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ABSTRACT
Results from the 1981-1983 operation of the collider at 540 GeV
obtained in experiments UAl, UA2, UA3, ‘UA4 and UAS5 are presented.
After a brief discussion of the accelerator performance and the
details of the experimental apparatus the results on elastic and
total cross sections are given, as well as those for particle
production at low transverse momenta, largely as experimental
facts. The main emphasis of the lectures concerns the study of
jets and the consequent tests of QCD, the production and decay of
the W and Z bosons in comparison with the standard electroweak
theory and the observation of a variety of new and intriguing
phenomena, some of which suggest physics beyond the standard model.
The lectures conclude with a brief review of the future prospects.
They rely on material presented at this school by C. Jarlskog, R.

Petronzio and D. Haidt concerning Gauge Theories, QCD and their
experimental tests, and by J. Iliopoulos on Supersymmetry.
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ACCELERATOR PERFORMANCE AND DETAILS OF EXPERIMENTS

The CERN proton—antiproton collider(l) first operated in July 1981 with a centre of
mass energy Ys = 540 GeV, almost ten times higher than the highest energy, 63 GeV,
previously obtained at the CERN Intersecting Storage Rings, and is the first machine to
provide sufficient energy to produce the W and Z particles, the carriers of the weak
force(?2). So far there have been three data taking periods, each with improved luminosity
which reached 1.6 x 1029 em—2s~1 in 1983. The integrated luminosities for each of the

periods are:-

Period !Ldt (nb‘l)

Dec. 1981 0.023
Oct. = Dec. 1982 28
Apr. - Jul. 1983 150



The collider operates with 3 proton and 3 antiproton bunches, each 30 cm long and
1 mm high at the collision points, which are stored for 15 - 20 hours at 270 GeV, the
energy limit being determined by the power dissipation.

The time between successive bunch crossings, 7.6 bsec, is used to receive data from
the detectors and is sufficient to allow a trigger decision to be made whether or not to
record the current event on magnetic tape (only a few of the 10" events per second can be
written). The collider experiments are housed in two underground areas at long straight

sections LSS4 and LSS5 and there is also an experiment using a gas jet target.

Experiment Purpose Participating Institutions
UAl General purpose detector Aachen, Annecy (LAPP), Birmingham, CERN, Harvard,
(W, Z, jets etc.) Helsinki, Kiel, Queen Mary College London, NIKHEF

Amsterdam, Paris (College de France), Riverside,
Roma, Rutherford Appleton Laboratory, Saclay
(CEN), Vienna, Wisconsin.

UA2 - ditto - Bern, CERN, Copenhagen (NBI), Orsay, Pavia,
Saclay (CEN).

UA3 Monopole search Annecy, (LAPP), CERN.

UA4 Elastic scattering Amsterdam (NIKHEF), CERN, Genova, Napoli, Pisa.

and total cross sections
UAS Streamer chamber (particle Bonn, Bruxelles, Cambridge, CERN, Stockholm.
production characteristics)

UA6 Gas jet target CERN, Lausanne, Michigan, Rockefeller.

UA6 is a fixed target exeriment designed to compare pp and ﬁ; reactions(3), The gas
jet may be polarised. As the experiment has not yet run it will not be discussed further.
The highest luminosity is achieved with "low B" quadrupoles energized in order to
focus the beam strongly to give the smallest possible size. This is not ideal for elastic

scattering studies which require a low angular spread and therefore "high B". As the
product of angular divergence times beam size is conserved (Liouville's theorem), in each
plane, this implies low luminosity. Consequently there is an element of incompatibiilty
between elastic scattering studies and W, Z physics. In addition to UA4, UAl is equipped
to study elastic scattering. Details of the various experiments are summarised in the
following paragraphs, also in Figures 1 - 9 and Tables 1 - 3.

Throughout these lectures 6 is defined as the polar angle of a particle with respect
to the beam direction and ¢ the azimuthal angle around the beam. The rapidity of a
particle is defined as

where E is the particle energy and Py its longitudinal momentum. It can be approximated

by the "pseudo-rapidity" n given by
n = -1n tan 6/2

Intervals of rapidity or pseudo-rapidity are Lorentz invariant which is convenient in
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A general view of the UAl detector
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Figure 2

A side view of the UAl detector.
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COMVERTER PROP_TUBES

Figure 6 The UA2 detector a) a plan showing the side
detector in place b) the central calorimeter and
the side detector. The wedge aperture was
closed for the 1983 run.
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Table 1

Type

Drift chamber with charge
division readout of the second

coordinate

Gas mixture

Drift field and gap length

Drift velocity

Drift angle

Anode plane arrangement:

a) Distance between sense wires
b) Wire length

c) Sense wire charac.

d) Field wire charac.

Cathode plane structure:
a) Distance between wires

b) Wire characteristics

Argon (40%) + ethane (60%)
1.5 kV/cm, 18 cm

5.3 cm/us

239 at |B| = 0.7 T

10 mm

80 cm min., 220 cm max.

35 m Ni-Cr stretched at 80 g
100 um gold-plated Cu-Be
stretched at 200 g

5 mm
150 um gold-plated Cu-Be
stretched at 200 g

Total number of wires 22800
Total number of sense wires 6110
Table 2
Thickness Cell Size <
Calorimeter c:::i:;a]e:s No. rad. No. abs. A0 A Sam,:ling Seize::at;on ie::-
8 lengths lengths @) (© step P ution
e.m.: gondolas 26.6/sin® 1.1/sin® 5 180 llgzm;msii’nt 3.3/6.6/10.1/6.6 X, 0.15//E
Barrel 25-155 '50 mm Fe °
. Al -
hadr.: C's 5.0/sin® 15 18 14" ccint. 2.5/2.5 A 0.8/VE
4 mm Pb
e.m.: bouchons 5-25 27/cos® 1.1/cos® 20 11 6 mm scint 11 Xo 0']'2/'/ET
End-caps and ’ 50 mm Fe °
. 1] — -
hadr.: I's 155-175 7.1/cos® 5 10 10 mm scint. 3.5/3.3 A 0.8/VE
3 mm Pb
e.m. 0.7-5 30 1.2 4 45 g 4x1.5%, 0-15/7E
mm scint.
Calcom and 40 om Fe
hadr. 175-179.3 - 10.2 4 45 8 mn scint 6 x 1.7 A 0.8/VE
3 mm Pb
e.n. 0.2-0.7  24.5 1.0 0.5 90 5:7/5.3/5.8/1.7 X, 0.15//E
v 6 mm scint.
ery forward and 40 mm Fe
hadr. 179.3-179.8 - 5.7 0'.5 90 10 mm scint. 5 x 1.25 A 0.8/VE
UAl: angular coverage, segmentation and resolution of calorimeters.
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comparisons with cosmic ray data where the energy of the primary parent particle is not

known. Another quantity commonly used is transverse energy defined as

ET = Ei sinei

where Ei is the energy of a particular particle and ei its polar angle. It is relevant
where calorimeters are used which measure energy. In the case of jets, local sums of
calorimeter energy may be used

E. = g E; sin 91
where the sum is over calorimeter elements contributing to an energy cluster.
Furthermore, one can define the total transverse energy of an event as the sum of all
transverse energy depositions.

The UAL detector(*) (figures 1 — 5) was designed as a general purpose instrument with
an almost 47 solid angle coverage extending down to polar angles of a few mrad. Its
central part is a 6 m long, 2.4 m diameter drift chamber system with 18 cm drift spaces.
The image readout gives space points at centimetre intervals along the tracks and records
jonization information. The central track detector is surrounded along its length by 48
semicylindrical electromagnetic calorimeters and at each end by 32 similar radial sectors.
All of the above are inside the coil of a dipole magnet (7 m x 3.5 m x 3.5 m) which
produces a highly uniform field of 0.7T. The laminated return yoke of the magnet,
equipped with scintillation counters, also serves as a hadron calorimeter. The outer
shell of the detector is a large—area muon detector consisting of 8 layers of drift tubes
(2 separated chambers each with 4 layers). Calorimeterized compensator magnets, small
angle calorimeters and further track detectors extend the detection to angles less than
50, The measured rms accuracy of the central drift chambers is 290 im giving a momentum
resolution ££--0.005 p for a 1 m track perpendicular to the field. The electromagnetic
and hadron calorimeters have energy resolutions of é%vO.lS//E and~0.8VE respectively. An
independent means of measuring the luminosity is provided by small drift chambers at
%22 m to measure elastic scattering by detecting collinear particles.

The UA2 detector(®) (figure 6), more specifically matched to the w¥ , ZO search, is

composed of finely segmented calorimeter cells, 240 in the central region and 240 in the
forward and backward cones. They are arranged in tower structures pointing at the
intersection region. An inner detector, using drift and proportional chambers, determines
the vertex position. The forward and backward detectors include magnetic spectrometers
(toroidal magnets and drift chambers) to measure the asymmetry of the electrons from
W% decays. TFor the 1981 and 1982 runs a 60° azimuthal wedge of the central calorimeter
was replaced by a magnetic spectrometer covering * 0.7 units of rapidity which used drift
chambers, time of flight counters and a lead-glass array, outside the main apparatus, to
identify charged particles and neutral pioms.

Experiment UA3(®) shares the same intersection region as UAl and is a search for
magnetic monopoles by looking for their expected ionization in 125 um thick kapton foils.

These are placed both inside the vacuum chamber near the intersection point and around the
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UA 4 ELASTIC SCATTERING LAYOUT
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Figure 7 The UA4 elastic scattering and total cross
section experiment a) general layout b) Roman pot
c) details of drift chambers d) inelastic
detector showing the UA2 calorimeter.
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outside of the UAl central track detector. The foils have been scanned but no evidence

for monopoles has yet been observed(®), The specific ionization of a monopole is related

to that of the specific ionization of a minimum ionizing particle by
(dE/dX)mono/(dE/dx)min.ion = BZ(gZ/eZ)

where B is the monopole velocity and g the magnetic charge. For Dirac monopoles

(gz/ez) ~ 5 x 103, The experimental threshold is ~ 2 x 103 minimum ionization.

Experiment UA4(7) coexists with UA2 (figure 7). It measures elastic and inelastic
scattering and (using the optical theorem) the pp total cross section. Small drift and
proportional chambers can be placed very near to the beams inside "Roman pots" situated 20
m and 40 m on either side of the intersection point. Smaller angles of scattering can be
detected than in UAl.

The main part of the UA5 detector(®) consists of two 6 m long streamer chambers above
and below the intersection region incorporating lead-glass plates to allow photon
detection. There is no magnetic field and the experiment is an alternative to UA2. It is
designed to study simple characteristics of particle production. (See figure 8). A
90° hadron calorimeter has been added for triggering on high P, processes but not yet
used.

As data acquisition rates are limited some form of triggering is needed to select
events of interest. Up to now, three types of trigger have been used to study inelastic
events: a) simple hodoscopes at each end of the detector (UAl, UA2, UA5) giving a 'minimum
bias' trigger; b) transverse energy triggers (UAl, UA2) where E, = XEi sinei is summed
over electromagnetic and hadronic calorimeter cells and a threshold is imposed to select
high P, Processes (for example a high P, electron from W decay would give a localised
electromagnetic deposition); c¢) muon triggers (UAL).

It is worth commenting on the relative merits of the UAl and UA2 detectors. The
strong features of UAl are the magnetic field and central track detector which make it a
good general purpose instrument. Furthermore its calorimeters extend to very forward
angles (0.20) giving excellent sensitivity to missing transverse energy (neutrinos). On
the other hand, the electromagnetic calorimeters cells are not segmented in ¢ in the
barrel region (gondolas) or in 6 in the end-cap regionms (bouchons) which can cause
problems if more than one particle strikes a cell. UA2 has better calorimeter granularity
and position detection for electromagnetic showers which compensate to some extent for the
absence of a magnetic field in recognising electrons (see later) but has less complete
angular coverage which is bad for missing ET' There is also only one depth segmentation
in the UA2 electromagnetic calorimeters compared to four in UAl.

Calibration of the electromagnetic calorimeters is essential for W and Z mass
determinations. UAl uses an intense (7 Ci) Co®0 source to map the calorimeters which is
normalised to test beam measurements on a single element. A pulsed laser is used to
monitor the photomultiplier gains. UA2 can put all cells in a beam and uses a €00 source

and photodiodes for local monitoring.
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ELASTIC SCATTERING AND TOTAL CROSS SECTION

W and Z production account for only about 10=7 of the total cross section. Even QCD
processes producing high P, ( > 20 GeV/c) jets are only a fraction of a percent. The
majority of what happens therefore comes under the heading of total cross section,
particle production etc., discussed in the next three sections. If one is designing an
experiment, say for a 20 TeV collider, one needs a way of extrapolating these things to
higher energies in order to judge what detectors will be required to handle the events.
Furthermore, one hopes that what is called "soft" physics may ultimately be described by
QCD which would therefore have to explain the details. Finally, there is always the
prospect of some anomalous behaviour pointing to new phenomena even at low P+ However,
in the absence of any precise theory of low P process, I am presenting only the data and

refer the reader to published work for theoretical attempts to explain the results.

pp elastic scattering has been measured by vA1(?) and UA4(10) in the 1981 and 1982

running periods. Good agreement for the slope b of the differential cross section,

parametrised as %g (t) = %% (0) ebt, were obtained for |t| values up to 0.8 (GeV/c)?
showing a change of slope near |t|'= 0.15 (GeV/c)2 (Figure 10) similar to that observed at
the ISR (Vs = 63 GeV). Improved measurements by UA4 in 1983(11), however, give a smaller
value of the low t slope (15.3 * 0.3 (GeV/c)~2 compared to 17.3 * 0.6 (GeV/c)~2). Using
this smaller value gives a slope change Ab of 1.6 * 0.4 (GeV/c)~2 compared to

2.7 £ 0.4 (GeV/c)'2 at 63 GeV, where Ab is the difference in slope between

-t = 0.1 (GeV/c)2 and -t = 0.3 (GeV/c)Z. This necessarily affects the value obtained for
the total cross section which requires an extrapolation to t = 0.

The total cross section o, is obtained using the optical theorem

o 2
(Im £(0)2 = | —= =»
16m(he)
where £(0) is the forward elastic scattering amplitude. The differential elastic event
rate can be written
dn o, 2(1+02)
€l . L t e t
dt 16m(he)?2

where p is ratio of the real to imaginary parts of £(0) and L the luminosity. Furthermore

Nel + Ninel =L Ot

where Ne and Ninel are the total elastic and inelastic event rates.

1
dNel

Combining the two expressions and extrapolating T to t = 0 allows o, to be calculated

(the extrapolation can allow an arbitrary form for the shape of the elastic differential

cross section at small t which we have written as ebt for simplicity). This is the method
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- 15 -

dN
_el 2
used by UA4 who measure Frami) Nel’ Ninel yielding (1+ p )Ot. UAl measure only
dNel
3 ,Nel and require a separate measurement of the luminosity (provided by wire scanners

in LSS2 diametrically opposite to LSS5, with an error of * 8%Z) which leads to a
determination of (1+pz)1/2 at. The 1982 measurements of the two experiments with low
statistics were in excellent agreement (figure 11) giving an average value of 67 % 5 mb.
The 1983 UA4 result is 61.9 * 1.5 mb at 546 GeV, somewhat lower but statistically
compatible (figure 11). In all cases a value of 0.15 has been assumed for p as suggested
by a dispersion relation fit to lower energy measurements (figure 12) by Amaldi et a1(12),
Both the old and new results are compatible with a (1ns)2 dependence of Ot and agree well
with a dispersion relation extrapolation(lz). The energy variation of the forward elastic
slope (and as a consequence of the total elastic cross section) is more controversial, the
old results favouring a (1ns)? dependence and the new UA4 result an lns dependence (figure
13). This is important in assessing whether an asymptotic situation has been reached(17),
The Froissart bound(18) forbids the total cross section toorise faster than (lns)2. If
the bound is qualitatively saturated then asymptotically ESl should tend to a constant

t

which also means %r-+ constant. The new UA4 data indicate a significant change
t

o
in —%l from 0.185 * 0.005 at the ISR to 0.215 * 0.005 at the collider, a change of
t

(16 * 4)z.
The tentative conclusion is that asymptopia has not yet been reached. In geometrical

terms the proton is becoming bigger and blacker (more opaque). A totally black

o
proton would have Gsl =1/2,
t
UA4 have also made elastic measurements at larger |t| which have revealed a shoulder
at |t| = 0.8 (GeV/c)? which is presumably related to the dip at 1.2 (GeV/c)? observed at
53 GeV (figure 14). An empirical fit of the expression

- - 2
%g_ _ ebl(t 1:0)/2+ ebz(t to)/2 + 1¢|

gives by = 10.9 * 1.1 (GeV/c)™2
b2 = 4.6 ¥ 1.1 (GeV/c)'2
t0 = 0.81 0.01 (GeV/c)
¢-m=-0,39 £ 0.16 rad.

¢ = m would give a dip at t = to (destructive interference).

+

Several authors(17519) have described models to explain the elastic scattering but
none is particularly successful in explaining all the features. They will not be

discussed here.
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The invariant cross
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ISR data are



-17 -

SINGLE DIFFRACTION DISSOCIATION (pp * pX)

UA4 have studied single diffraction dissociation(29) in which one of the colliding
particles fragments but the other remains intact. The technique is to detect the
scattered p (or p) and measure its momentum p and angle 6. This allows the four momentum

transfer and the mass of the recoiling system to be calculated.
—t =m 2(1-x)2 2(1mcos 6
t mp (1-x)%/x + 2320(1 cos )

M2 = (1-x)s
where 2, is the incoming momentum and x = 2/20. P is measured from the bending in an SPS
quadrupole to a precision of about 0.6%. Consequently A( %— ) =x ﬁ? is ~ <006.

The main results are (figures 15 and 16) )
i) Scaling of the invariant cross section gE%ﬁ% at fixed t with the results
obtained at the ISR(21) to about 20%, apart from a kinematic effect at low M2%/s which is

due to the fact that the minimum mass that can be produced is independent of s,

2
2 d“o
ii) a 1/M* behaviour for Team2 2t fixed t.
Both of these results are expected in a Regge picture with Pomeron

exchange.

4oy o) G XOD L, o iz,
where £(t) is a function of t and %y is the Pomeron—proton cross section which should be
constant for large M2, ap(t) is the Pomeron Regge trajectory.

Summarising the main results on total cross sections, elastic and single diffractive
scattering at 540 GeV we have:-—

i) 9, is compatible with an (1ns)? increase with s

ii) the elastic slope parameter b (where %g « ebt) increases as lns
iii) the above results mean that Oellot is varying with energy and is (16 % 4)% larger
than at 53 GeV.
iv) therefore we are not yet in an asymptotic regime
v) single diffractive production of large masses (~100 GeV/cz) is observed which
scales with ISR results tow 20%.

PARTICLE PRODUCTION (MINIMUM BIAS PHYSICS)
4,1 Pseudo-rapidity density distribution

The study of particle production (multiplicity, P, spectrum etc.) would ideally be
unbiassed, including all types of events. In practice it is necessary to apply a trigger
to signify that an event has occured. It is easy to trigger from inelastic events in

which both colliding particles fragment because they will generally throw particles into
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Figure 17 The pseudo-rapidity density for non-single
diffractive inelastic events observed by UAl and
UA5. The dashed curve is the expectation based
on cylindrical phase space for <p > = 0.35 GeV/c.
The solid curve is for <p,> = 0.5 GeV/c. The
shape of the ISR data is shown for comparison.
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the triggering hodoscopes. However, single diffractive events are more difficult to
detect because one particle stays in the beam pipe. The term "minimum bias" therefore
usually refers to non single diffractive events. UAL and UA5 studied such events in
1981 (23,24) and, in 1982(25), UA5 added a single diffraction trigger. The UAl data were
taken with field off to make acceptance calculations easier and UA5 in any case has no
field. Thus, the data on charged particle multiplicities have been obtained as a function
of pseudo-rapidity n =-ln tan 6/2.

In 1969 Feynman(ze) conjectured that, if the transverse momentum was limited, there
should be a uniform distribution of particles as a function of pseudo-rapidity giving rise

to the rapidity plateau, and that the pseudo-rapidity density dn = 5 1 _do should be
inel

dn dn

independent of s, known as Feynman scaling. As the range of rapidity available increases

as lns, the average multiplicity would then increase as lns. It was already known from

the ISR that the average central rapidity density( %% )n = 0 increases by 407% from
Vs = 23 GeV to ¥s = 63 GeV violating Feynman scaling. A continued rise, as lns, is
observed in going to the collider energy, Vs = 540 GeV (figure 18). As a consequence, the
average inclusive charged particle multiplicity increase to <r&j3> = 28.9 * 0.4
(figure 19) requires an (lns)2 term to account for its energy dependence. However, the
width of the pseudo rapidity distribution has grown by only 2 units from ISR to collider
energy compared to the 4.6 units available kinematically. Furthermore, a cylindrical
phase space distribution with <:pt:> = 0.35 GeV/c (see figure 17) that describes the ISR
data (dashed curve) fails to account for the collider results. One explanation could be
that the mean particle transverse momentum has increased, so limiting the rapidity.
Better agreement is obtained (solid curve) with <:p£>.= 0.50 GeV/c. However, UAL
measurements(27) (see later) give <fpt>» = 0.42 GeV/c so this may not be the whole reason.
4,2 Multiplicity distributions

If particles were produced randomly and independently their multiplicity might be

n, n
expected to obey a Poisson distribution Pn = EL————;éﬂgt—- which would become relatively

narrower (as ~ 1/v/n) as the energy and hence multiplicity increased. (The fact that some
particles result from the decay of resonances already modifies this expectation. Any
correlation between particles(zg) will result in a broader distribution). Koba, Nielsen
and Olesen(?28) showed, starting from Feynman scaling, that on the contrary the shape of
the distribution should tend to become constant as s * ® (KNO scaling). Thus if

(n) Pn is plotted against n/ {n , where Pn is the probability of observing a
multiplicity n, the distributions at different energies should coincide at sufficiently
high energies. Early collider results (1981) from UA1(23) and UA5(2"%), when compared with
ISR data were consistent with KNO scaling in spite of the violation of Feynman scaling.
However, the UA5 data taken in 1982(25) show a deviation from KNO scaling particularly at
high multiplicities (figure 20). Nevertheless scaling is observed for a restricted range
of |n| both by UA1(23) and vA5(25) (figure 21). A natural explanation for KNO scaling
would be that a limited number of subprocesses is responsible for particle production, the
number varying little with energy. The collider results hence have prompted renewed

theoretical interest in the subject(so) but it will not be discussed further here.
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4.3 Single particle p _-spectrum

The transverse momentum spectrum for unidentified charged hadrons observed by ua1(27)
is given in figure 22 for three different bands of multiplicity averaged over the interval

ly] < 2.5. The three spectra have been normalised to the full inclusive cross section at

- dds _ d%o dp; _
P, = 0 [n.b. the invariant cross section E aps - d;—zdy since dy1 = E]. Even at low P,

values the spectrum becomes flatter with increasing gultiplicity, a result first noticed
in cosmic ray experiments(31). The average transverse momentum(bé)increases with
increasing multiplicity, an effect that begins to be apparent at the highest ISR energy

Vs = 63 GeV (figure 23), and becomes constant at high multiplicities. Averaged over all
multiplicities<b£)= 0.42 GeV/c. According to Van Hove(32) the observed behaviour could be
an indication of a phase transition to a quark-gluon plasma. Indeed, an accompanying
effect would be the observation of local density fluctuations in the rapidity plateau for
which there is evidence from UA5(33), Explanations of the pt—variation exist also within
conventional fragmentation models(3%) but the effect in this case would be confined to

. Further study would clearly be interesting but tends to receive a lower

large Iy
priority than W, Z, top, etc.

4.4 Strange and neutral particle production

UA2 have studied K, p and 7 productions using their wedge spectrometer(35). UA5 have
measured Y-ray production from their conversion in the beam vacuum pipe and in lead-glass
plates: also KO and AC and = decays(36). Kaons have a higher average P, than pions.
Roughly summarised there are about 127 Ks, 5% baryons or antibaryons and 38% neutral
particles per event.

4,5 Summary on particle production

In summary the following features have been observed, some of which are intriguing:

i) The width of the rapidity plateau ( %% vs N ) grows from the ISR to the collider
but less than would be expected for constant <p£>.
ii) However, <fpt:> rises from 0.35 to 0.42 GeV/c over the same energy range.
iii) The height of the plateau ( %% % rises as lns (continued violation of

Feynman scaling).

=0

iv) (nch) as a consequence requires an (1ns)? ternm.
v) There is a deviation from KNO scaling at large multiplicities for |n[ &£ 5, but
scaling is observed for |n| < 1.5. .
vi)<b€>rises with multiplicity - a new feature that begins to set in at the ISR.
vii) A typical collision contains about 43 particles of which 28.9 * 0.4 are charged
(627%) with 12% Ks and 5% baryons/antibaryons.
viii) So far there has been no indication of bizarre processes such as the Centauro

events oberved in cosmic ray experiments(37’38).

JET PRODUCTION AND QCD

5.1 Introduction

One of the striking features of collider results is the cleanness of jets (see
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Figure 24 A typical two-jet event in the UAl experiment
showing the central detector tracks.
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figures 24 and 25) resulting from parton-parton scattering and the excellent agreement
with expectations from QCD. Unlike the situation at eTe™ machine where the basic jets are
from quarks and antiquarks

et

e” *qq

the initial partons at the ﬁ; collider may be quarks, antiquarks or gluons which may
collide in any combination. Furthermore their relative contributions depend on the proton
structure functions and, of course, there are spectator partons. As the gluon structure
function is softer (concentrated at low values of Bjorken x) gluons tend to dominate

max

scattering at low Xp» where x, = pt/pt

T = 2pt//s is the fractional transverse momentum

of the produced jet.

For larger values of xT(? 0.2), i.e. P, # 50 GeV/c, valence quarks and antiquarks
become increasingly important as only they can carry enough momentum to provide the
required P.- Both UAL (3%-%2) apnq Ua2(43-%6) have obtained results on cross sections,
angular distributions and fragmentation of jets, as well as three-jet events consistent
with gluon radiation.

5.2 Data taking and trigger

Both experiments used a calorimeter trigger:—

UAL  a) XET (|n] <1.5) > 20, 30, 40, 50 GeV
b) 'jet' trigger ET(BG + 2C) » 15 GeV
ET(end cap quadrant) > 15 GeV

UA2 ZET(|n| < 1.0) > 25, 40 GeV

Cuts were applied to the analyzed data to remove beam—gas and halo events yielding, after

cuts:—-

UAL UA2
Background 1% 5%
Event losses 2% 5%

The resulting data samples are:-—

UA1 1982 14 nb~!
1983 118 nb~!

UA2 1982 15 nb~!
1983 112 np~!

5.3 Jet Algorithms
Somewhat different algorithms are used in the two experiments to select jets. In UAL

the following procedure is used:-
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i) Construct an E_ 'vector' for each of the 548 electromagnetic and hadronic cells
with |n| < 3.
ii) Order cells with ET > 2.5 GeV.
iii) Using these as initiators, associate cells with v‘AnE + A¢2 < Ao =1 to form

T

clusters (see figure 26).
iv) Add the remaining cells to the nearest cluster if P, relative to the jet axis
is <€ 1.0 GeV/c and Aerelative < 450,
Note that, because of the rapidity plateau, the background from soft processes should
be uniform in n - ¢ space.
The UA2 algorithm has two stages:-—
i) join cells with a common side for cells with ET > 0.4 GeV.
ii) split the clusters if there is a valley deeper than 5 GeV between two local
maxima.

1 2 3
UA2 then order the jets so found in decreasing ET; ET > ET'>'ET etc.

1
B/ [Ep

They define h}

1 2
(Ep + ET)/ZET

hpy =
2 1
ra1 = ET/ET
3 2
r32 = E;/E; etc.

For a pure 2-jet event hy = 0.5 and hp = 1. Also rz; = 1 and r3z = 0.

Figure 27 shows the results from the 1983 data for these quantities which clearly
demonstrate the 2-jet dominance for XET > 100 GeV where the jet algorithm is correctly
finding the jets.

Internal properties of jets

Four jet characteristics have been studied by the two experiments:-—
i) Transverse energy flow
ii) Fragmentation function
iii) P, of charged particles with respect to the jet axis
iv) charged particle multiplicity.

Figure 28 shows the transverse energy density in jets with ET > 35 GeV for the UAl
experiment.

The curves are the ISAJET Monte Carlo programme(“7) and cylindrical phase space(ks).

The former is a closer approximation to the data. Note that the bin size of the data
does not limit the resolution.

Figure 29 shows the charged particle density in UAl versus the angle relative to the
jet axis for various cuts on the P, of the particles with respect to the beam direction.
The dashed curve is a Monte Carlo calculation with no jets. For P, (beam) »> 2.0 GeV/c
essentially all jet fragments are contained within a 35° cone around the jet axis.
Consequently this has been used as a somewhat arbitrary cut to determine the fragmentation
function. Obviously the selection (angle, pt) and background processes (from the

remaining partons) affect the choice of particles belonging to a jet. This is clearly a
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Figure 30 The charged particle fragmentation function for
UAl jets with E_, > 30 GeV compared to equivalent
data from the TASSO ete~ experiment at
/s = 34 GeV.
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Figure 31 Comparison between the UAl fragmentation functi?n
and a QCD Monte Carlo calculation (B. Webber(50))
for quark and gluon jets.
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Figure 34. The charged
particle density in UA2
jets as a function of A4¢
with respect to the jet
axis. The background
level (A¢ = w/2) is
approximately twice the
level for minimum bias
events as observed also
by UAl.
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more difficult problem than with e'e™ jets where there are no spectator particles. The

fragmentation function is defined as
D(z) = (dN/dz)/N(jet)

where z = p . E.(jet)/Ej i.e. the fractional component of momentum along the jet axis.

et’
N is the number of charged tracks and N(jet) the number of jets in the sample.

. 1
. « N/N(jet) = fo D(z)dz

As an example of the magnitude of the bias that may be introduced by the selection
procedures it is estimated that the 35° cut in UAl loses 35% of the particles for
0.02 <z < 0.03 and 5% for z < 0.07, for jets with ET > 30 GeVv.

Figure 30 shows the fragmentation function obtained compared to the ete

result from
TASSO with total energy W = 34 Gev(*?), No correction has been applied for the loss of
particles at low z or for the uncertainty on the jet energy (~* 15%) which smears z. The
shapes of the distributions are remarkably similar. At first sight this is somewhat
surprising as the pp data are expected to be dominated by gluon jets at these ET values
whereas the ete™ data are quark jets. Gluon jets naively should have a softer
fragmentation function than quark jets since a gluon must first turn into a q@ pair as
part of the fragmentation process. However, a comparison with a QCD Monte Carlo
calculation(59) in figure 31 indicates that the UAl results (apart from a few high-z
points) are somewhere between the quark and gluon expectations, a not unreasonable result
at the present stage of the data, showing that the higher emergy of the collider data also
affects the shape of the fragmentation function.

Figure 32 shows the P, of charged particles with respect to the jet axis for z 2 0.1
and three bands of jet ET' No significant differences between the spectra are noticeable.
A comparison with the QCD Monte Carlo(59) in figure 33 (same cuts) shows perhaps a slight
preference for the gluon prediction. The average value P, is 0.6 GeV/c.

Figure 34 shows the charged particle density for two bands of jet—jet invariant mass,
obtained in the UA2 experiment(qs), plotted against A¢, the difference in ¢ between the
particle and the jet-axis. There is a constant background level which is approximately
twice the density in minimum bias events. The behaviour is seen also by vA1(#0),
Presumably this has to be interpreted as soft gluon emission from the jets. UA2 have
obtained a lower bound on the mean charged multiplicity of their jets as a function of
M., (after subtracting a constant background of 2 x minimum bias) which is compared in
figure 35 with results from TASSO. Figure 36 is a comparison with the QCD Monte Carlo(50)
for two different background assumptions, the UA2 results appearing to favour the
expectations for gluon jets.

In summary, the data are dominated by two-jet events which at the present level of
study are certainly compatible with being mainly gluon jets as expected.

5.4 Multijet events

Events with three or more jets can arise from gluon bremsstrahlung from initial or

final state partons.
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The ratio of 3—-jet to 2—jet events should therefore be of the order astISZ). In
principle this offers a way to measure as but is obviously sensitive to cuts and to the
fact that there is a continuous transition between two and three jet events as the
radiated gluon becomes harder. Up to now only the general features have been studied at
the pp collider but the events appear to have the expected characteristics.

UAL define a "trigger" jet as one with E; > 30 GeV and [n] € 1.5 and count the
T ? 15 GeV and
|n] < 2.5. As seen in figure 37, the fraction of 3-jet events is indeed of the order of

fraction of one, two and three jet events where the additional jet has E

15% but no allowance has been made for acceptance. A more quantitative comparison has
been made noting that the multijet events do not in general lie in a plane containing the
trigger jet and the beam. A comparison of the amount of momentum perpendicular to this
plane (pout) shows good agreement with a QCD Monte Carlo(51) (see figure 38). More
refined analyses are in progress.

5.5 Angular distribution for 2-jet events and structure functions

An extensive study of the formulae describing parton-parton scattering has been

carried out by B. Combridge et al.(52,53), For a 2-jet process one can write

_a% ] RO Fyxa) doyy W
dx 1dx2d(cos8) ij  xi1 X2 d(cos6)

where 6 is the centre of mass scattering angle and Fi(x)’ Fj(x) are the structure

functions. The sum is over the different combinations of partons in the proton (i) and

do
d(cos6)

are calculable in QCD. Elastic sub-processes (i.e. ones where the initial and final

antiproton (j). are the respective cross sections (e.g. qg, gg, 44, etc.) and

state partons are the same) are mediated by t-channel gluon exchange and are expected to
dominate for small ?, the sub-process four—-momentum transfer squared. In fact for vector

gluons they depend

)2 which is the familiar angular dependence of Rutherford

1 1
essentially on 2 * 1=cos®

scattering
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g9luon, uark

elastic inelastic
Processes involving s—channel gluon exchange or quark exchange are generally
inelastic - the final state partons are different from the initial ones - and have a much
weaker angular dependence(sa). Consequently, at sufficiently large values of cos6, the
angular dependences of the dominant sub—processes (gg * gg, 84 > 894, 8§ * &3, q¥ > qQ) are
approximately the same. In the approximation that they are identical one may make a

considerable simplification of equation (1) which factorises to give

ddo F(x1) F(xp) do

dx1dx2d(cos6) X1 x2 d(cos®)

where 3?3%557 is a common differential cross section and F(x) is an effective structure
function which incorporates "colour factors" to account the different relative couplings
of qq, qg, etc. In terms of the gluon, quark and antiquark structure functions G(x), Q(x)
and Q(x) one finds

F(x) = 6(x) + 3 Q) + Ux)

which gives the appropriate relative rates for all the contributing subprocesses when
F(x1) and F(x2) are multiplied. As gluon-gluon scattering is expected to be the most
important for ET(jet) < 50 GeV we write the gluon—gluon differential cross section in full

nasz
(3 + cos?0)3

2x1x28 (1 = cosB)“

do _

d(cosB®) (2

2
8

where xlxzs.= 2 is the parton—parton centre of mass energy squared. In summary, the
approximation that the angular distributions have the same shape allows us to extract a
combined structure function from the data. It remains only to determine the values of xi,
x2 and cos® on an event by event basis so that the rate can be determined in terms of xj,
x2 and cos6. Integrating over cos® then allows F(x1) or F(x2) to be found if
factorization holds.

Let p1 and p2 be the three—momenta of the incoming partons, p3 and py the
three-momenta of the outgoing partons. (n.b. the lowest ET jet in 3-jet events is ignored
and the effect corrected by Monte Carlo). pi1 = x1 Ys/2; p2 = x2 Vs/2; p3 and py are

measured.
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jetd
lab, B parton cms

-

11% %<°¢z 2)
R 8 & Y/
"R

Je+2
PL(2 jets)
Now g‘(measured) = x1x2s8 and Xp = X17X2 where x, = ———" Solving for xj, X, one

F Pb
finds eam

X] = [xF + Vx; + 41) / 2

X2 = [-xF + Vx; + 41] / 2

(P3-Py). (RP1-P2)
Finally cos 6 =

|P3~Pu| |P1-P2|

The limited y (rapidity) acceptance means that the accessible cos® range depends on
x1 and x2. - Figure 39 shows the angular distributions for regions of full acceptance
obtained by UA1(*2) for various X}, X2 ranges. The curves are for vector gluon exchaﬁge.
Figure 40 shows the combined distribution obtained in UAl with curves for the three main
subproceses, normalised at cos® = 0. The expectations for scalar gluon exchange are also
shown and are clearly excluded by the data. Interestingly, even better agreement is
obtained if allowance is made for the Q2 dependence of as in the differential cross
section formula (2) where Q2 is taken to be -t. Similar results have been obtained by
UA2(48),

To extract the effective structure function F(x) it is important to verify that
factorization is working, i.e. that F(x2) is independent of the value of xj (and vice
versa). The data determine a quantity S(xj,x2) if do/d(cos®) is known

xlxz(dzcldxldxz)
S(x1,x2) = YY)
max do
fo K d(cos9) d(cos®)

where cosemax is the maximum value of cos® permitted for given values of x1, x2. The
theoretical form of do/d(cos®) was used by ua1(53) and K is a factor to allow for higher
order corrections (K-factor). In the theoretical expressions for do/d(cos9)

o, = 1271/[23 1n(Q%/A?)]

which asumes 5 effective flavours of quarks. A was taken to be
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0.2 GeV and Q2 = J?. As can be seen from figure 42, factorization appears to work

i.e. S(x1,x2) = F(x1)F(x2).

The resulting structure function, assuming K = 2, F(x) = G(x) +-% (Q(x) + Qx))
is shown in figure 43. Also shown is the same function from the CDHS and CHARM
experiments(su) obtained at Q2 = 20 GeV? but extrapolated to Q2 = 2000 GeVz, the average
Q2 of the UAl data. A similar analysis has been performed by UA2(48) and is in good
agreement with UAl. The conclusion is that the collider data are entirely compatible with
QCD expectations, showing the expected angular distribution for vector gluon exchange and
compatibility with low energy results evolved to collider energies for the structure
functions.

5.6 Jet production cross sections

In determining jet cross sections it is necessary to allow for various systematic
effects, the most important being the luminosity, the content (correctness of the
assignment of calorimeter elements to jets by the algorithms) and the calibration of the
energy scale. A Monte Carlo procedure is used to estimate a correction factor for the jet
content. Jets are generated in the apparatus, with shower simulation in the calorimeters,

dN

and then reconstructed by the algorithm. A comparison of T (found) with %%—

then allows a correction to the cross section to be obtained which is~1.25 anE only weakly

(generated)

dependent on ET. There is, of course, a dependence on the reliabiity of the Monte Carlo
simulation itself.

The calibration of the energy scale includes an allowance for the different response
of the electromagnetic calorimeters to hadrons and photons which is a correction of ar1.2.

For UAl the uncertainties on the energy scale are

absolute calibration e.m. * 3%
had. % 5%

e.m./had. response correction * 5%
7%

The resulting cross section errors for the two experiments are:-

UALl UA2
energy scale  *50% 1207
luminosity  *207% *207%
jet algorithm  #20%
}#35%
Monte Carlo 207
*65% 457

Figure 44 shows the UAl inclusive jet cross secitons(*%), The shaded band is the QCD
prediction(ss). Figure 45 shows a comparison between UA2(*5) and UAL (1981 and 1982 data)
cross sections and figure 47 a comparison between UA2 results for inclusive cross sections

and 2-jet masses with QCD expectations. In all cases the agreement is excellent.
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Figure 44 a) UA2 inclusive jet cross sections compared to 1981-2 data
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Figure 45 a) inclusive jet cross sections compared to QCD (hatched band)
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jet-jet mass distribution compared to QCD.
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5.7 Summary of jet physics
i) 2-jet events dominate at high Ep (85%)
ii) the rate of 3-jet events is compatible with QCD (O(QS))

iii) the fragmentation function for pp jets (mainly gluons) is similar to that for ete~
jets (quarks) but agrees with QCD expectations when the higher collision energy is
taken into account

iv) the (pt> of charged particles with respect to the jet axis is ~0.6 GeV and agrees
with QCD

v) the 2-jet centre of mass angular distribution, (l-cos®)~2, supports vector gluon
exchange

vi) the effective structure function F(x) = G(x) +-% (Q(x)%ﬁ(x)) shows the expected
evolution from Q2 = 20 GeV? to Q2 = 2000 GeV?2

vii) the jet cross sections and 2-jet mass distributions agree with QCD up to ET of
150 GeV and mjj of 270 GeV respectively.

W AND Z PHYSICS
6.1 Introduction

The main features of the standard electroweak model have been described elsewhere in
this school(5%6:57), We shall concentrate on the properties of the W and Z particles and
how they are determined experimentally. Then we shall review the extent to which the
standard model is checked by the UAl and UA2 results and the expected improvements in the
future. An excellent account of the collider results is given in reference 58.

6.2 The W and Z masses

Irrespective of the fine details one may obtain an order of magnitude estimate of the
W mass under the assumption that the electromagnetic and weak coupling strengths are the
same (unification) but that the two interactions are mediated by a massless photon and a
massive W respectively. The point-like four fermion interaction is characterised by a
single constant GF (Fermi constant) which determines the rate of B-decay (strictly
d > ueﬁé). Under the W boson hypothesis this is replaced by a coupling constant g at each

of the quark and lepton vertices, and the boson propagator.

f)(u) _____"_____V”’,,far—————

n(d)

2

If g = e (equal electromagnetic and weak coupling)
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w, ¥ o~ 100 GeV/cZ.
According to the standard model
_ 1/2
M, = (ma/ V2 GF) /sineW

where e = 47 and « = 1/137.032 at low energy(sg). From neutrino neutral current
experiments(so) sinzew = 0,233 * ,009 giving Mw = 77.2 £ 1.6 GeV/c2. However, at the

W-mass both a and sin29w are different (renormalised)(sl).

a(mw) = 1/127.7

2 = +
sin ew(mw) 0.217 0.014
leading to the prediction

N W

.0 2
8 GeV/c“.

+
m, = 38.65/sin@, = 83.0 _

which is measureably higher, already providing a test of radiative corrections at the
present level of experimental study.
In the GSW model, the parameter p, which determines the relative strengths of the

charged and neutral current couplings is given by

If there are only Higgs doublets, p =1, i.e. 1/212 where I¢ is the Higgs isospin.

Therefore p = 1 in the simplest theory. Using sin Gw(mw) gives

_ +2.5 2
M, = 93.8 2.4 GeV/c
6.3 Decay of the W and Z
The decays of the W~ are
Ww- > 2v2
W™ > qq

where i?l is é?;, dcu, fVT and qq is du, sc, bt. The W' decays are the charge conjugates.
Here we have ignored the Cabibbo type quark mixing but this is not important for
calculating the decay width. For each of the three leptonic channels

3
Cp my

I‘(w‘-»lvl)=—6—“72—=250MeV

The quark channels are the same except for three effects
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i) a colour factor of 3
ii) a QCD correction of (1 + as/“)
iii) a phase space factor for bE(62),
Assuming m = 30 GeV/c? the total hadronic width is
T(W + hadrons) = 2.20 GeV
and I'(W + all) = 2.95 GeV
Hence T(W > eVe)/F(W + all) is 8.5% or approximately 1/12, Furthermore the decay is pure
V-A. In other words the W decays purely into left-handed leptons or quarks. It is also
produced by left-handed quarks. Of course, it couples to right handed antiquarks and
antileptons.
The Z decay is more complicated because of mixing with the photon which modifies its
vector couplings. Consequently its vector and axial vector couplings are not equal,
except for the neutrino decays, and it couples to both left and right handed quarks and

leptons.

3
Cp my

I'Z = m [33: (aq2 + qu) +E (322 + sz)]

where vq( vy ) is the vector coupling to quark (lepton)
aq( a, ) is the axial coupling to quark (lepton)
and the factor 3 is for colour. According to the model (with the definition that

a,=v, =1).

2131 - 4Q£ sinzew; ag 2I32
- 2g . =
2134 4Qq sin ew, a 2134

M
v

]

I3 is the 3rd component of weak isospin and Q2 ,Qq the lepton and quark charges.

Consequently
— m,’
T(Z » vw) = SV 181 MeV
r(z + &£+27) = 92 MeV

and, allowing for o and the QCD factor

2.12 GeV

I'(Z + hadrons)

r(z + all) 2.94 GeV

assuming 3 families of neutrinos. The branching ratio

r(z + &£r27)/T(z + all) = 3.1%

6.4 Production of W and Z; cross sections

The production is analogous to the Drell-Yan mechanism, which has been well studied

experimentally(ss).
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The Y is replaced by a W or Z and there are mass peaks for the final state particles

q (=)
WorZ 7 =
-éu! or ?ﬂz

€ *n;.
o
g (=) W q(x;) “events
’/ /: ) > p€
» e "%w R

For W decay into éV;, only the electron is seen and it has a transverse momentum peak at
P, = mw/2, smeared by the finite width of the W, assuming no transverse motion of the W.
This is then the characteristic signature of the W. The remaining spectator quarks will,

of course, produce additional particles in the event.
The Drell-Yan differential cross section is given by (83)

2 2 Q? — -
a—:-iz%{z- = (EH I L laGDTax) + Tix)aalx2)]

where q1(x1) is the probability demsity of finding a quark of fractional momentum x; in
hadron 1 etc., and M is the mass of the produced lepton pair. The second factor 3 allows
for the fact that the annihilating quark and antiquark have to have the same colour.

For W production we have

ud * W us > Wt

wd * W us * W
In this case the differential cross

where we now include Cabibbo suppressed channels.

section is
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d2o /ZGFn

Frerrrii [fur(xD)d2(x2) + T1lx1)uz(x2) feos?8,

+{u1(x1)s2(x2) + s1(x2)uz(x2) Jsin?e_]

For the Z, only uu, dd and ss contribute.

a2 V26w

Ixdxs . 3 [{ui(xua(x) + 31(X1)\l2(X2)}F1(9w) +

{d1(x1)d2(x2) + d1(x1)d2(x2)

+ s1(x1)s2(x2) + s1(x1)s2(x2) FF2(8) ]

_ 2 y
where Fl(ew) 1/4 2/3 sin ew + 8/9 sin eW

- 2 L
FZ(QW) 1/4 - 1/3 sin Gw + 2/9 sin ew
obtained from the products of the neutral current couplings given above for the charge 2/3
and charge 1/3 quarks respectively. The total cross section is given by

a20 2
S(x1x2 — e )dxi1dx2

5 = Il

dx1dx2

with a similar expression for 9ys where s is the total centre of mass energy squared.

Figure 46 shows the W and Z cross sections calculated by Paige(Gq). The dashed
curves are for scaling quark distributions q(x) and the solid curves for non-scaling
distributions q(x,MZ) where the q2 variation is taken into account. At the CERN collider
(V¥s = 540 GeV) there is little difference, but at the Fermilab collider (Vs = 2 TeV) the
non-scaling functions give a factor 5 higher cross section. Notice that in proton—proton
collisions the antiquarks are from the sea which means that proton—antiproton collisions
are more favourable close to threshold.

The predicted Wt cross section at 540 GeV is 2-3 nb, or about 0.2 nb for whrev,

6.5 Higher order corrections to the cross sections

The above calculations are to lowest order in QCD. Higher order processors not only
increase the cross sections but also give transverse momentum to the W or Z. Examples of

first order diagrams (in as) are:-—

Q‘ 3‘“0& oy q

('¢ —
’ )

~ w
) wZ 2 Wor Z
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Their effect has been calculated(®3). The cross sections are increased by approximately a
factor of 2 - the K factor, observed experimentally in Drell-Yan(63), P, values, for the
W and Z, averaging several GeV are expected (see later) as well as observable recoil jets.

The P, distribution of the electron in W—-decay is further smeared out, but not seriously.

v
&
~ 3%
: o
%\ ) ‘o Jotorder u g
s /0|5 N
Ll(

w.sf‘ o role

/ /o
/0 k1 1 L > 2(6 V/)
20 3c Ho Fe (beVje

6.6 Experimental considerations (W-reconstruction from W + eV and W + uv events)

In UAl and UA2 the momentum of the electron (or muon) is measured - in fact, for the
electron, it is the energy and direction since the calorimeter measurement is much more
precise (~* 27). However, for the neutrino, only the transverse energy (i.e. the missing
transverse energy in the event) is measured because part of the total energy (~100 GeV)
escapes along the beam pipe. For ordinary hadronic events one expects the transverse
components to be balanced. The decay lepton from the W is expected to be isolated

(i.e. not part of a jet).

e e

W €ransverse
x, — < o P/mm,
P &) P / ¢
'r:: v — / ey
Ve T /

¥y

The W mass cannot be calculated but the transverse mass o (< mw) can be found where

2 _ 9.8 V.
ny = 2p. p, (1-cos¢, )

and ¢Ve is the angle between the Vv and e directions in a plane perpendicular to the beam
direction (transverse plane). It is easily shown that mn is independent of ptw to first
order in ptw. Nevertheless it is necessary to assume a P, distribution for the W ( given
by QCD) and a decay angular distribution in the W centre of mass in order to find o which
is done by a Monte Carlo fitting procedure.
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If ptw =0, Pte = ;E sin6*: the decay angular distribution is (1+cos6*)2. The

calculation is then straight-forward(ee).

The measurement of pte only determines 6*, the centre of mass decay angle, with a
sign ambiguity: i.e. cos8* = i/I:;IEEB;: In the majority of the cases it is possible to
solve this 2-fold kinematic ambiguity.

For a given value of elab for the electron, which determines pte, there are two
values of Xy = 2pr//s corresponding to the two signs for cos®*, or equivalently there are
two possible directions for the neutrino. In about 70% of the cases one of the solutions
for Xy is unphysical (> 1) and the other solution is unique. This is relevant in the
study of the decay asymmetry discussed later. Furthermore x] and Xz are then also

determined using the fact that
my = X1X28; X < X17X2

6.7 Backgrounds to W events

There are several sources of background for W * ev(uv)

i) misidentified electrons (or muons), i.e. a pion giving an energy deposition in the
electromagnetic calorimeter like an electron (figure 47) (or a hadron "punching
through" the calorimeters).

ii) photon overlap with a charged particle simulating an electromagnetic response in a
calorimeter.
- UAl compare the central detector momentum for the track with the energy in the
calorimeter
- UA2 compare the impact point of the track and the photon (UAL also does this).

iii) Asymmetric Dalitz pairs and conversions in the apparatus.

iv) Genuine electron or muon from heavy quark decays (ﬂg principally). In the case of
muons, also m*u and K*u decays.

v) Genuine W * TVT events; T * evevT or ﬁ+n°v1. This gives electrons or fake
electrons and missing energy but with lower P

All of the processes 1) to iv) give an "electron" spectrum that decreases with
increasing P Therefore a Py cut on the electron helps to remove the background. The
striking feature of the data, however, is the large missing energy in W events that is not
present in the background processes and proves to be an extremely powerful way of
rejecting background events, resulting in quite small backgrounds.

Figure 48 shows the missing transverse energy for 55 single electron events with
pg > 15 GeV/c in UA1(®7), The dashed curve is the resolution function for missing
energy, obtained from ordinary events, normalised to the three lowest missing energy
events. Empirically(67), each component of missing transverse energy has an error
AEy,z = 0.4/2ET. To avoid the effect of 'cracks' at the top and bottom of the magnet,
regions where the missing energy 'vector' is within * 150 of the vertical are excluded
reducing the sample to 43 events for further study.

If they originate from W decays, there should be a strong correlation between the
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Figure 51 An example of a W *» uv event. The struck muon

drift tubes are indicated and the hadron
calorimeter cells. The dashed arrow is the
direction of the missing transverse energy.

— ~N

- L Figure 52. UA2 experiment
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15 LJ/\ 1 — Figure 53. The fractional energy
carried by the W. The curve is the
prediction assuming the W has been produced

by valence quarks and antiquarks.
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Figure 54. The x-distributions of u(G) and d(d) quarks in the proton (antiproton) for
events where the W charge is determined.
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electron and neutrino transverse energies which should balance on average. Figure 49
shows that this behaviour is observed. Note that W + TV, events lie on the same line. It
is estimated that the plot contains<0.5 event where T + T ﬂ°vT and 2 events where T +

ev v, which necessarily have low P, values for the electrons. Figure 50 shows the
transverse mass distribution for the 43 events. The solid curve is the best fit to the W
mass and the dashed curve is the expectation for a hypothetical particle of the same mass
decaying to evv. Actually, the mass was determined from events with pte, pt“ > 30 GeV/c

to eliminate T-backgrounds, and yielded a value
o, = 80.9 * 1.5 (stat.) * 2.4 (syst.) GeV/c?

The systematic error arises from the uncertainty on the absolute energy calibration of the
electromagnetic calorimeters (* 3%).

UA1(68) has also observed 14 examples of W > pv (see figure 51) from which
o, = 81.0f§ GeV/c. The statistical error is larger because momenta have to be measured by
the magnetic field and the number of events smaller because of lower geometrical
acceptance and overall running time with a muon trigger. For full details see reference
68. Figure 52 shows the W + eV sample from UA2 in which the electron transverse momentum
is plotted(sg). One can clearly see the falling background spectrum. The dashed curve is
a fit for background + (W + eV) + (W + Tv, T * evw). The fit gives 32.1 * 6.0 W + eV
decays yielding

m, = 83.1 1.9 £1.3 GeV/c?

The systematic error is lower than in UAl.

6.8 Longitudinal motion of the W

As already discussed the Feynman x of the W can be found with a 2-fold ambiguity. In
70% of the cases one solution is unphysical. In the remaining 30% the lower value is
used. Figure 53 shows Xy for the 43 events(®7) compared to a curve obtained using u and d
quark distributions varying as x(1-x)3 and x(1-x)" respectively. In 29 of the events the
electron charge is determined to 30 and one can actually obtain X, and Xy which are shown
in figure 54, together with the curves mentioned above. It is assumed that only valence
quarks participate, otherwise the analysis would be impossible.
6.9 Decay asymmetry of W * eV

The full reconstruction of the W production and decay is a necessary first step in
determining the decay asymmetry which obviously requires a unique knowledge of cos6*. The
left-handed coupling of the W arising from the pure V-A form of the theory leads to an
angular distribution of (1+cos6*)2, This is easily understood through a helicity argument
(figure 55). The Ws are longitudinally polarised provided only valence quarks are
involved. Figure 56 shows the UAl result which is in excellent agreement with
expectations. Figure 57 shows the results from UA2, obtained from their forward toroidal
spectrometers(sg). Note that in pp collisions there is no asymmetry since the antiquark

must come from the sea.
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Table 4

+
W and Z° parameters from the UAl

and UA2 experiments

UA1 UA2

N(W + eV) 52a) 37b)
mw(GeV/cz) 80.9%1.5%2.4 83.1%1.9%1.3
I, (90%CL) < 7 Gev -

(9B)(nb) 0.53%0,08%0. 09 0.53%0,10%0,10

N(W > uv) 14 -
mw(GeV/cz) 81.0t9 -

( 0B) (nb) 0.67%0,17%0,15 -

N(z© + ete™) 3+1¢) 7+1¢)
mz°(GeV/c2) 95.6%1.4%2,9 92.7+1.7%1.4
I,°(90%CL) < 8.5 GeV < 6.5 GeV
(oB) (nb) 0.05*0,02+0.009 0.11%0,04%0.02

N(z0 » ityT) 4+1¢) -
mz°(GeV/c2) 85.6%6.3 -

(oB)(nb) 0.105%0.05%0. 15 -
sin26w=(38.65/mw)2 0.228+0,008+0.014 0.216%0.010%0,007
p=[m,/m,cos 6, ]2 0.97+0.05 1.02%0.06

a) Pr > 15 GeV/c
b) pp > 25 GeV/c

c) Z0 » x*ry(EY > 20 GeV)

[Averaging the electron and muon results for UAl gives
m, = 80.9%1.5%2.4 GeV/c? m, = 93.5%1.5%2.9 GeV/c?].
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6.10 Z° production
As two charged leptons result from the decay of the Z, the events are extremely clean

as can be seen from a simple mass plot (figure 58). Consequently, no background
discussion is necessary. UAl has observed 4ete™ and 5 whu™ events(7%,75) while UAa2(71)
has 8 ete~ events. However 3 of them have hard y-rays at appreciable angles to the
leptons which cannot easily be accounted for as bremsstrahlung and will be discussed
later. The results for Z masses are summarised in table 4 together with the W masses from
the two experiments.

The Z decay angular distribution is expected to be almost symmetric because of the
small vector coupling of the Z to electroms, (1-4 sinzew). The almost pure axial vector
nature of the decay leads to equal couplings to left and right handed electrons which,
according to the helicity argument, gives no significant asymmetry (figure 59).

6.11 Comparison with the Standard Model

Table 4 summarises the results of the two experiments for the W and Z masses, widths
and cross sections. The values of sinzew(mw) obtained from (38.65/mw)2 (6.2) and the
values of p = (mw/mZ cose)2 are also given for each experiment. The results for sinzew
are in excellent agreement with the prediction of 0.217 * 0.014 and p is compatible with
unity as expected for Higgs doublets. Furthermore, the cross sections (x branching
ratios) are in satisfactory agreement with QCD calculations(ss), in view of the
theoretical uncertainties, the predicted values being oB(W * ev) = 0.39nb and
oB(Z *+ ete™) = 0.04nb. ’

An alternative way of comparing the results with the standard model is to assume that
p =1 in which case sinzew(mw) =1- mwz/mzz. One may then test radiative corrections

using

Oy = sinew

.
vhere A = 37:2810 £0.0003 . .

(1-4r) 1/72

i.e. the low energy value with a correction term Ar. Hence

Ap = 1 - —37.28102
mwz( l-mwz/ m, D
The results are the following:-—
Ar
Theory + 0,070 * 0.002
UA1l + 0.16 * 0.11 * 0.05
UA2 - 0.03 + 0.24 * 0.03

assuming that the systematic errors cancel on mw/mz. There is agreement within statistics
but the test is clearly not definitive.

What might one expect in the future? The improved collider, equipped with the new
antiproton collector ring ACOL, is expected to give an improvement of a factor 10 in

antiproton flux ( ~10!1 per bunch).
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Together with the higher energy of around 330 GeV per beam one can expect perhaps a
factor 20 increase in W and Z yields. Three years of running (1987-9) should then produce
~10* W + evand ~103 z » ete™ in the two experiments together. Systematic errors on the W
and Z masses should be € 1% in both experiments which corresponds to accuracy of * 0.005
or sin26_ such as is planned in the CHARM II experiment(72). The error on mw/mZ should be

W
< 0.2% giving

Ar = 0.070 * 0.013(stat.) * 0.018(syst.)

where we have inserted the theoretical value for Ar (whose error is * 0.002). However a
more accurate measurement of m, from SLC or LEP would greatly reduce the systematic error.
Thus one can hope to check radiative corrections to about * 207%.

We note that the error from the collider on FZ should be * 250 MeV corresponding to 2
extra neutrinos at 907 confidence level.
6.12 Z-width and number of neutrino families

Each additional neutrino family increases the Z-width by 0.18 GeV but the direct

measurements are not at this level of sensitivity (UAl finds Nv < 31 and UA2 Nv < 22
with 90% confidence level).
A better result is obtained indirectly from

%z T
oB » ete” /OBW > ev 3; ( I‘Z > e+e7/ rw + ev ) T;

which requires a knowledge of cz/cw from QCD and Fz > otem 2 Fw > ev and Fw from theory.
o,

This assumes no heavier charged lepton that the W can decay into. GE = 0.24 * 0.05
W

from QCD and should be fairly reliable as most corrections are common to both cross

sections.

+ 0.052

From UAl OBZ/OBw = 0.098 _ 0.035

+ 5.
-1

giving FZ = 1.8 i GeV and N < 18 (90% ¢.1.)(58), 1In a similar analysis UA2(69)
finds FZ <€2,6 *0.3 GeV and N, < 3 (90% c.1.), the low value stemming from their rather
high Z cross section. However with the present statistics neither result is very
interesting. Furthermore there are the questions of whether the radiative decays of the 2
should be included or not and the value of L that should be used. The limit from
cosmological constraints(58) is Nv < 4, ‘

6.13 Transverse momentum of the W and Z

As discussed earlier (6.5) QCD corrections to the simple Drell-Yan type diagram
produce appreciable pt-values for the W and Z as well as observable jets. Several authors
have calculated the expected pt-distributions which are compared with the data in figures
60 and 61. Good agreement is found. Furthermore UAl have compared the jet ET
distributions for W and Z events to those from multi jet data(7“), which shows them to be

consistent with initial state gluon bremsstrahlung (figure 63). However there is some
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Table 5

Properties of the g2~  events

ete™y(UAL) e+e'Y(UA2)a) wFu~Y(UAL)
£ (GeV) 38.8%1.5 24.4%1.0 28.3%3
E z+(GeV) 61.0%1.2 69.9%1.8 50.67>
+44.,0
+ +
E - (GeV) 9%1 11.5%0.7 42,2733
Aa( &F, ¥)(°)P) 132.0%4.0 129.9 7.9
Ao £, Y)(0)D) | 14.4%4.0 31.8 99.0
m( £F27) (GeV/c?) 42.7%2.4 50.4%1.7 70,9772
m( £F£7Y) (GeV/c2) 98.7%5.0 90.6%1.9 88,4745
n(£HY)(GeV/c?) 88.8%2.5 74.7%1.8 5.00.4
m(£7Y) (GeV/c?) 4.6%1.0 9.1%0.3 52.57273°

a) The et is identified since it goes into the forward region; the
charge of e~ is unknown.

b) Aa is the angular difference in space.
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evidence for a higher jet multiplicity for Z events (figure 63) though this is not seen in
UA2 and therefore needs confirmation.

6.14 Summary of W and Z Physics compared to the Standard Model

In summary the following features have been observed within experimental errors:

i) correct W and Z masses (p = 1)

ii) correct W and Z rates
iii) correct decay asymmetries

iv) we universality

v) agreement with QCD for pt—distributions.

On the other hand there are two unexpected features requiring confirmation:-

~ Evidence for radiative Z-decays. These will be discussed further in section 7.1.

- Possible anomalous jet activity on Z-events.

NEW PHENOMENA

7.1 Introduction
In this section we shall discuss a number of miscellaneous topics, some of which may
indicate phenomena that are not explicable within the framework of QCD and the electroweak
model. They are:
1. Radiative Z decays
2. Charm production in jets (UAl)
3. Dimuon events (UAl)
4, High mass eV Jet events (UA2)
5. Monojets or Ys with missing ET (UAl)
6. Evidence for the top quark (UAl)
Finally, we discuss the future prospects at the ﬁ; collider in the search for Higgs
mesons.
7.2 Z » £X9°Y events.
Two events in UAl (eTe™Y and H+U-Y)(70)’(75) and one in UA2 (e e'Y)(7l) have been

observed in which a hard Y carries off a large fraction of the energy of one of the

leptons and is at an appreciable angle Ao to it. The details are presented in Table 5.
All three events are consistent with Z decays. The most obvious explanation would be that
the Y-rays are bremsstrahlung, either internal, or due to radiation in the apparatus.
However, the probability of observing a y with F = EY / (EY + Ee) greater than that
observed and Aa greater than that observed is < 1% in each case. Even when multiplied by
the total number of lepton tracks, each of which could in principle radiate a Y, the
probability of observing three such events is still less than 1%. In fact Barger

et al.(78) estimate that (for E, > 15GeV, 4a > 10°)

Ir(z0 + ete™y)/T(Z° + ete™) ~ 1.6%

for inner bremsstrahlung using the Sterman—Weinberg formula(7?7). This has to be compared
with three events out of seventeen making the bremsstrahlung explanation quite unlikely (<
0.3 event expected).

A similar study has been performed by Berends et a1.(78) which takes into account the

experimental conditions and gives an upper limit of 0.1 event (95% confidence level) for
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the expected bremsstrahlung rate with F 2 Fobs and Aa 2> Aaobs’
7.3 Search for W > &vY

Both UA1(79) and UA2(80) have carried out careful searches for W > £vy. UAL has
found no events out of a sample of 55 W > ev and 18 » W * uv. UA2 has one W > eVY event
out of 37, but this occurs in the forward region and has a 4.5% probability of being a
bremsstrahlung on the observed event. Furthermore the characteristics of the UAl events,
in terms of momentum—energy comparisons for electrons and energy loss in the calorimeters
for muons, are entirely consistent with conventional behaviour (figure 64).

7.4 Possible explanations of the Z *> £F2”y events

Many authors(el'ss) have considered alternative explanations for the events which,
including bremsstrahlung, fall into four main classes
i) Bremsstrahlung
ii) Composite W, z(81)
iii) Excited leptons(ez)
iv) Anomalous ZZY or ZYY couplings(ez).
7.4.1 Composite W, z(81)

The basic idea is that the W and Z are not elementary but are composed of spin 1/2 or

spin O constituents @, B giving rise to

wH,wo,w~ = Ba, %‘2—@, a8
_ “ao—BB
Ve o

For spin 1/2 constituents these would be 35) states, mathematically analogous to p, W.
The ZO would be a mixture of W°, VO. 1S0 states Xt, X°, X~ and U° would also occur. The
hard Y rays would then result from transitions between Z° and U°, the U° subsequently
decaying into £+%=., The non-observation of U? at PETRA places its mass greater than

47 GeV.

~nGoCY W

>

~ 50 GeV X -

Decays of Wt > X¥Y and Z° *+ XOY are approximately forbidden in this scheme.

For MU = 50 GeV an 8.4% ete~y/ete™ ratio is expected with spin 1/2 constituents and
6.7% with spin O constituents. The scheme would also predict YVV and YJJ decays each at a
several times higher rate. The difficulty is that the Y is not correlated with either
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lepton. The idea is in principle easily tested by a peak in the g4~ invariant mass.
7.4,2 Excited leptons(az)

This idea is eésily understood, i.e.

z + 2*8

L""f/Y

It could imply composite leptons. However in this case the £Y invariant mass should have
a peak. Furthermore experiments at PETRA have ruled out me* < 50 GeV(BH), so only a high
mass combination would be allowed. In this case the direction of the Y would not be
strongly correlated with the direction of either lepton.

7.4.3 Anomalous ZZY, ZYY coupliggs(es)

Anomalous ZZY or ZYY couplings are most easily explained if the Z has a strong
coupling to some constituents which would then couple with normal electromagnetic coupling
to photons. This would also give a natural explanation to the large value of sinzew. The

>two processes can be distinguished through neutrino decays of the Z, which occur for ZZy

only
z.)lev

L"‘*ta"'e", V etc.
Z.,YIY'
L—*é+e°, Wty

Again there is no explanation of why the Y should be close to one of the leptons.

7.4.4 Conclusion on Z * 2&Y decays

A Dalitz plot Monte Carlo study has been carried out by Barger et al.(7@) (figure 65)
who also plot the actual data for the three events. It is obvious that topologically they
are most consistent with bremsstrahlung for the reasons alluded to above. However, the
rate remains a factor 10 - 20 too high and one must await further experimental results
before any conclusion can be drawn.

7.5 Charm production in jets

vA1(85) have followed the now standard procedure of using the mass difference between

D* and D-mesons in order to isolate events containing charm, i.e.

p*+ » port » g-wtwt
and the charge conjugate process. The mass difference
M = M(k-wtat) - M(r—wh)

peaks at 147 MeV. The data sample (113 nb~!) comes from two triggers
1) "electron" trigger E. > 10 Gev
ii) global E; trigger E; 2 60 GeV
Figure 66 shows the relevant mass plots. 22 D* events on a background of 7 are observed

out of 3 x 103 jets with the following cuts
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16 < E,jet < 20 Gev
In] <1
¢ > 459 from the horizontal.
Applying branching ratios etc. gives

N(D**)/N(jet) = 1.2 £ 0.2 * 0.7

with a rather soft observed fragmentation function(83), The result is, of course,
sensitive to the branching ratio used but nevertheless implies that a very large fragtion
of what should be mainly gluon jets decay into charmed particles. In one sense this is
bad news because it means that the observation of charm is not a distinctive signature,
i.e. it does not act as a clean tag for primary heavy quark decays.

7.6 Dimuon events in UAl

From a sample of 108 nb~! UA1(88) have observed 15 dimuon events with ptu > 5 GeV/e
of which 5 are Z + Wtu~(y). Of the ten remaining events 7 have unlike sign and 3 like
sign for the two muons. Furthermore they have an unusually high number of accompanying

strange particles. Roughly, their characteristics are as follows:

7 uty 3 with jets and A® or KO
1 without jet, with A and K°
3 with jets
+ %
3 W Wi~ with jets

wtit without jets, with A°
W~y without jets, with A,

The mass plot for the ten events is given in figure 67.
The main sources of dimuons expected are
i) Drell-Yan (~ 2 events)
ii) Heavy flavour decays (semi leptonic)
a) pp > QQX; Q * t,b,c
b) pp * ggX; g > bb, cc
c) W and Z decays e.g. W *> tb
W + tb decays would give like sign dimuons but can easily be estimated to be much less
than one event on the basis of the observed W + uv rate (14 events). Similarly, Z decays
are negligible. Process a) gives unlike sign dimuons as primary decays, but like signs
can be produced as a result of cascade decays. Process b) gives both like sign and unlike
sign dimuons and there is already evidence of a high yield of charm decays in jets. It is
therefore possible that the observed events have a number of different origins. However,
it is interesting to consider B—E;mixing in more detail as an origin of the like-sign
pairs, particularly the ones with AO and Kb.
7.7 BO - BO mixing
BO - BO mixing has been studied by Ali and Jarlskog(87). Neutral B-mesons are of two
types
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As doubly weak transitions can occur between BO and BO (as in Ko,ib) the mass eigenstates

are non—degenerate

1 —_—

o = o + BO
B0y 2 = 77 (BO * BOy)
BO -1 (o +3o)

HL V2 ‘" s s

The fact that b > u transitions are strongly suppressed(aa) compared to b * c transitions
leads to a larger mass difference AM between B°H and B°L than between B®; and B9,.
Starting with an initial Bos’ oscillation and decay occur with relative rates determined
by MM/T where T is the average decay rate of BOH, BOL. In fact AM/T is estimated to be
~2.5 meaning that several oscillations occur during the lifetime. As the lifetime is very
short all B-mesons decay in the apparatus and one integrates from t = 0 to t =  to find

the amount of mixing which is given by

(aM/T)?

r = prob. (B > B) = prob. (3 + B) ~
2 + (aM/T)2

giving r ~ 0.75. Consequently we expect

B°S > g

= ~ 075
S

and similarly for B°. Hence, after allowance is made for other B meson decays Ali and
Jarlskog find that

— +
bb > pp X

—‘"_.F_—~ .
bb > ™ X 0.2

t -
Furthermore, the u M are expected to be accompanied by A° (A°) spectator hyperons, and

Monte Carlo calculations indicate little jet activity within the experimental cuts(87),

Thus it is tempting to identify two of the UAL like sign events as examples of BB
mixing. However, gluons decaying into ¢c pairs can also give like sign dimuons as well as
strange particles(ag). Furthermore the rates are of the right order of magnitude in both
cases(87,89),

7.8 Conclusions on dimuon events

In conclusion, there are possibly at least two sources of dimuon events in addition

to Drell-Yan, namely bb production and gg production with subsequent fragmentation into cc



GeV /c

- 67 -

h
0—
- i v
)
20 | \ e k
h \
- e e \
L0 [ e \
I s
) !
60_ | | I
I f | b
| | |
| |
80 [ :@ | :@ @
i | l |
|
|
100 - ! | :
Y | v
v | v
|
l

. Figure 68 Topology of the four events from UA2.

20 — UAZ ]
p, (e)>15GeV/c
> p (Je)>25GeV/c
S
N
..g 10 [ 7]
(x100) _.___
//" c AB ™
0 ] 1\ | A % | \l\\\l 1

75 105 135 165 195 225
m(wj) GeV/c
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pairs, but the detailed features are not easily explained. Further data are clearly
required. However, it is already clear that flavour tagging is not likely to be an easy
way to identify primary processes. UAl have more dimuon data with ptu > 3 GeV/c which
show a similar fraction of like sign events but will not be discussed here. Such events
will be an area of great interest in future runms.

7.9 High mass eV Jet events (UA2)

UA2 have observed 4 events with the following characteristics(%0)

pte > 15 GeV/c; ptv > 25 GeV/c; ETJ > 30 GeV
They are shown in figure 68, plotted in the transverse plane. An estimate of the
background due to misidentified "electrons" is 0.45 event. Event D could be a qq pair
where one quark decays semi-leptonically. The remaining events have large transverse
masses for the eV system (assuming that the missing transverse energy is carried by a
single neutrino).

Event yTEX

56+4  GeV/c?2
81%3  GeV/c?
[ 824  GeV/c?

Furthermore, the total transverse mass of the three events peaks around 170 GeV/c? (figure

91), approximately twice the W mass. In fact they are all consistent with WHW~ associated

production where one W decays to jets. However, there is no known mechanism that could
produce such a high rate( %), The rate is also too high to be simply a high P, W
accompanied by a QCD recoil jet. UAl has not detected any events of the same type.
However, the statistics are low and more data are clearly needed. If confirmed, the
events would be an indication of physics beyond the standard model.

7.10 Monojets and Ys + missing ET (UAl)(gl)

A sample of 113 nb~! was used to search for events with missing

transverse energy using the following selection criteria:
EJet > 25 Gev; EéY; 10 Gev
E ™88 > 15 GeV and > 4o

Here ETmiss is a "vector" quantity and its empirical standard deviation o = 0.7/2 ET where
z ET is the scalar sum of the calorimeter transverse energies. The result of the search
is:

50 W > ev

2 y"w

17 J "v

523 "V

323 "V

The 2 Y-events and 17 single jet events are considered further here. To reduce QCD
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background, a further cut is applied to the 17 single jet events which removes events with
cos Ap € -0.8, where A¢ is the azimuthal angle between the jet and the ET vector of the
rest of the event. Of those that remain, six have ETmiss > 30 GeV and are labelled

A, B, C, D, E, F in figures 70 and 72. Figure 70 shows the missing ET for the

six events in a plot where the cut has been reduced to 20. The solid curve shows the
expected background from jet fluctuations and the dashed curve the calculated background
from W > TV decays where the T produces a "jet". Event F is consistent with W > Tv and is
not considered further. The remaining events A-E all have large missing ET and all have

' jet=V' masses greater than me Event A is particularly spectacular in having a high

energy muon in the jet. Their features are summarised in the following table.

Invariant mass

Jet Ep Missing p,. mT(jet,meiss) Charged of charged
Event Multiplicity particles
(GeV) (GeV) (GeV) (GeV)
+ +
A 25 24 * 4.8 130 * 16 1 0.1
(71 inc ¥) (668 inc w) inc u
B 48 59 7 106 * 12 3 0.79 * 0.12
Other
c 52 46 8 97 + 17 1 unreconstructed
tracks?
D 43 42 * 6 85 * 12 4 3.14 *0.38
Other
E 46 41 £ 7 87 * 14 2 unrecontructed
tracks
F 39 34 7 73 £ 14 2 0.52 * 0,06
H 54(Y) 40 * 4 93 £ 5 0 0

The azimuthal and polar angles of the "photons" in the 2y-events are shown in
figure 71. The 'Y' from event G falls in a region of the central detector which is
insensitive to charged tracks and therefore could be an electron from W decay. The dashed
curves outline regions with at least twenty points per track so event H is definitely
neutral and could be due to one or more photons with missing energy. Thus we are left
with 5J'V' and 1 Y'V' events all with m > m_. The missing E; is plotted against the E, of
the jet or Y in figure 72. A more detailed discussion has been given by J. Roh1£(%2), A
typical event is shown in Figure 73.
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7.10.1 Possible interpretations of the events

Two basic interpretations have been considered for the J'vf events:
a) Excited quarks(gs)
b) Supersymmetry(gu)
The first hypothesis has been considered by Kuhn and Zerwas(%3) and implies composite

quarks. The process is

pp > Q¥q + X
quz;z+vT)

The fact that Z * VW is six times more probable than Z + ete™ could explain why no

et

e~ event has been seen. Similarly the process could explain the UA2 events as Q* + qW;
W * ev. However, one would also expect Q* + qY events. More statistics would obviously
test this hypothesis. Such an explanation would require mQ* > 2mw, similar to the masses
of the UA2 events. Under this hypothesis the events are indeed consistent with a common
mass of ~ 170 GeV/c2 (92),

The explanation based on supersymmetry has been considered by a number of
authors(®%), The events could be either gluino or squark decays. The basic process for

gluino production is

pp *TEX
L, qqa¥

The gluino is assumed to decay to dEV where the photino escapes without interaction,
giving rise to the missing energy. The events have several jets but yield predominantly
single jet events after the application of experimental cuts. If the 5 events are taken
as an upper limit on gluino production, then mg}éo GeV/c? to give the observed cross
section (0.06 nb).
The production of squarks is by
gg > 4

~
q

aq *
qg * ig

In order to explain the events as squark (§) decays it is assumed that H > q?. This will
only be the main decay mode if m.é > mq. Again the five events (0+0.06 nb) are consistent
with ma,;,ho GeV/cz. Furthermore, the narrowness of the jets favours this interpretation.

The type of explanation offered for the Y event is an unusual fragmentation of a jet.
However, Z * VvvYy could not be entirely ruled out. More exotic explanations for the events
have also been considered(9%),

7.10.2 Conclusion on UAl monojets

The event are not explicable within the standard model. Excited quarks should have

other decay modes which would be observed with more data. Supersymmetric particles would
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have to have masses in the 40 GeV/c2 region to be consistent with the observed cross
sections. Squarks are favoured over gluinos by the narrowness of the jets (and absence of
other jets) but this hypothesis only works if mg) mq.so that the squark decays into a
quark and photino. However, the events may have a completely different origin and
obviously provide a topic of great excitement for forthcoming collider runms.
7.11 Evidence for the Top Quark(UAl)

Data from the 1983 run (120 nb'l) have been used to study events with an electron +

jets or a muon + jets in which the lepton is isolated from the jets(gs). Such events
should include candidates for t * Vb as the large t mass (> 22.5 GeV/c? from PETRA) would
cause the three decay products to be produced with large relative transverse momenta.

More specifically the decay W *> tb would give 2 jets, a lepton and missing energy with a
total mass consistent with that of the W. The experimental task is to demonstrate that
any such 'top' candidates are distinguishable from background due to QCD processes, e.g.
PP * bbX where the b or b decays semi-leptonically. Only the general principles of the
background study will be described here. For full details the reader is referred to the
published work(96), Unlike in the W search, the full power of the apparatus proved to be
needed to isolate the candidates.

7.11.1 Electron selection

Electron candidates were selected by the following cuts
1) E M > 12 GeV with E;R < 0.2 GeV,
ii) P, > 7 GeV/c for matching CD track,

1ii) isolated i.e. the 'electron' having > 90% of the ET in Ar < 0.7 around the track

(ar = /82 + An2).

The search yielded 49 W + eV events which were used as a calibration sample for
electrons and 152 'e' + jets. Of those 152 events 43 with v * ete™ conversions were
removed by detecting the second electron. Next a momentum—energy comparison Il/p - l/El <
30 and a x2 test on the shower profile(97) through the four layers of the electromagnetic
calorimeters were applied to remove ni/"o overlaps. Together with a further
isolation cut, requiring Zpt(charged tracks) € 1.0 GeV/c and ZET < 1.0 GeV in Ar < 0.4
around the electron, this reduced the sample to 19 events on which the final analysis was
performed. Using as jet definition ET(lst jet) > 8 GeV, ET(other jets) 2 7 GeV the events
fall into the following classes.

e + 1 jet : 14 events
e+ 2 jets : 3 events

e + 3 jets ¢ 2 events

As the principal source of background is expected to be residual ﬂt/ﬂo overlaps a study of

the background shape was made using 'm°' + jets events with similar selection criteria for
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the 'm', Secondly, from the measured flux of % (+ ) + jets events, the probability
of an overlap simulating an electron was estimated. It turns out that the 'background'
events populate a two dimensional plot of EtOUt vs cosejz(where Et°ut is the transverse

*

momentum of the electron relative to a plane containing the beam and jetj, and coseJ2

is the centre of mass angle of the second jet with respect to the beam direction)

in quite a different way from the candidate events (Figure 74). The background peaks at
cos 6% close to ¥, as expected for gluon bremsstrahlung, and low values of EtOUt. The
resulting background estimate is < 0.1 event in the region occupied by the electron + 2
jet events (ETOUt >8 GeV,Icosejzl > 0.73).

7.11.2 Muon selection

The selection of muon + jets events is somewhat simpler. Using the same jet
definition, events with a muon + 1 jet having pt"l > 12 GeV/c were selected with an
isolation criterion that the muon should carry > 90% of the P, (charged tracks) and » 80%
of ET in a radius Ar < 0.4. The 14 W + pv events were used as a calibration sample.
Twelve M + jet events are found

p+ 1 jet : 7 events
v+ 2 jets : 4 events
u+ 3 jets : 1 events

m > uwand K + u decay background dominates but this is calculable from the observed hadron
spectrum, assuming 25% Ks and 50% ws. The resulting background estimate is 0.4 event for
the u + 2 jet events. One of them has cos 9§2= 0.93 and is most likely background . It
has therefore been removed. The background for the remaining three is estimated to be

< 0.1 event.

7.11.3 Consistency with the W > tb hypothesis

The topological features of one of the 3 electron and 3 muon events with 2 jets are
shown in figure 75. Figure 76 is a two—dimensional plot of the mass of £wjJ; versus
2vJo. Here the transverse momentum of the neutrino is used and the lower energy jet (J2)
is assumed to come from the t—decay. The alternative assumption produces a much broader
mass peak for &VJj. Corrections have been applied to the jet energies using a Monte Carlo
method as described in section 5.6. The events peak at a mass consistent with the W (see
curve) and give m = 40 * 10 GeV/c? assuming they come from W + tb. Furthermore the rates
agree with expectation after allowance for the leptonic branching ratio of the t (~12%)
and the experimental cuts (986),

7.11.4 Conclusion on top candidates

While it is not possible with the present statistics to be totally certain that the
top quark has been isolated, the following remarks can be made.

i) A signal has been observed for an isolated lepton + > 2 jets.

ii) The 2-jet events cluster around the W-mass.

iii) They are consistent with W »> tb with t + &vb.
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iv) If so then 30 GeV/c? < m_ < 50 GeV/c?.
In addition the events with a lepton + 3 jets could be examples of tE'QCD production.
7.12 Prospects for observing Higgs scalars at the collider

Higgs mesons couple to heavy objects preferentially. However, the prospect for
observing Higgs particles is not particularly promising unless the Higgs mass is rather
10w(®®),  For m, = 10 GeV, o(W + Higgs) is~10"2 and the experimental signature rather

a(wW)

difficult to interpret. Events involving Z's would be cleaner

o(z » £F27H) -2 _
W‘v 10 for III.H = 10 GeV.

~10"" for m, = 40 GeV
The diagram is

21

The initial Z may be virtual and the intermediate Z real, or vice versa. Given that only
103 z > £'%~ decays are expected at the upgraded collider the sensitivity is however, very
low. If mH>2mb but<2mt the Higgs will decay to bb. A microvertex detector in UAl could
detect decay vertices of b or ¢ in a reasonable proportion of the events: e.g. 2 vertices
would be detected in 37% of events for m, = 30 GeV/c? according to a Monte Carlo
calculation(98), However, we have already noted that gluon jets fragment into charmed

particles at high rates which could give a high background.

8. CONCLUSIONS AND FUTURE PROSPECTS

The CERN proton—antiproton collider has proved to be an extremely rich source of
physics. Not only has it fulfilled all the expectations based on the standard model of
the electroweak interaction in the discovery of the W and Z particles with the predicted
masses and properties and the probable discovery of the top quark, but has turned out to
be an excellent testing ground for QCD as clear jet events are easily observed.

In fact, the ease with which the various processes can be isolated has exceeded even
the most optimistic forecasts. It is a fitting tribute that Carlo Rubbia and Simon van
der Meer have been awarded the 1984 Nobel Prize for Physics, an honour that is fully
deserved for the realisation of this adventurous project. However, perhaps it will also
prove to be the basis for the next major step in the study of elementary particles as
there are already hints of physics beyond the standard model. The UAL monojets and UA2
high mass electron-jet events with missing energy have no conventional explanation and may
be the first signs of supersymmetry or compositeness. In addition there is a variety of
other pheneomena = dimuons, radiative Z-decays, high jet multiplicity with Zs, etc. =

which may also have exotic explanations.
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What can we look forward to in the next few years? The collider is already scheduled
to run in 1984, 1985 and 1986 with a luminosity at least comparable to the best obtained
in 1983 and an increased energy of 630 GeV. In fact, 2.5 x 1029 cm~25~1 has already been
achieved giving 10 nb~1 per day. The scheduled running should therefore produce at least
a five—fold increase in statistics, sufficient to confirm many of the phenomena for which
there are hints. UAl has improved muon detection and a micro-vertex detector which will
help in unravelling the new physics. A special ramped collider mode, cycling up to 900
GeV, has been tested and will run in 1985 with modest luminosity ( 1026 cm‘zs“l) enabling
UAl and UA5 to search for phenomena that might have a higher threshold energy such as the
Centauro events.

In the longer term, the antiproton yield is to be increased by a factor of ten in
1987 by the addition of an antiproton collector ring, AcoL(99), Both UAL and UA2 are to
have major upgrades to their calorimeters. UA2(100) 4411 close the end regions, thus
improving the missing energy determination and va1(101) wi11 replace the central
electromagnetic calorimeters by a much more finely divided set of Uranium calorimeters.
Uranium provides compensation for the different response to hadrons and electromagnetic
particles through the fission process and, since it will absorb most of the hadron energy,
will give a factor of two improvement in jet and missing energy resolution. The improved
granularity will help the study of electroms in jets, extending the physics capability.
Thus we can look forward with great excitement to 50 times the present data by 1990,
approximately the time when LEP will be fully operatiomal.
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