ JgW = 1.014£0.10 (stat @ syst),
CDF . 9%V /g% = 0974007 (stat @ syst).

4.5. Hadronic Decays of W and Z

Intermediate vector bosons are expected to decay predominatly (~ 70%) into
quark antiquark pairs, which then evolve into jets. The direct observation of such
decays represents an important test of the predictions of the electroweak Standard
Model. However, despite the relatively high event rate, its experimental confirma-
tion in a hadron collider environment represents a big experimental challenge. The
difficulty arises from the need to detect a signal which appears as an excess of only
a few percent over a copious background of two-jet events produced by the strong
interaction between colliding partons. Essential for an experimental observation are
both a large integrated luminosity and a very good two-Jet mass resolution.

In the 1989 collider run, where data corresponding to an integrated luminosity of
4.7 pb~?! were collected, the UA2 Collaboration has made a special effort to meet the
experimental requirements. In order to cope with the high rate of two-jet events, a
dedicated trigger was set up to allow for a sampling of two-jet events down to two-jet
mass values, m;;, as low as 48 GeV.%" In order to obtain a more favourable signal
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to background ratio, the jet identification was restricted to the central calorimeter
region. The two-jet mass resolution was optimized in the analysis by applying strict
selection criteria:

e jets had to be well contained in the acceptance of the central calorimeter, both
laterally (| nj.: |< 0.7) and longitudinally;

e cvents containing a third jet with a transverse energy greater that 20 GeV
were rejected.

In addition, an optimized cone algorithm with an opening angle of B, = An® +
A¢? = 0.64 was used. For this opening angle an optimum in the jet-jet mass
resolution was found, which was estimated to be 10.7 £ 2.4% in the mass range
70 < m;; < 100 GeV. Remaining Z — ee events were removed from the sample by
requiring that the energy fraction deposited in the electromagnetic calorimeter was
below 80% of the jet energy.

To search for the W — g7 signal in the observed two jet mass spectrum, a
statistical analysis was applied. The mass spectrum in the range between 48 and
300 GeV was originally fitted with several smooth functions, such as, for example,
do/dm ~ m~%e=Pme=¥m" with the three fit parameters «, 3 and . All attempts
gave rather poor fit qualities, which originated entirely from the mass range 70 <
m;; < 100 GeV. If instead the fit was performed by assuming a superposition of
two Gaussian signals S(mw , o, N) on top of a smooth background B{a, 2,7%), a
good fit was obtained. The position (mw ), the width (¢, ), and the size of the
signal (N) were left free. The only assumptions made on the line shapes were:

e a fixed value for the mass ratio, mz /my = 1.13, and

e a fixed value for the relative contributions to the signal size, nw /nz = 0.397

(Ref.%°).

The best fit to the two-jet mass spectrum, shown together with the data in
Fig. 14, gave the results:

N = 5618 =+ 1334,
mw = 792 4 1.7GeV, x%/NDF = 114/121,
em = 9.9 =+ 25%.

The mass resolution as well as the fitted mass value are found to be in agreement
with the expected values from Monte Carlo simulations. ¥From the known W and
7 masses and branching ratios, a simulation of this experiment predicts an average
significance of 3.6 standard deviations (s.d.) with a spread of 1.4 s.d., which 1s
in agreement with the 4.2 s.d. measured in the actual experiment. Taking the
experimental efficiency and the acceptance into account, the signal can be expressed
in a cross section o Br(W,Z — qq) = 9.6+ 2.3 (stat) = 1.1 (syst) nb, which can be
compared to the theoretical prediction, including Oa?) corrections,®® of 5.8 nb.
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Figure 14. The two-jet mass spectrum in the region around the expected W,Z7 signal.

The observed event numbers have been weighted by a factor (m/100)%. The best
fit lz's overlayed on the data, the dushed line represents the background contribution
only.

A direct comparison of this measurement with the measurements of the W and
Z boson cross sections times their electronic branching ratios avoids the theoretical
uncertainties on the cross section calculations arising from structure functions and
from higher order QCD corrections. The ratio

ow Br(W — qq) + 6zBr(Z — ¢q)

Ry = T : r : (23)
ow Br(W — ev) F———ﬂi:w + oz Br(Z — ee) —“rﬁi,,,

1s expected to be one in the Standard Model. Combining the ratio of partial widths
as calculated in the Standard Model with the experimental cross section measure-

ments results in

Ryg=1.71 £ 0.45,

which 13 in reasonable agreement with the Standard Model expectation.

In conclusion, this analysis has provided evidence for the hadronic decay modes
of the W and Z bosons. Although agreement with the Standard Model expectation
has been found, the experimental uncertainties do not allow for a precise determi-
nation of the W — ¢g couplings. This measurement demonstrates both the potential
as well as the limitations of jet spectroscopy at hadron colliders.
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4.6. Measurement of the W — v Coupling

The self interactions among gauge bosons, as predicted in the Standard Model,
are still awaiting direct experimental confirmation. Given the energy of the CERN
collider and the integrated luminosity delivered to the UA2 experiment, only the
WW7 coupling is expected to lead to sizeable event rates. In the most general
ansatz,®! which assumes Lorentz invariance and imposes P,C and T conservation,
in addition to the charge e, two independent parameters, &£ and X, are needed to
specify the WW+ coupling. These parameters are related to the magnetic dipole
(#w ) and electric quadrupole (Qw ) moment of the W by the equations

#W :21':W(]‘+K+A):
Qw  =—z(x— ), (24)

In the Standard Model, the values of x and A are fixed to be x = 1 and A = 0. Any
deviations from these values would indicate physics beyond the Standard Model,
like, for example, compositness of the W bosons.%?

In order to study the WWr coupling, the UA2 Collaboration has searched for
the process pp — Wy + ... — ery + ... . The lowest order contributions to these
final states are shown in Fig. 15.

: .
>._.._§.<

q e
(a) (b) (©

Figure 15. Lowest order Feynman diagrams for the process pp — evy.

Among these diagrams only diagram (c) is directly sensitive to the WW+ vertex
and provides the dependence of physical observables on x and A. If « or A take values
different from the Standard Model predictions, the cross section for the process
g7 — evy increases.®3% Thus any significant excess of events measured in this
channel will be an indication for physics beyond the Standard Model. In addition,
some differential distributions, like, for example, the transverse momentum of the
photon (P}) or the invariant mass of the W+y-system, depend strongly on « and
A. They will provide powerful tools for testing anomalous couplings with high
sensitivity at future hadron colliders or at LEP200.5°

The UA2 analysis is based on the total W — ev event sample, in which additional
photon candidates have been searched for. The photons are required to be in the
central calorimeter (|n} < 1.0), separated in space from the electron by at least 15
degrees and to have a transverse momentum above 4.5 GeV. These selection criteria



at the CERN pp Collider 33

7 T T T T T T T
L UA2 JL Data @ 3l UA2 JL Data b)
> 51 _ SM+ i o L — SM+ ]
8 background o, background
p z°
5°0 1 &8 |
= - ] wir \ = .
w
) |
1 - 1 | | |
0 10 20 30 36 108 180
PTY (GeV) AATY (degrees)

Figure 16. a) The photon transverse momentum distribution (P7), b) the space angle
between electron and photon (AA®Y) for the 16 candidale evenis. Superimposed are
the standard model predictions including the estimated background contribuiions.

largely suppress the contributions from radiative W decays and initial state photon
radiation (diagrams (a) and (b) from Fig. 15). In the total sample, 16 W+ candidates
have been found with an estimated background of 6.8 & 1.0 events leading to a signal
of 9.21’3'% events. The principal background results from the associated production
of W’s with a jet, where the jet is misidentified as a photon.56

The Standard Model prediction has been calculated with the Monte Carlo pro-
grams of Ref.*%” and has been corrected for acceptance and efficiencies. In total,
11.9 £ 1.1 events are predicted, in good agreement with the experimental observa-
tion. Comparisons between the data and the Standard Model prediction for the P
distribution and for the distribution of the angle between the electron and the pho-
ton, (AA®Y), are shown in Fig. 16. Within the large statistical errors the agreement
1s good. The dependence of the expected W+ event rates on « and A are shown in
Fig. 17. The theoretical uncertainties are estimated to be of the order of +9%5°
and are represented by the band defined by the two extreme parabolae. Comparing
the UA2 measurement to these predictions, limits of

—53 <k <79 for A=0 (95% C.L.) and

—44 <X <44 for k=1 (95% C.L.)
can be extracted. These limits can still be improved if instead of the event rate the
PJ distribution is compared between data and theory using maximum likelihood
methods. In this case the limits

-35 <k <59 for A=0 (95% C.L.) and

-36 <A <35 for k=1 (95% C.L.)

are obtained. The 68% and 95% confidence level contours in the x — X plane, as
computed using the likelihood method, are shown in Fig. 17c.
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Figure 17. The Monte Carlo predictions for the number of ezpected cvenis a} as a
function of & for A =0, and b} as ¢ function of A fork = 1. ¢) The 68% and 95%
confidence level conlours in the k — A plane from the mazimum likelihood method.

It should be noted that the limits presented here significantly improve the ex-
isting limits on the anomalous W couplings.®® Furthermore, they do not depend on
cutoffs or regularization schemes and are largely model independent.®¢ In a similar
analysis performed by the CDF Collaboration, based on data corresponding to 4.6
pb~!, comparable limits for & and A have been found:®® —5.6 < x < 8.0 for A = 0,
and —3.2< A< 3. 1lforx=1.

4.7. Direct Search for the Top Quark

One of the ingredients of the Standard Model still lacking direct experimental
confirmation is the top quark. Up to date there exists only indirect evidence for
its existence. The forward backward asymmetry measured in ete~ — bb and the
absence of flavour changing neutral currents in bottom quark decays imply the
existence of the iso-doublet partner of the b quark.”%7!

In pp collisions two processes contribute to top quark production, the production
via a W boson which decays into a tb pair and the strong production of #f pairs via
quark antiquark annihilation or gluon fusion:

p = WH.. —th+ ..,
PP — .
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The cross section for the first process is well known since it can be deduced from
the measured cross section pp — W +... — ev+ .., once phase space and colour fac-
tors are taken into account. As discussed in Sect. 2.2., higher order QCD processes
become important if the mass of the top quark is close to that of the W boson. For
example, for my = 80.2 GeV and m, = 65 GeV, the QCD correction factor takes
the value of 1.5.2" The cross section for the second process has been calculated in
next to leading order perturbation theory.”™ The main uncertainties in this calcu-
lation arise from uncertainties in the QCD scale parameter A and from ambiguities
in the choice of the renormalization scale . They have been estimated in Ref.?®
to be = 30%. The calculated production cross sections are shown in Fig. 18 as a
function of the top quark mass. The uncertainties for the #7 part are indicated on
the figure.
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Figure 18. Cross sections for lop quark production in pp inleractions al /s = 630
GeV.

Decays of the top quark into final states containing only hadronic jets are very
difficult to distinguish from the large background resulting from QCD jet produc-
tton. The search for the top quark therefore needs to be performed using the
semileptonic top decay mode

T — bewv,,

which has a branching ratio of approximately 1/9 in the Standard Model. In this
case, the signature of top quark production consists of events containing an electron,
a neutrino and one or more hadronic jets in the final state.
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The UA2 Collaboration has performed a direct search for the production of the
top quark in the data collected in the years 1988 and 1989, corresponding to an
integrated luminosity of 7.4 pb_l. To search for top candidates in the A2 data the
following selection criteria have been applied:

e clectron identification in the central calorimeter (|| < 1.0) with Pf > 12
GeV,

¢ missing transverse momentum £, > 15 GeV;

e at least one jet with E} > 10 GeV in the pseudorapidity range |5| < 2.2; in
order to suppress background from jet production, events with the leading jet
opposite in azimuth to the electron candidate (Age-jer 1 > 160°) have been
rejected.

These cuts are satisfied by 137 events for which the transverse mass distribution
1s shown in Fig. 19.

The acceptance for the signal events together with the expected transverse mass
distributions have been estimated for both production processes by using the Monte
Carlo program of Ref.™. For a top quark in the mass range between 30 and 70 GeV,
the acceptance has been found to vary from 1.8% to 15.3% for events resulting from
tb-production and from 1.9% to 35.5% for tt-events. The number of top signal events
is expected to vary between 39.2 for m; = 30 GeV and 11.5 for m; = 70 GeV. For
top quark masses in this range, most events are expected to have transverse masses
of the electron neutrino system in the range between 15 and 50 GeV. Out of the
total number of predicted top events, 33.4 and 8.3 for top masses of 30 and 70 GeV,
respectively, are expected to have transverse masses in this range.

The total number of 137 observed events as well as the shape of their transverse
rass distribution have been found to be consistent with the expected background.*?
This background is mainly composed of events resulting from the associated produc-
tion of W’s and jets, with small contributions from b6 and Z — ee, 77 production
as well as from QCD jet background.

Limits on the top quark mass have been extracted by comparing the observed
my distribution with the one expected from background sources alone, and also by
including contributions from a top quark with a given mass. In each case, the lowest
number of expected signal events consistent with systematic uncertainties has been
assumed; i.e., using the lower theoretical estimate of the ¢ cross section, ignoring
the QCD corrections in the tb case, and using the lowest values consistent with
systematic uncertainties for the efficiency and acceptance values. A likelihood fit
has been performed with two free parameters giving the fractions of the event sample
due to top quark decays and W events. The overall likelihood normalization has
been constrained to the total number of 137 observed events. For each value of m,
the fitted signal was found to be consistent with no top production. Figure 19 shows
the best fit to the data with no top quark contribution. The sum of the background
and of the lowest expected contribution from top quark production with m, = 65
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Figure 19. Best fit (full curve) to the My distribution with no top signal. The lowest
expected contribuiion from tep (m, = 65 GeV is added (dashed curve).

(GeV is represented by the dashed line. The fit excludes this hypothesis at the 99%

confidence level. With a confidence level of 95% (90%) top quark masses in the
range between 30 and 69 (71) GeV can be excluded.

The UA1 and CDF Collaborations have also presented limits on the top quark
mass from similar analyses, searching for semileptonic top decays in the lepton
(e,s) + jet channels. They also have reported searches using lepton pairs, resulting

Table 7. Top quark mass limits from direct searches in PP experiments.

Experiment int. luminosity decay mode lower top quark
mass limit, 95 % C.L.
UA1 Ref.’® | 46 pb™" (1988-1989) | u + jet 53 GeV
54pb~1  (1988-1989) | uu + jet 46 GeV
combined 60 GeV
UA2 Refi® | 76pb~" (1988-1989) | e + jet 89 GeV
CDF Rel.’® | 4.1pb™' (1985-1989) | e + jet 77 GeV
Ref.”’ eu 72 GeV
Ref.50 ee, ey, uu, 91 GeV
@e, 1 + jet,

incl. b-tagging
CDF prel. Ref.”3 | 255 pb~"  (1988-1993) | ee, e, pp 113 GeV
DO prel. Ref.”” 7.5 pb_l (1992-1993) | ee, en 99 GeV
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from the double semileptonic decay of a produced #t pair. In addition, CDF has
searched in the lepton 4 jet events for a low transverse momentum muon as a tag
of a bottom quark from ¢ — W+bW b decays, theirby reducing the dominant
background from W 4 jet production. A compilation of the results obtained by the
various experiments is given in Table 7. The most stringent limit is obtained by the
CDF experiment from a combination of the dilepton and the lepton + jet searches,
resulting in m; > 91 GeV at the 95% confidence level. In the meantime, also this
has been superseded by new limits extracted by the CDF and D0 experiments based
on their new large data samples collected in the years 1992 and 1993. Preliminary
analyses indicate that with a 95% confidence level the top quark is heavier than 113
GeV.
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5. Tests of Quantum Chromodynamics

Since its early operation the CERN pp Collider has been an excellent facility
to study the properties of high transverse momentum processes. Due to the high
momentum transfer such processes allow for a comparison to the predictions of
perturbative Quantum Chromodynamics (QCD). Already in the early days, the
gross features of the parton parton interaction could be well described by leading
order QCD calculations. Given the large progress in both the experimental and the
theoretical field, more quantitative comparisons become possible with the present
collider data. This report focuses on a confrontation of the experimental data of the
UA2 experiment with recent theoretical predictions for a variety of different hard
scattering processes:

e the production of jets with high transverse momentum, including a study of
three- and four-jet events; the study of four-jet events is used to search for a
possible contribution from multiparton scattering;

o the direct production of isolated high Py photons;

¢ the production of W and Z events; the associated production of W’s with jets
is used to determine the strong coupling constant a,.

For the study of jet production, data corresponding to an integrated luminosity of
7.4 pb~! collected in the years 1988 and 1989 have been used. The study of direct
photon and W production is based on the complete data set corresponding to an
integrated luminosity of 13.0 pb~ L.

5.1. Inclusive Jet Production

The fundamental parfon parton scattering processes, like, for example, g¢ —
gq or gqg — qg, can be studied by measuring the production of large transverse
momentum jets. These studies provide a basic test of Quantum Chromodynamics
and can be considered as the QCD analog of fundamental scattering processes like
ete™ — ete~ in Quantum Electrodynamics.

The UA2 Collaboration has measured the jet inclusive transverse momentum
spectrum d2o/dPrdn and has performed a comparison to leading order QCD cal-
culations. Jets have been reconstructed using the cone algorithm with a radius
R.one = 1.3 and using the merging option (see Sect. 3.3.). The choice of such a
large cone radius aims at reconstructing the original parton energy of two-parton
scattering as precisely as possible. On the other hand, any sensitivity to final state
gluon radiation is lost, since radiated gluons are merged together with the leading
final state partons. The measured inclusive jet cross section d%c/dPrdn is shown in
Fig. 20 as a function of the transverse momentum Pr, separately for five different
|n|-intervals over the range 0 < |n| < 2. The cross sections have been corrected for
acceptance and efficiency losses as well as for the detector response to jets, with the
aim of reconstructing the original parton transverse momentum. These corrections
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Figure 20. Inclusive jel cross section d°c/dPrdn in pb/GeV for different bins of
pseudorapidily 1. The systematic scale uncertainty of £32% is not shown. The
curves represent an ({a?) QCD calculation with = (Pr/2).

have been determined using the event generation of Ref.®" and the fragmentation
scheme of Ref.®! together with a detailed simulation of the calorimeter response.
The errors shown represent a combination of the statistical and the Pr dependent
systematic uncertainties. On top of these, there is a Pr independent uncertainty of
+32%. The dominant errors result from uncertainties in the calculations of the ac-
ceptance corrections (fragmentation, jet algorithm}, uncertainties in the underlying
event simulation { Pr dependent) and from uncertainties on the absolute jet energy
scale of the calorimeter.32 It is interesting to note that in earlier measurements®? the
dominant experimental error was due to uncertainties on the jet energy scale, which
typically introduced an uncertainty of +35% on the steeply falling Pr spectrum.
During the UA2 upgrade programme a large effort has been made to keep calorime-
ter calibrations under control, so that the scale uncertainty could be reduced to
+11%.

A leading order QCD calculation, O(e?), is compared to the data in Fig. 20.



at the CERN pp Ceollider 41

This calculation uses the scale ¢ = (Pr/2) together with the structure function
parametrization of Ref.3. For central rapidity values, the agreement with the ex-
perimental data is excellent, both in terms of the Py dependence and of the absolute
cross section values. However, it should be stressed that the leading order calcu-
lation shows a large sensitivity to the choice of the renormalization scale p and
therefore the agreement of the absolute rates is largely accidental. At increasing
values of || only a marginal agreement is found, with differences of almost a factor
of two for 1.6 < || < 2.0. Apart from the uncertainty resulting from the defini-
tion of the renormalization scale, the largest theoretical uncertainty results from
uncertainties in the structure functions. In the rapidity interval 1.6 < |n| < 2.0
they introduce an error in the order of & 30% on the theoretical predictions.5? It
should be noted that there is no known systematic effect which could explain such
a discrepancy. There is no clear explanation yet and the hope is that the ongoing
experiments at the Fermilab collider will clarify the situation in the future, possibly
by taking into account next to leading order calculations®® for different rapidity
intervals.

Inclusive jet cross sections measurements have also been performed by the UAL
and CDF Collaborations.®®®® They also find good agreement between the measured
cross sections and the QCID predictions, which in the case of CDF already include
the next to leading order contributions.

5.2. Study of the Two-Jet Angular Distribution

To the extent that jets can be associated with the outgoing partons in the hard
scattering process, the angular distribution of two-jet events provides a direct mea-
surement of the angular distribution of parton parton scattering. According to the
leading order QCD calculations (see Sect. 2.4.), the most important contributions
to the two-jet cross section are due to diagrams with the exchange of a gluon in the
t-channel. Characteristic for such a t-channel vector boson exchange is the rapid
rise of the cross section with increasing cos 6%, where 8 is the polar scattering angle
in the centre of mass system, in analogy to the 1/sin*(8* /2) behaviour of Rutherford
scattering.

The interest in the study of the two-jet angular distribution is twofold: to test
the predictions of perturbative QCD with the underlying parton parton scattering
picture and to look for possible deviations which would hint to physics beyond
the Standard Model, like quark compositeness, technicolor,®” or to the existence of
E),Xig;luons.BB ,

From the UA2 data events with a clear two-jet structure have been selected
by requiring two jet clusters with transverse energies above 40 GeV 1n the pseu-
dorapidity range || < 1.8 and with an angular separation in the transverse plane
of at least 160° (Ref.®%). Multi-jet configurations have been suppressed by reject-
ing events with a third reconstructed cluster with a transverse energy in excess
of 10 GeV. After a boost to the two-jet centre of mass system the angle 6 be-
tween the two-jet axis and the beam direction, defined according to the convention
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Figure 21. Distribulion of cos 8 for two-jet events. The dala ere compared to the

leading order QCD calculation.®® The dotted line represents the 1/sin*(8/2) be-
haviour ezpecied for t-channel vector boson exchange.

of Ref.®®, has been considered. The measured cos@* distribution for events with
a two-jet mass exceeding 200 GeV 1s shown in Fig. 21. The data are compared
with a leading order QCD calculation,®® where the QCD scale has been chosen to
be p? = (P:,%’l + PTQ,Q). Detector response effects have been taken into account in
the calculation. Good agreement 1s found between the data and the QCD predic-
tions. In particular, the measured angular distribution is found to be consistent
with the form dn/d cos #* ~ 1/sin*(#* /2), represented by the dotted line in Fig. 21.
This behaviour supports the prediction of the dominance of {-channel vector boson
exchange. The deviations seen at small values of cosf* are due to s-channel con-
tributions which become important for #* ~ #/2.%° This analysis has already been
used in the early phase of jet studies at the CERN Collider to rule out models with
scalar gluons.”!

In order to look for possible deviations from the QCD predictions, it is convenient

to consider the variable
1T +cos a8

X = T osor’

(25)

which removes the 1/sin*(6*/2) singularity. In Fig. 22 the data are compared to
the leading order QCD calculation, labeled as Ac = o0, and to the prediction
where quarks are assumed to be composite, with preons bound inside the quarks
at a characteristic energy scale Ac. Such a substructure would give rise to a four-
quark contact interaction (see Sect. 6.3.) and would lead to an enhancement of
the production of jet pairs in the central region. The UA2 data agree well with
the leading order QCD calculation and are clearly in disagreement with composite
models with an energy scale in the order of a few hundred GeV.

The sensitivity of the y-distribution to the choice of the scale p has also been
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studied.®® Leading order calculations together with scale definitions which do not
depend on the scattering angle #* do not lead to a satisfactory description of the
data. However, good agreement is found for #*-dependent definitions like pue o~
(E#1+ E%,). It should be kept in mind that this sensitivity should be largely
reduced once higher order QCD corrections are taken into account.

To conclude, the leading order QCD predictions give a good description of the
two-jet angular distribution lending support to the parton parton scattering picture
with the dominance of t-channel gluon exchange. The present data give no evidence
for deviations from QCD predictions. Similar results have been obtained by the UA1
and CDF Collaborations.%2:%3

5.3. Study of Three-Jet Evenis

Additional gluon radiation from the partons in the elementary parton parton
scattering processes results in three-jet topologies in the final state. Leading order
tree level calculations (((a?3)) are available®®®® and can be used for a qualitative
comparison between the experimental data and QCD predictions. The soft and
collinear divergences, which are inherent in the leading order tree level calcula-
tion, can be avoided by requiring a minimal transverse momentum for all outgoing
partons and a minimal angular separation between pairs of outgoing partons.

For the comparison between data and theory the following variables have been
chosen, some of which are particularly suited to demonstrate the bremsstrahlung
nature of the radiated gluons:

e the polar angle ©* between the leading jet and the beam direction in the
centre of mass system (CMS) of the three jets;
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o the angle ¥*, which describes the internal configuration of the three-jet sys-
tem, defined as the angle between the plane spanned by the leading jet and the
beam and that of the three jets in their CMS (event plane). Initial state gluon
radiation tends to produce a third jet close to the beam axis characterized by
¥ ~ 0 and ¥* ~ m;

o the Ellis-Karliner angle (, defined by the relation cos{ = (P5 — P5)/P},
where P} represents the momentum of jet i in the three-jet CMS. For final

state radiation the cos{ distribution is expected to peak at cos({ = 1;

e the angle ws 3 between the secohd and third jet in the event plane. Also for
this angle, final state radiation should lead to a peak at coswy 3 = 1.

Three-jet events have been selected from the data by requiring three recon-
structed clusters in the calorimeter, the leading one with a transverse energy of
at least 60 GeV in the pseudorapidity range || < 2, and the second and third
with transverse energies of at least 10 GeV. Any additional clusters must have a
transverse energy of less than 10 GeV. Cuts on the cluster radil and on the en-
ergy of the underlying event have been applied to eliminate luminosity dependent
background.®®
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Figure 23. The distributions of cos©, cos W, coswsy 3, and cos( for‘three-jet evenls.
The data are compared to the tree level QCD predictions (solid lines} and lo the
predictions of a three body phase space model (dotted line).



al the CERN pp Collider 45

The comparison between the data and the QCD prediction, which is based on
a Monte Carlo calculation using the matrix element calculation of Ref.®® is shown
for the variables introduced above in Fig. 23. For illustration, the shapes of the
distributions have also been calculated using a three-body phase space model with
all matrix elements |M |2 set to one. The data are found to be consistent with the
bremsstrahlung behaviour as predicted by QCD and show clear disagreement with
the simple phase space model. There are strong indications for both initial (cos ¥*
distribution) and final state (cos¢ and coswsy g distribution) gluon radiation. It
should be noted that the expected peaking at cos{ = 1 and coswa 3 = 1 from final
state gluon radiation is suppressed due to the limited angular resolution between

Jets and due to the admixture of events resulting from inital state radiation.

5.4. Multi-Jet Final States

The tree level calculations have been extended to include the complete contribu-
tions up to order al (Ref.%) and o (Ref.%%), so that also for multi-jet final states
(n > 4) comparisons between the data and the tree level QCD predictions become
possible.

From the available UA2 data sample events have been selected which contain
at least four jets with high transverse momenta in the final state. Exclusive n-
Jet topologies have been defined by requiring that exactly n jets with a transverse
energy above a threshold of 15 GeV and no additional jets above 10 GeV are re-
constructed. All jets have been required to be contained in the pseudorapidity
range || < 2.0. After applying additional, technical cuts®® to suppress background
events, 9947 four-jet, 281 five-jet and 7 six-jet events have been retained in the data
sample.

These jet rates as well as the measured distributions of kinematical parameters
can be compared to the leading order QCI calculations. For these calculations the
parton distributions of Ref.*" with A == 200 MeV have been used. The QCD scale p
has been defined as the maximum transverse energy of the final state partons. For
these choices the leading order predictions of the jet rates are in good agreement
with the observed cross sections. After acceptance corrections, the QCD model
predicts cross sections of 1.28 nb for four-jet events and 0.040 nb for five-jet events,
to be compared with the experimental measurements of 1.31 nb and 0.037 nb,
respectively. However, given the large experimental and theoretical uncertainties
this agreement is not very significant. Since the absclute QCD n-jet cross sections
are proportional to a7, variations of A and of the scale p can easily result in a factor
of two difference in the QCD predictions. Furthermore, higher order corrections
(K-factors) are completely ignored and the predictions are affected by uncertainties
in the jet fragmentation and in the simulation of the interaction of the spectator
partons (underlying event).

The observed Py spectra of four-, five- and six-)ets are shown in Fig. 24 together
with the leading order calculation of Ref.5. Each observed jet contributes one
entry to these distributions. Over several orders of magnitude the shapes of these
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Figure 24. Measured inclusive Pr spectra for four-, five-, and siz-jet events. The
overall Pr independent systematic error 1s not shown, whereas the Pr dependent
systematic error has been added quadratically 1o the statistical error. The solid lines
represent the prediction of the leading order QCD calculation of Ref®® for four- and
five-gel events.

Pr spectra are in impressive agreement with the QCD calculations. This good
agreement was also found for the sphericity and invariant mass distributions as well
as for the distributions of the space angles between the four jets in the centre of
mass system.¢ Similar studies of three- and multi-jet final states have also been
performed by the UA1 and CDF Collaborations.”®%® Like UA2, they also find good
agreement between the measurements and the tree level QCD predictions.

5.5. Search for Multi-Parion Production

Several authors have suggested an additional mechanism for multi-jet production
in hadronic interactions,® in which multiple independent hard parton scatterings
occur within the same pp collision (see Fig. 25). Given the dominance of the two-jet
cross section, these multi-parton interactions should most easily be observable in
four-jet final states. In a simple model of multi-parton interactions the cross section

for double parton scattering (DPS) can be written as'®!

(26)
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Figure 25. Schematic represeniation of double parton scattering.

where o is the two-jet cross section and o.y; is interpreted as a scale parameter re-
lated to the distance among the partons inside the proton. Theoretical speculations
suggest .57 to be smaller than the total inelastic hadronic cross section, measured
to be ~ 40 mb at /s = 630 GeV 102

A search for an admixture of such a double parton scattering contribution in the
four-jet sample has been carried out.%® The good description of the four-jet data in
terms of standard QCD processes, which are dominated by double bremsstrahlung,
indicates that very little room is left for other multi-jet production mechanisms.
Given the substantial similarities between DPS and QCD bremsstrahlung events,
the search for a DPS contribution has been performed on a statistical basis. In
contrast to QCD production, the events resulting from double parton scattering are
expected to have jet pairs which are approximately balanced in transverse momen-
tum and are produced at opposite azimuthal angles. The value of the variable

- o2 - ~ |2
1 7+ B B+ B

S 2 = '2—’ min

— —— + = — |, (27)
B+ | |B]+ A

where the minimization is performed over the three possible permutations of the
Jet pairs, is expected to be close to zero for double parton scattering events. Gluon
radiation, wrong jet assignment, and experimental resolution effects, however, result
in an S-distribution that is smeared and slightly shifted with respect to the naive
expectation. The log(\5) distributions are shown in Fig. 26a for the data, for QCD
double bremsstrahlung events, and for double parton scattering events, generated
by a modified version of the Pythia Monte Carlo program.®®

In order to determine the DPS contribution, the four-jet data sample is assumed
to be an unknown mixture of the two event classes and a y?-minimization for the
log(S) distribution is performed. The best fit (see Fig. 26b) is obtained for a DPS
contribution corresponding to a cross section-of epps = 0.49 + 0.20 nb, implying
opps < 0.82nb at the 95% confidence level. Given the absence of an unbambiguous
signal, the UA2 Collaboration prefers to translate this result into a lower bound of
the effective cross section,

Tgejj > 8.3 mb at 5% C.L.
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Figure 26. @) log(S) distribution for the four-jet daia (points), double parton scat-
tering evenis (halched histogram) and QCD double bremssirahlung events (solid
histogram). The contents of all histograms have been normalized to one. b} Com-
parison of the best fit {solid hisiogram) to the distribution measured for the daota.

This result can be compared to the results of other experiments. The AFS Col-
laboration reported evidence for double parton scattering from a study of multi-jet
events at the CERN ISR with o.;; = 5 mb.}°3 This result is not necessarily in
contradiction to the UA2 result, since the x-range probed by the multi-jet config-
urations at the two centre of mass energies of 63 and 630 GeV is very different.
Recently, the CDF Collaboration reported a DPS signal with a significance of 2.5
standard deviations,!%* corresponding to o.s; = 12.1712-7 mb, which is consistent

with the UA2 result.

5.6. Direct Photon Production

The direct production of isolated, high transverse momentum photons allows for
a more quantitative test of perturbative QCD. Since the measurement of the photon
transverse momentum is not affected by fragmentation effects, the experimental
uncertainties are considerably smaller than those obtained in the measurements of
jet cross sections. On the theoretical side, next to leading order calculations are
available for both single and double direct photon production!®®!% and can be
directly compared to the experimental results.



at the CERN pp Collider 49

3.6.1. Single Photon Cress Section

The direct production of high Py photons from hadron hadron collisions is de-
scribed in Born approximation by ¢g annihilation (g7 — gv) and by the QCD
Compton process g¢ — g7 (see Fig. 27). In addition, photons can be produced

Figure 27. Leading order confributions to direct photon produciion.

from final state radiation in any hard scattering process involving quarks in the
final state. This contribution can, however, be experimentally suppressed by apply-
ing isolation criteria to the photon candidate. Such requirements suppress at the
same time the overwhelming background from 7" or # mesons produced in jets and
decaying to unresolved photon pairs.

The UA2 Collaboration has measured the inclusive direct photon production
cross section in the central rapidity region, |p| < 0.76 (Ref.1°7). A photon candidate

has been defined as an electromagnetic cluster satisfying the following criteria:*“"

e the lateral and longitudinal profiles of the cluster have to be consistent with
those expected from a single isclated electron or photon,;

e there must be no charged tracks pointing to the calorimeter cluster. This
requirement is validated by the absence of any pad signals in either silicon
counter contained within a window of An < 0.2 and A¢ « 15° about the
cluster axis;

¢ there must be at most one preshower signal in a cone defined by \/A¢? + Ap? <
0.265 about the cluster axis.

The last requirement keeps both photons which undergo conversions in the con-
verter plate of the preshower detector and unconverted photons. The preshower
detector plays a key role in the estimate of the 7% and n background in the pho-
ton sample. This background contamination has been determined on a statistical
basis by considering the fraction of photons in the sample that initiate a shower
in the converter and comparing this fraction to the expectations of the conversion
probabilities for isolated photons and #%’s.2%7

The invariant inclusive cross section Ede/d°p is shown in Fig. 28 as a func-
tion of the photon transverse momentum Pr. The errors shown correspond to the

combined statistical and Pr dependent systematic errors, which mainly result from



50 The Physics Results of the UA2 Experiment . . .

uncertainties in the photon effictency calculation and from uncertainties in the eval-
uation of the conversion probabilities by using the EGS Monte Carlo.'®® On top of
the errors shown there is an additional Pr independent uncertainty of £9%.
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Figure 28. The invarianl differential cross section for direct photon production is
compared with the nezxt 1o leading order QCD calculation of Ref'% with different
choices for the structure functions and QCD scales. For the struciure functions the
parametrizations of Ref!%® (ABFOW) and of Ref®" (DO1) have been used. For
the QCD scale either Pr or an optimized scale, as discussed in Ref.!%%, have been
chosen.

The results are compared to next to leading order QCD calculations,'%® where
different sets of structure functions and different choices of the renormalization
scale have been used. The isolation cut, which suppresses the bremsstrahlung con-
tribution from final state quarks, is taken into account in the QCD calculation
(see Ref.1%% for a description of the correct procedure). Within the experimental
and theoretical uncertainties the data are in agreement with the QCD predictions.
However, in the low Pp region (FPr < 30 GeV) the measured Pr dependence is
significantly steeper than the one predicted by QCD. Such an effect has also been
observed recently by the CDF Collaboration at /s = 1.8 TeV.'!¢ It could result
from the gquark bremsstrahlung contribution, which is expected to be more impor-
tant at low Pr. A more accurate theoretical estimate of this contribution is needed

for a better quantitative comparison.
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5.6.2. Double Photon Production

The production of events with two high Pr photons in the final state needs to
be studied as a serious source of background to the detection of an intermediate
mass Higgs boson at future hadron colliders.!!! The capability of QCD to properly
predict the v production cross section is therefore an important fact to verify
experimentally.

In leading order, two basic processes contribute to the production of photon
pairs, the ¢g annihilation (g7 — ¥v) and the gluon fusion via a quark box (gg — v7),
as shown in Fig. 29. In addition, various bremsstrahlung diagrams contribute to
the production of two photons in the final state.

(Y

y > .

Figure 29. Lowest order diagrams for double photon production.

From the UA2 data events have been selected with two photons in the central
calorimeter (7| < 0.76) with transverse momenta Pr(7;) > 10 GeV and Pr(v)>9
GeV. The background from jet production and bremsstrahlung can be strongly
reduced by applying the condition

Pr(m) - Pr(vz) < —0.7- ‘ﬁT(Yl)z‘ ,

by which events with a large imbalance between the transverse momenta of the two
photon candidates are rejected.!®” After the subtraction of the background from
two-jet events and single photon events, a signal of 58 + 13.4 events has been found
In the data. The inclusive cross section do/dPr is shown in Fig. 30 with statistical
and Pr dependent systematic errors. In addition, there is a normalization uncer-
tainty of +6.8%. Two independent next to leading order QCD predictions!?6:112
are superimposed. In both calculations the structure function parametrizations
of Ref.?* and the scale 4 = Pr are used. Both predictions agree well with the
data, apart from deviations seen in the first Pr bin, where the data lie significantly
above the theoretical prediction. Again, this discrepancy could be due to the the-
oretical uncertainties in the calculation of final state quark bremsstrahlung, which
contributes mostly at low Pr.

Also the CDF Collaboration has performed a measurement of the double photon
production cross section.?!® Although their measured values lie systematically above
the QCD predictions, there 1s still agreement within the errors.
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Figure 30. Differential cross section do/dPr for double pholon production. The
superimposed curves are next to leading order QCD predictions of Ref''? (dashed
line) and Ref %% (full line).

5.7. Measurement of the W and Z Production Cross Sections

As discussed in Sect. 2.4.; the QCD predictions for the W and Z production
cross sections are known up to second order in a;. Thus, the comparison between
data and the theoretical predictions provides an important test beyond the next to
leading order.

The vector boson production cross section times the branching ratio to electrons
is given by
N‘fr - Nback

oy = ”i—ﬁ(l*f-r-)s (28)

where N 1s the number of vector boson candidates observed in the electron chan-
nel, Npger the estimated background, n the geometrical acceptance, ¢ the electron
reconstruction efficiency, and £ the integrated luminosity. The correction factor
(1 — fy-) 15 only relevant for Z — ee decays. The constant f,« compensates for
the contribution from single photon exchange and 4*Z interference and has been
evaluated to be 1.65%. The radiative decays W — evy and Z — eey have been
taken into account in the acceptance calculations.

In the UA2 analysis,* the event numbers, efficiencies and acceptance values
have been determined in the three different acceptance regions of the UA2 detector.
Cross section values have been determined separately in each detector region. Since
the various cross section values have been found to be consistent among each other,
they have been combined with weights proportional to the product of acceptance
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and efficiency. The final results are:

o = 682% 12 (stat) £ 40 (syst) pb,
oy = 656+ 4.0 (stat) £ 3.8 (syst) pb.

The experimental systematic errors are dominated by uncertainties on the inte-
grated luminosity and uncertainties on the acceptance calculation resulting from
uncertainties in the structure functions. The measured cross section values are
slightly larger than those published previously,!>*11% but are consistent within the
statistical and systematic errors.

In Fig. 31 the results are compared with the theoretical predictions of Ref.23.
The theoretical values have been multiplied by the corresponding electronic branch-
ing ratios, which have been computed in the framework of the Standard Model as
a function of the top quark mass. The measurements agree well with the QCD pre-
dictions including second order corrections and assuming a heavy top quark. The
dependence of the theoretical predictions on the structure functions is represented
by the shaded band at the right hand side of the figure.’® The size of these un-
certainties is comparable with the experimental errors and also with the size of the
second order QCD corrections.
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Figure 31. Comparison between the measured cross section values ofy (a) and 0% (b)
and the QCD predictions™ as a function of the iop quark mass at the Born level
and including (o, ) and O(a?) corrections. The shaded bands at the right show the
variation with structure functions. The {op mass limits from LEP and CDF (1990}
are indicaled on the abscissae.

5.8. Measurement of the Drell-Yan Production Cross Section

The comparison between the second order QCD prediction and the experimental
measurements can also be performed for electron pairs with masses below the Z
mass (see Fig. 8). They result from Drell-Yan pair production via the exchange of
a virtual photon or a virtual Z. The measured differential cross section do/dm,
based on data corresponding to an integrated luminosity of 7.1 pp~’ is shown in



54  The Physics Resulls of the UA2 Erperiment . ..

Fig. 32 as a function of the electron pair mass in the range between 10 and 70 GeV.
The theoretical predictions are shown for three perturbative orders. The data agree
well with the @(a?) calculation, however, because of the statistical and systematic
errors, this comparision is not sensitive to higher order corrections. The integrated
electron pair production cross section in the mass range between 10 and 70 GeV
has been measured to be opy = 405 £ 51 (stat) + 84 (syst) pb.
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Figure 32. Comparison between the measured differential cross seclion do/dm for
electron pairs and the QCD predictions of Ref>3.

5.9. Measurement of the Strong Coupling Constant o,

As discussed previously, strong interaction effects in W production lead to the
associated production of W bosons and hadron jets. The dependence of the rate of
Wjet events on the strong coupling constant a;, can be used to measure its value
in hadronic collisions. For this measurement the UA?2 Collaboration has considered
the ratio R of the number of W+one-jet to W-zero-jet events. The value of «, has
been extracted from a comparision of the experimental value Rgpxp to the value
Rasc predicted by QCD calculations.

For the determination of Rpxp the standard UA2 W — ewr selection criteria
have been applied. Jets in W events have been identified by using the cone algorithm
with a radius Reene = 0.7. To reduce the systematic uncertainties in the jet energy
measurement and to reduce the number of jets arising from the interaction of the
spectator partons, only jets with transverse energies exceeding 20 GeV and within
the pseudorapidity range || < 1.6 have been retained. Using these cuts, 114 events
with one jet and 2845 events with no jets have been found in the data. After
correcting for background the experimental ratio has been found to be Rgxp =
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3.91+0.40%.

The QCD predlctlon Rarc 1s based on the tree level calculation of W production
up to order a3, which is available in form of a Monte Carlo program.'?® The infrared
and collinear divergences, which show up in the higher order tree diagrams, are
regularized by applying cutoffs on the transverse momenta {Pr) and on the angular
separation w of the outgoing partons,

PT > Pf;;n,z'ﬂ’ w > wmm (29)

"The tree level simulation represents only a partial calculation of the total W produc-
tion cross section, because loop diagrams and tree diagrams with outgoing partons,
which do not fulfil the conditions defined in Eq. (29), are not taken into account.
The size of these missing contributions is given by multiplicative corrections, called
K-factors, so that the total cross section to second order in a, can be written as

0-[2] — 0'0]{0 -+ 0'1[‘:1 + 09, (30)

where the o;’s are the tree level cross sections. For a complete QCD prediction of
the W + jet rates these K-factors must be known. Details on the calculation of
these factors can be found in Ref.!?!, only the main ideas will be given here.

The calculation of K is based on the calculation of the P distribution to order
a? from Ref.?®. For P} values above PJ¥7 a function le(PT ) can be defined from
the relation

dol?] doy W dos

= (P —
aBF = app T )T gpw

for PF > ppin (31)

where the term on the left hand side corresponds to the total inclusive P} spectrum
and the differential cross sections on the right hand side are obtained from the tree
level Monte Carlo calculations. The tree level cross sections and dol?l/ dP}¥ have
been computed in the M S renormalization scheme, using x4 = M as the scale.
To derive a value for the strong coupling constant used in the matrix element
calculation, the four flavour value of the QCD scale parameter A as given by the
structure function parametrization has been converted to the corresponding five
flavour value. The functional form of a, given in Eq. (13) has been used to relate
s and Az7z. The results of the K-factor calculation are shown in Fig. 33b for three
different PJ**™ values (6.0, 12.0 and 18.0 GeV). The angular cutoff w™™ has been
fixed at 20°.

The calculation of Ky is based on the calculation of the total K-factor to second
order, Kt[ﬂ, and uses in addition the results for &X). From the definition of the total
K-factor (see Sect. 2.4.) and Eq. (30) the relation

1 &2 dO’l
o o= KB 2 K (P¥WZapW - 22 39
Ko Vot - pmm(dPT \l( T )) T = ( )

can be deduced. The results of the calculation of Ky are shown as a function of
P,}”m in Fig. 33a.
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Figure 33. (¢) Ky as a function of PP"; the value of the second order total K-factor

is indicated by the dashed line. (b) Ky as a function of PF for different Pprin
values.

By using these K-factors in conjunction with the tree level Monte Carlo calcu-
lations, a second order prediction of Rpre can be extracted. By choosing a specific
parametrization of the structure functions, Ry¢ can be computed for one value of
o, which corresponds to the A value used in the parametrization. However, for the
determination of a; from the data, the functional dependence of Ry on a;, needs
to be known in order to solve the equation Ryc(a,} = Rexp. This dependence
has been determined by using parametrizations which were obtained from the same
deep inelastic scattering data but assuming different A values.!?? By using HMRSB-
type®? parametrizations with Al values of 100, 190 and 300 MeV, the Rasc values
were found to be 3.39%, 3.61% and 3.81%, respectively. The dependence of Rasc
on «, 1s well approximated by a linear function, leading by extrapolation to the
result

as(ME) = 0.123+0.018 (stat.) £ 0.017 (syst.).

The dominant contributions to the systematic error resulé from uncertainties in
the jet fragmentation and in the simulation of the underlying event.

The present result is in agreement with recent determinations of «, in ete™
and deep inelastic scattering experiments.!?® Although the precision obtained at
these experiments cannot be reached, the present analysis provides an independent
measurement of the strong coupling constant in a hadronic collision experiment
from a process in which «, 1s determined from gluon radiation in the initial state.
Another measurement of o, in pp collisions has recently been presented by the UA1
Collaboration.!?* They measure o, from b-quark production and obtain the result

as(M3) = 0.108f8]8}2, which 1s consistent with the present measurement.
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6. Search for New Particles
6.1. Search for Supersymmetric Particles

Some basic problems of the Standard Model can be solved in an elegant way
by introducing supersymmetry.?® This theory, assoclating to each particle in the
Standard Model a so called ‘superpartner’ (sparticle), predicts a rich spectrum of
new particles. To each superpartner a multiplicative quantum nember, the R-parity,
1s assigned, which 1s absolutely conserved. This implies that sparticles should all
decay to the lightest supersymmetric particle, assumed to be electrically neutral,
which should in turn escape detection.

6.1.1. Squarks and Gluinos

The supersymmetric partners of quarks and gluons, squarks (¢) and gluinos (g},
are expected to be abundantly produced in pp collisions via standard QCD processes
leading to the pair production of 4§, §§ and §§.12° In many models it is assumed
that the § decays mainly into ¢g% and the § decays dominantly into’qg (if m; > m;)
or ¢7 (if rng < mg), with the photino (%) being the lightest supersymmetric particle
(LSP).**" In this case, the hadronic production of squarks and gluinos results in
final states containing two to six jets and missing transverse momentum (FBp) due
to the undetected photinos.

The UA2 data collected in the years 1988 and 1989 have been searched for an
excess of events of this type above the expectations from conventional processes.
Events have been selected by requiring at least two hadronic jets (Ep > 25 GeV,
EZ > 15 GeV, |0} < 0.85) and missing transverse momentum above 20 GeV. The
background resulting from two- or multi-jet events for which B is generated by a
bad measurement of the transverse energy of one of the jets has been suppressed hy
cuts on the azimuthal separation between the missing transverse momentum vector
and each jet in the event (£ isolation).*® The remaining event sample is mainly
composed of events where £ results from a neutrino from W — ev decays, where
the W is produced in association with jets. The bulk of these events can be rejected
by requiring the events to contain no ‘electron-like’ calorimeter clusters. These cuts
are satisfied by 154 events for which the f.-distribution is shown in Fig. 34a (shaded
histogram). For comparison, the data are also shown before the /. isolation and
the electron rejection requirements were applied. In the final sample no events
with /7. > 40 GeV are found, in agreement with the expectations of less than one
event from conventional processes. The observation of no event with 5 > 40 GeV
corresponds to an upper limit of 0.35 pb (90% C.L.) on the observed cross section.

The data have been compared to a supersymmetric model implemented in the
form of a Monte Carlo generator based on the cross sections given in Ref.126. Five
squark flavours degenerate in mass have been assumed, with each squark decaying
with 100% branching ratio into ¢¥ or into ¢g. The gluinos again have been assumed
to decay to 100% into ¢gy. The comparison of the measured cross section limit
with the expected cross sections as a function of m; and mj excludes a region in
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Figure 34. (a) Distribution of @2 for the multi-jel data before and after (shaded
histogram) B.-1solation is applied. (b) Ezcluded mass regions in the mg—m; plane.

The dashed curves indicate the previous mass limils from UA'?® and the dash-
dotted curve the one from CDF.129

the m; — m; plane, as shown in Fig. 34b. To take into account the systematic
uncertainties in the calculation of the expected cross sections, their values have
been reduced by their systematic errors. Also shown in the figure are previous
results from the UA1!'?® and CDF!?° Collaborations. The mass limits obtained
are independent of the LSP mass up to 20 GeV, whereas they strongly depend on
the assumption of squarks and gluinos decaying directly to the LSP with 100%
branching ratio. More complex decay scenarios, as the ones discussed in Ref 127,
would give a softer 2. spectrum resulting in lower mass limits. An analysis based
on these models has recently been published by the CDF Collaboration.:3°

In conclusion, under the assumptions stated above, the following mass limits
have been obtained at the 90% confidence level:

mg  >T74 GeV independent of my,
m;  >T79 GeV independent of my,
mz; > 106 GeV Jfor mz; =m;.

Masses below about 50 GeV are not excluded by this analysis. Under the same
assumptions, the CDF experiment excludes at the 90% confidence level the existence
of squarks and gluinos with masses less than 126 GeV and 141 GeV, respectively.130
Squark masses below 45 GeV are excluded by data from LEP.13!
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6.1.2. Selecirons and Winos

Scalar electrons (&) and winos (W), partners of electrons and W bosons in
supersymmetric models,*?® can be produced in hadron colliders through the decays
of intermediate vector bosons. In the UA2 data a search for exotic decays of the Z
boson into final states containing electron pairs has been carried out to look for a
possible signal of

L — E€ — ee¥y and

7 = WW — ceii.
Decays of the selectrons into electrons and photinos (¢ — e + %) and of the winos
into electrons and the supersymmetric partners of the neutrino (Z) have been as-
sumed. The supersymmetric partners of the left-handed and right-handed electron
are assumed to be degenerate in mass. For both processes, the final state contains
an electron pair in association with missing transverse momentun. The Standard
Model background results from the Drell-Yan production of electron pairs and from
QCD jet production, where jets are misidentified as electrons.

In order to derive [imits on the ¢ and W mass values, the sample of electron
pairs with invariant masses above 20 GeV has been compared to the predictions
of a model, where contributions from either process Z — & or Z — WIW have
been considered. In addition, the expected background contributions have been
included.'®? A maximum likelihood analysis has been performed using as input
the electron pair masses and transverse momenta as well as the missing transverse

momenta,. 132
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Figure 35. a) Fzcluded regions at 90% confidence level in the m; — my plane. The
dashed arca indicales the effect of systematic unceriainties. b) same as a) in the
my — mg plane.

No evidence for a signal from supersymmetric particles has been found. The
regions in the (mg, m3) and (my,, m;) planes excluded at the 90% confidence level
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are shown in Fig. 35. Scalar electrons with masses up to 40 GeV are excluded in
the case of a light photino. Similarly, within the assurnptions given above, winos
lighter than 45 GeV are excluded in the case of a light scalar neutrino.

Searches for these particles have also been performed by the LEP experiments. 33
From the Z invisible width measurement, a lower limit of 41 GeV has been set on
the mass of scalar neutrinos. If the mass of the LSP is below 40 (GeV, the masses
of the supersymmetric partners of the charged leptons must exceed 45 GeV .

6.2. Search for the Charged Higgs

The Higgs sector in the Standard Model consists of a single doublet of complex
scalar fields. The simplest extensions beyond this minimal version are models with
two doublets of complex scalar fields, which imply the existence of charged Higgs
bosons HE.13¢ In such models, the couplings of the Higgs bosons are fully specified
by their mass, my+, and by the ratio of the vacuum expectation values of the
neutral members of the two scalar fields, tan 8 = vy /v, .

As already mentioned, the extstence of /* bosons could have important implica-
tions for the search of the top quark. In the case m; > mpy++my the decayt — Htb
competes with the standard decay ¢ — W+b, with branching ratios depending on
my+ and tan 3.1 The charged Higgs itself decays predominatly into 7%+ and c3
pairs, with branchings depending on tan 3.13% Hence the semileptonic decay ¢ — bew
1s largely suppressed compared to the Standard Model expectations. In particular,
for the mass range accessible at the CERN pp Collider, mw > m, + my, the decay
¢ — H*b dominates, regardless of the value of tan 3136

Using the total data sample, the UA2 Collaboration has searched for the decay

chainl3”

t—H%, HY —rty, 7t = hadrons + ..

'The analysis method is based upon that used in the measurement of e—7 universality
(see Sect. 4.4.). First, the numbers of electrons and s accompanied by large
missing transverse momentum have been determined. The number of electrons has
then been used together with the assumption of e — 7 universality to determine the
number of 7’s expected from W decays. This Standard Model prediction has been
compared to the data. A statistically significant excess of events would indicate new
physics, while the agreement between data and expectation would make it possible
to exclude the H* production in some regions of the noted parameter space.

Table 8. Number of observed and expected T¥ events without and with an accompanying jet.

observed expected, assuming excess
€ — T universality
T+ 0jet | 7Th4 £ 68 + 54 760+ 31425 —6£ 75460
T 4+ 1jet T3x24£5 68L84+3 +5+26+6

The result on € — 7 universality as presented in Sect. 4.4. does not leave much
room for an excess of 7 events. Table 8 contains the number of expected 7 events,
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Figure 36. flegions of the my= — m; plane excluded at 95% confidence level.

based on the assumption of ¢ — 7 universality, in comparison with the number of
observed 7 events. Since no significant excess of r-events is found, the data have
been used to exclude regions in the parameter space for the H+ hypothesis.

Charged Higgs events have been generated with the Monte Carlo program of
Ref.®% for 16 different choices of myg+ and m, values in the ranges 44 < mpy+ < 66
GeV and 50 < m; < 71.5 GeV, respectively. The number of events expected for
each case has been determined by performing a complete detector simulation and
applying the analysis cuts. Systematic uncertainties result from theoretical, Monte
Carlo and experimental sources such as luminosity (£6%), top production cross
sections, simulation of the underlying event (£20%) and b-quark fragmentation.!37
Levels of confidence for the exclusion of H* production have been calculated for
two choices of tan J corresponding to branching ratios, Br(H+ — 7v), of 0.5 and
1.0. The regions in the my+ — m; plane, which can be excluded at the 95% C.L.
are shown 1n Fig. 36.

For comparison, the regions excluded in a previous analysis by the UA1 Colla-
boration’®® are shown together with model independent lower bounds for m, from
hadron collider measurements of I'sy (see Sect. 4.3.) and for my+ from a direct
search at LEP.13°
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6.3. Quark Compositeness

The proliferation of quark and lepton flavours or the massive nature of the W
and Z boson give rise to speculations about a possible composite structure of these
particles. In analogy to QCD the fundamental constituents (preons) are assumed
to be bound by a new strong (metacolour) interaction, which can be described
by a non-abelian and asymptotically free theory. One possible manifestation of
quark or lepton compositeness is the existence of a four-fermion contact interaction,
having the new strong interaction scale Ac. A general framework for decribing such
four-fermion contact interactions has been set up in Ref!'*°. Assuming helicity
conservation and gauge invariance the Lagrangian for left-handed fermion doublets

¥ can be written as
a7

Lers = 1 543
C

(X7*x) (X7ux)

with n = %1 for constructive or destructive interference with the QCD term. Due
to such interference effects the existence of quark substructure is already apparent
well below the energy scale Ac.

The pp collider experiments are sensitive to four-quark contact interactions.
Their effects may be probed by looking for deviations from the QCD behaviour
either in the inclusive jet cross section do/dPr or in the two-jet angular distributions
(see Sect. 5.2.). Finite values of A¢ would produce an excess of events at large Pr
in the inclusive jet cross section and at * = 7/2 in the two-jet angular distribution.
Assuming that the main uncertainties, resulting from experimental systematics and
higher order corrections, are Pr independent, the predictions can be normalized in
the low Pr region and deviations in the high Pr region can be investigated.

The ratio between the theoretical predictions for various values of Ac and the
pure QCD calculation to leading order (A = oo) are shown as solid lines in Fig. 37,
using ¢ = (Pr/2) and the structure function parametrization of Ref.®*. In the same
figure the ratio between the UA2 inclusive jet data and the QCD prediction is
represented by the black dots. For each Ae value the theoretical calculation has
been normalized to the experimental data in the range 69 GeV < Pr < 79 GeV,
where the pure QCD prediction is expected to dominate.

From a comparison between the expertmental data and the various predictions a
limit of Ac > 825 GeV (95% C.L.) can be extracted for pessimistic assumptions on
the experimental systematic uncertainties.®? In particular, systematic effects which
could distort the shape of the cross section, like vaniations of the scale p and of
the structure functions have been taken into account. This measurement represents
a significant improvement over previous limits from the CERN Collider.83:141 1t is
also significantly higher than the limit which can be extracted from a study of the
angular distribution of two-jet events, A¢c > 415 GeV (95% C.L.).%° Meanwhile the
limit has been superseded by a limit extracted in a similar analysis by the CDF
experiment. Their data, corresponding to an integrated luminosity of 4.2 pb~! at
/5 = 1.8 TeV, have allowed limits to be placed of A¢c > 1.4 TeV using the inclusive
jet data,?? and of A¢ > 1.0 TeV using the two-jet angular distribution.!43
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Figure 37. The ratio between data (black dots) and the QCD calculation. The be-
haviours predicted for finite values of Ac are shown as solid curves, again relative
te the QCD prediction.

6.4. Search for Lepioquarks

The symmetry between lepton and quark generations in the Standard Model in-
spires the hypothesis about the existence of leptoquarks (LQ), strongly interacting
particles which couple to lepton-quark combinations. They appear in several theo-
retical frameworks extending beyond the Standard Model,'*? notably in superstring
inspired models, grand unifying models and in some scenarios for compositeness of
quarks, leptons, and W and Z bosons. In several of these models,!*5 leptoquarks
are scalar particles which can have masses myg lower than 100 GeV and could
therefore be accessible at the CERN pp Collider.

In pp collisions, the production of single leptoquarks associated with a lepton (1),
qg — (LQ), as well as pair production through gg fusion and ¢ annihilation is
expected. Single production is proportional to the model-dependent gl-LQ coupling,
while in pair production only the contribution from the t-channel ¢ annihilation
is affected by this dependence. Pair production is expected to dominate over single
production at the CERN pp Collider.'® Since the t-channel contribution in pair
production is small, in practice no model dependent assumptions need to be made
about the gl — LQ coupling, nor about the leptoquark charge.

The UA2 Collaboration has searched in the total data sample for the pair pro-
duction of first generation scalar leptoquarks.!*® It has been assumed that each
generation has its own leptoguarks and couplings occur only within a given gener-
ation in order to satisfy the experimental constraints on flavour changing neutral
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currents *47 The first generation of leptoquarks is therefore expected to manifest
1iself with decays into a light quark (u,d) and an electron with a branching ratio
b, or into a light quark and an electron neutrino with a branching ratio (1 — 8).
The pair production of leptoquarks can therefore lead to three different final states,
containing two jets with either an et e~ -pair, one electron and one neutrino, or two
neutrinos. The first two channels have been considered in the UA2 analysis.

The data have been searched for events with two leptons (ee or er) accompanied
by two jets in the pseudorapidity range |n| < 2.0. In order to suppress background
from multi-jet production, the transverse momenta of the leptons and the jets have
been required to exceed the following values: Ez(e;) > 18 GeV, Erfez) > 9 GeV
and E7(jet)>10 GeV in the case of two electrons, and Er(e) > 20 GeV, B > 20
GeV and Er(jet) > 20 GeV in the electron neutrino case. In the framework of the
Standard Model such events could result from the associated production of vector
bosons with two jets. In the total data sample 15 events with the configuration
described above have been found, nine electron pair events and six electron neutrino
events. The absolute rates and the topology of these events are consistent with the
expectations from the QCD calculations of the associated production of W and Z
bosons with jets.!4® All electron pair events have invariant electron pair masses in
the range 80 < m,.. < 100 GeV as expecied for Z — ee decays. The ev events have
transverse masses of the electron neutrino system in the range 60 < mp < 90 GeV
consistent with the W — er hypothesis. After excluding events with mass values
in these regions no candidate leptoquark events remain.

The production and the decay of leptoquarks have been calculated according to
the formulae of Ref.!??. Only the leading order contributions are included in the
calculation and higher order QCD contributions, which would lead to an increase
of the production cross sections,?® have been ignored.

Using the estimated cross sections,!®® the number of the observed events and
the detector acceptance, lower limits on the leptoquark mass have been evaluated
as a function of the branching ratio b. They are shown for both channels separately
and for the combination of the two in Fig. 38. If the branching ratio b is assumed
to be 0.5, first generation leptoquarks with masses below 67 GeV can be excluded
at the 95% confidence level. For branching ratios & > 0.12 this analysis improves
the limits from LEP experiments,'®? reaching a limit of 74 GeV for b = 1.0.

The results on searches for leptoquarks by other pp experiments are summa-
rized in Table 9. Mass limits are given for two values of the branching ration 6.

Table 9. Mass limits for scalar leptoquarks from ppP experiments.

Experiment int. luminosity lower mass limits (95% C.L.)
b=1.0 b=105
UA2 Ref.1® | 130 pb~" (1988-1990) | 76 GeV 67 GeV
ODF  Ref132 | 41  pb~! (1988-1989) | 113 GeV 80 GeV
Do Ref!%3 | 15.0  pb”! (1992-1993) | 133 GeV 120 GeV

The most stringent limit from pp experiments comes from a recent analysis of the
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Figure 38. Leptoquark mass limits at 95% C.L. as a function of the branching
ratio b (LQ) — eq) for the two electron channel, the electron neutrine channel,
and for the combination of both. Also indicated is the limit oblasned by the LEP

ezperiments.!®!

DO experiment at Fermilab, excluding scalar leptoquarks up to masses of 133 GeV
for b = 1 and up to 120 GeV for b = 0.5. After the successful start of the HERA
collider at DESY, leptoquarks have also been searched for in electron proton colli-
stons, where they should show up as a narrow resonance in the s-channel. Here the
production depends directly on the coupling A between the lepton-quark pair and
the leptoquark. Assuming this coupling to be the same as the electroweak coupling,
Le. A = v4ra, the existence of leptoquarks between 145 and 190 GeV, depending
on the type of the leptoquark, can be excluded with a confidence level of 95%,154,155

6.5. Search for Additional Vector Bosons and Ezited Quarks

Additional vector bosons arise naturally in the framework of many extensions
of the minimal SU(2) x U(1) Standard Model of electroweak interactions, being it
through right-handed currents,'®® composite models,37 or various models derived
from superstring theories.’®®
In the UA2 data, additional vector bosons have been searched for in their elec-

tronic decay modes as well as in their decay mode into quark pairs.

6.5.1. Electron Decay Modes

The cross section for the production of a vector boson times the branching ratio
to electrons has been computed as a function of the boson mass, their couplings
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Figure 39. (a} Limils for an additional charged vector boson W', shown as 95%
confidence level contours in the (Mw:, A] B, ) plane (see tezt). (b)) Same as (a} for
an addilional vector boson Z’ decaying into electron pairs.

to quarks, A;, and their branching ratio to electrons, B.. The values for A, and

B; have been normalized to the Standard Model values, so that the cross section

is obtained by multiplying the Standard Model value by the factor )\gBe. It has

been assumed that the total width of the new boson is given by the width of the

standard vector bosons scaled by the mass ratio
my

Fy:=Ty—
my

V=W2). (33)
Limits for W’ and Z’ production have been extracted from a comparison of the
observed electron neutrino transverse mass spectrtum and the electron pair mass
spectrum with spectra predicted in the case new vector bosons are present, by
using maximum likelihood techniques.1®®

The results are shown in Fig. 39(a) and (b) for W’ and Z’ respectively, as 95%
confidence level contours in the (Mv:, /\gBe)-plane. In the regions of degenerate
masses with the standard vector bosons the observed rates for the W — er and
Z — ee, compared to the second order QCD prediction, have been used to extract
the mass limits. Assuming standard model couplings, the following limits can be

placed at the 95% confidence level:

> 247 GeV
> 216 GeV

(95% C.L.),
(95% C.L.).

mp
mz:

Due to the higher centre of mass energy at the Fermilab Collider, even higher mass
limits have been extracted by the CDF experiment.'®*® From their data W' and Z’
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bosons with masses below 520 GeV and 412 eV, respectively, can be excluded
with a confidence level of 95%.

6.9.2. Quark Decay Modes

In some of the proposed extensions of the Standard Model new right handed
heavy vector bosons appear. If leptonic decays of a right handed W, Wg, are
suppressed because of a heavy or non-existent nght handed neutrino, the limits
quoted above do not apply. In this case, hadronic decay modes are the only direct
way for the experimental observation of the decays of a hypothetical right handed
W. At the same time, this search is also sensitive to the existence of additional
vector bosons Z’ or excited quarks, provided they decay into jet pairs.

Based on data corresponding to an integrated luminosity of 10.9 pb™! the UA2
Collaboration has searched the invariant two-jet mass spectrum for decays Wy —
97, Z' — qq and ¢* — ¢g.%%' The same analysis method as presented in Sect. 4.5.
has been applied to the high mass region of the two-jet spectrum. As for the leptonic
decay modes, limits have been determined as a function of the vector boson masses,
respectively excited quark masses, and as a function of the branching ratio to quark
pairs (Fig. 40).
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Figure 40. (a) Excluded regions (haiched) with 90% confidence level for right handed W's. The
branching ratio is given as a fraction of the Standard Model branching ratio.

(b} Excluded regions (hatched) with 90% confidence level for excited quarks (u*,d" — gg). The
solid line shows the branching ratio for #* and d* decays to two jets.

Assuming standard couplings, the following mass limits have been obtained for
heavy vector bosons at the 90% confidence level:16!

> 9251 GeV (90% C.L.),

mWR
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mz > 252 GeV (90% C.L ).

In the case of excited quarks, a mixture of u* and d*-quarks has been assumed
with decays according to the model described in Ref.!%2. Mass limits have been
determined for three different cases depending on the relation between the w* and d*
masses. With a confidence level of 90% the following limits have been obtained:161

Mys = Mge : mg- > 288 GeV (90% C.L.),
Mas >> My . my= > 277 GeV (90% C.L.),
My 2> Mgs mgs > 247 GeV (90% C.L.).

The reason for the lower mass limit for d* compared to «* quarks is that the fraction
of up quarks in the proton is approximately twice that of down quarks and hence
the d” production cross section is smaller. It must also be noted that no K-factors
have been included in the calculation of the cross sections, and hence the limits
quoted can be considered as conservative.

7. Conclusions and Qutlook

During the last decade, the CERN pp Collider and the associated experiments
have proved to be remarkably successful at testing and enlarging our knowledge and
understanding of the Standard Model of particle physics.

The data collected by the UA2 experiment in the second experimental phase
from 1988 to 1990 allowed for detailed tests of many aspects of the Standard Model.
Important electroweak parameters could be measured, which are complementary to
the parameters measured with high precision at ete~ colliders. The most important
ones being clearly the mass and the width of the W boson. Furthermore, it has been
established that Quantum Chromodynamies is capable of predicting in a reliable
way all measured production processes at hadron colliders, ranging from vector
boson production to the production of multi-jet final states. In the search for new
particles a new mass range, well above the reach of existing ete~ colliders, could
be explored and the existence of many new particles with masses below ~100 GeV
could be excluded.

Another 1mportant observation at the CERN Collider was that despite the com-
plexity of hadronic collisions the hard scattering processes could be clearly identified
and separated from the rest of the interaction. This feature, essential for the capa-
bility to discover new particles at hadron colliders, stimulated the construction of
future machines with higher energies.

At present, the measurements of W properties and the continuation of the search
for the not yet discovered top quark remain the principle goals of the existing exper-
iments at the Fermilab Collider. It is expected that until 1998-1999 the experiments
will collect data corresponding to an integrated luminosity of ~ 100 pp~!. One can
reasonably hope to achieve a W mass measurement to better than ~100 MeV and
to discover the top quark if its mass is below ~ 200 GeV.
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The goal for the long term future is to exploit further the large discovery po-
tential of hadron colliders and to study hadron collisions at even higher energies.
The only practical way to obtain such collisions at a useful rate is to build proton
proton colliders with centre of mass energies above 10 TeV and very high luminosi-
ties, above 1033 cm~=? sec™!, as planned for the Large Hadron Collider (LHC) at
CERN. Most likely very exciting physics results will be obtained, ranging from the
solution to the problem of electroweak symmetry breaking to the possible discovery
of entirely new physics phenomena.
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