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1. INTRODUCTION

In this lecture I shall describe the discovery of the trip-
let of elementary particles W+, W, and Z —by far the
most massive elementary particles produced with ac-
celerators up to now. They are believed to be the propa-
gators of the weak interaction phenomena.

On a cosmological scale, weak interactions play an ab-
solutely fundamental role Fo. r example, it is the weak
process

p+p 'H+e++~„

that controls the main burning reactions in the sun. The
most striking feature of these phenomena is their small
rate of occurrence: at the temperature and density at the
centre of the sun, this burning process produces a heat
release per unit of mass which is only, ~ that of the
natural metabolism of the human body. It is indeed this
slowness that makes them so precious, ensuring, for in-
stance, the appropriate thermal conditions that are neces-
sary for life on earth. This property is directly related to
the very large mass of the 8'-field quanta.

Since the fundamental discoveries of Henri Becquerel
and of Pierre and Marie Curie at the end of the last centu-
ry, a large number of beta-decay phenomena have been
observed in nuclei. They all appear to be related to a pair
of fundamental reactions involving transformations be-
tween protons and neutrons:

P+e +Ve, P~H +e +Ve

Following Fermi (1933,1934), these processes can be
described perturbatively as a point interaction involving
the product of the four participating fields.

High-energy collisions have led to the observation of
many hundreds of new hadronic particle states. These
new particles, which are generally unstable, appear to be
just as fundamental as the neutron and the proton. Most
of these new particle states exhibit weak interaction prop-
erties which are similar to those of the nucleons. The
spectroscopy of these states can be described with the help
of fundamental, pointlike, spin- —,

' fermions, the quarks
with fractional electric charges + =, e and ——,

' e and three
different colour states. The universality of the weak phe-

'This lecture was delivered December 8, 1984, on the occasion
of the presentation of the 1984 Nobel Prize in Physics.

nomena is then well interpreted as a Fermi coupling
occurring at the quark level (Gell-Mann and Levy, 1960).
For instance, reactions (1) are actually due to the process-
es

(d)~(u)+e +v„(u)~(d)+e++v, , (2)

where (u) is a + —', e quark and (d) a ——', e quark. (The
brackets indicate that particles are bound. ) Cabibbo has
shown that universality of the weak coupling to the quark
families is well understood, assuming that significant
mixing occurs in the ——, quark states (Cabibbo, 1963;
Kobayashi and Maskawa, 1973). Likewise, the three lep-
tonic families —namely, (e,v, ), (p, v„), and (r, v ) =xhibit
identical weak interaction behavior, once the differences
in masses are taken into account. It is not known if, in

analogy to the Cabibbo phenomenon, mixing occurs also
amongst the neutrino states (neutrino oscillations).

This has led to a very simple perturbative model in
which there are three quark currents, built up from the
(u, dc ), (c,sc), and (r, bc) pairs (the subscript C indicates
Cabibbo mixing), and three lepton currents from (e,v, ),
(p, v&), and (r, v, } pairs. Each of these currents has the
standard vector form (Gerschtein and Zel'dovich, 1955;
Feynman and Gell-Mann, 1958; Sudarshan and Marshak,
1958; Sakurai, 1958} J„=f,1 „(I—7'5)f2. Any of the
pair products of currents J&,j& will relate to a basic four-
fermion interaction occurring at a strength determined by
the universal Fermi constant GF..

W(x) =(GF /~2)J„*(x)J'"(x)+c.c. ,

where GF ——1.16632)& 10 - GeV (A'=c =1).
This perturbative, pointlike description of weak pro-

cesses is in excellent agreement with experiments, up to
the highest q experiments performed with the high-
energy neutrino beams (Fig. 1). We know, however, that
such a perturbative calculation is incomplete and unsatis-
factory. According to quantum mechanics, all higher-
order terms must also be included: they appear, however,
as quadratically divergent. Furthermore, at centre-of-
mass energies greater than about 300 GeV, the first-order
cross section violates conservation of probability.

It was Oskar Klein (1939) who, in 1938, first suggested
that the weak interactions could be mediated by massive,
charged fields. Although he made use of Yukawa's idea
of constructing a short-range force with the help of mas-
sive field quanta, Klein's theory established also a close
connection between electromagnetism and weak interac-
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The basic Feynman diagrams of reaction (2) are the
ones shown in Fig. 2(a).

The new, dimensionless coupling constant g is then in-
troduced, related to GFW2—=g /m~, for q-&&m~. The
V —3 nature of the Fermi interaction requires that the
spin J of the 8' particle be l. It is worth remarking that
in Klein's paper, in analogy to the photon, J =1 and

g =o.. The apparently excellent fit of the neutrino data to
the four-fermion pointlike interaction (Fig. 1) indicates
that m«. is very large (&60 GeV/c ) and is compatible
with m~ ——(x).

2. PRODUCTION OF IV PARTICLES
Ev (Gev)

FIG. 1. The muon neutrino and antineutrino charged-current
total cross section as a function of the neutrino energy. Data
are from the Particle Data Group (1984) reprinted at CERN.
The lines represent the effects of the 8' propagator.

tions. We now know that his premonitory vision is em-
bodied in the electroweak theory of Glashow (1961),
Weinberg (1967), and Salam (1968), which will be dis-
cussed in detail later in this lecture. It is worth quoting
Klein's view directly:

'The role of these particles, and their properties, being
similar to those of the photons, we may perhaps call
them "electro-photons" (namely electrically charged pho-
tons). '

In the present lecture I shall follow today's prevalent no-
tation of 8'+ and W for these particles from —'weak'
(Lee and Yang, 1960)—although one must recognize that
Klein's definition is now much more pertinent.

Direct production of W particles followed by their de-
cay into the electron-neutrino is shown in Fig. 2(b). The
centre-of-mass energy in the quark-antiquark collision
must be large enough, namely, &s =m~. The cross sec-
tion around the resonance will follow a characteristic
Breit-Wigner shape, reminiscent of nuclear physics exper-
iments. The cross section is easily calculated:

o(qq~8')= —,erat. I;I /[(E —mg ) +I —,],
where X is the reduced quark wavelength in the centre of
mass. Quark and antiquark must have identical colours.
The initial-state width I;=I -=4.5X10 m (GeV) cal-
culated from GF is surprisingly wide: namely, for
m „=82 GeV/c'- as predicted by SU(2) X U(l) theory,
I" -=-600. The total width I depends on the number of
quark and lepton generations. Taking Nq

——3 and X~ ——3,
again, for m ~ -80 GeV, we find I =4& I =2.4 GeV.

At the peak of the resonance,

o.(qq 8', I~s =m&, ) =3m'A.;B;,2

fuJ

8

Id I

Y ld I
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where 8; = I;/I is the branching ratio for the incoming
channel.

Of course quark-antiquark collisions cannot be realized
directly, since free quarks are not available. The closest
substitute is to use collisions between protons and antipro-
tons. The fraction of nucleon momentum carried by the
quarks and antiquarks in a proton is shown in Fig. 3. Be-
cause of the presence of antiquarks, proton-proton col-
lisions also can be efficiently used to produce 8'particles.
However, a significantly greater beam energy is needed
and there is no way of identifying the directions of the in-
coming quark and antiquark. As we shall see, this ambi-
guity will prevent the observation of important asym-
metries associated with parity (P) and charge ( C) viola-
tion of weak interactions. the centre-of-mass energy in
the quark-antiquark collision s is related to S — by the
well-known formula

[u) fd I

q = -2/3 = —1/3
I u 1

q =+2/3
tdl

+ 1/3 S —=S —XpX-JP J'P '

FIG. 2. (a) Feynman diagram of virtual W exchange mediating
the weak process [reaction (2)]. (b) Feynman diagram for the
direct production of a 8' particle. Note that the quark
transformation has been replaced by a quark-antiquark annihi-
lation.

Note that according to Fig. 3, in order to ensure the
correct correlation between the quark of the proton (and
the antiquark of the antiproton), the energy should be
such that x =x )0.25. Therefore there is one broad op-P p-
timum energy range for the proton-antiproton collisions
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FICr. 3. Structure functions F2, xF~, and q", measured in dif-
ferent experiments, for fixed Q' versus x, plotted assuming
R=oLlo. T ——0. The electromagnetic structure function F~2"

measured by the EMC (European Muon Collaboration) and the
BFP [Berkeley (LBL)-(FNAL)-Princeton] is compared with the
charged-current structure function Fz using the —', factor
from the average charge squared of the quarks. No correction
has been applied for the difference between the strange and
charm sea quarks, so the interpretation is F2 ——x[q +q
——,(s+s —c —c)). (In this Q range, Fz' is depleted by a

similar amount due to charm threshold effects in the transition
s~c.) The antiquark distribution measured from antineutrino
scattering is q =x(u+d+2s). The solid lines have the forms:
F2 ——3.9x ."(1—x)"+1.1(1—x)', xF3 ——3.6x ."(1—x)", q"
=0.7(1 —x) ~ Relative normalization factors have been fitted to
optimize agreement between the different data sets, and abso-
lute changes have been arbitrarily chosen as indicated. [Refer-
ences: CDHS—H. Abramowicz et a1. (1983); CCFRR—F.
Sciulli; EMC—J. J. Aubert et al. (1981);A. Edwards; BFP—A.
R. Clark et al. (1983);P. Meyers (1983).]
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for a given W mass. For mtt -80 GeV/c, QS-
=400—600 GeV. The production cross section for the
process

pp ~8'-+X, 8'—~e -++ ~,

FIG. 4. Production cross sections of intermediate vector bosons
for proton-anti roton collisions. The mass is parameterized
with ~ ' = s /M. Note in (a) the small probability of wrong
quark-antiquark assignments. The prints in (b) relate to mass
predictions for the SU(2) )& U(1) model.

(where X denotes the fragmentation of spectator partons)
can be easily evaluated by folding the narrow resonance
width over the p and P momentum distributions (Fig. 4}.
For mtt ——82 GeV/c and QS -=540 GeV, one finds
o8=0.54& 10 crn .

tons and antiprotons. For a long time such an idea had
been considered as unpractical because of the low density
of beams when used as targets.

3. P ROTON-ANTIP ROTON COLLISIONS

The only practical way of achieving centre-of-mass en-

ergies of the order of 500 GeV is to collide beams of pro-

'The first realistic scheme for colliding beams was discussed
by D. W. Kerst et al. (1956). The first suggestion for proton-
antiproton intersecting beams was given by G. I. Budker
(1966,1967).
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The rate R of events of cross section o. for two
counter-rotating beam bunches colliding head on, with
frequency fo and n~ and n2 particles, is

R = (n, n 2fo/4)(o /mp ),
where p is the (common) beam radius, and the numerical
factor —,

' takes into account the integration over Gaussian

profiles. For our experiment, typically p=0.01 cm and
o.=10 cm . Therefore (o/vrp )=3X10 ", and a very
large nI n2 product is needed to overcome the 'geometry'
effect.

The scheme used in the present experimental pro-
gramme has been discussed by Rubbia, McIntyre, and
Cline (1977) and is shown in Fig. 5. It makes use of the
existing 400-GeV CERN Proton Synchrotron (PS), suit-
ably modified in order to be able to store counter-rotating
bunches of protons and antiprotons at an energy of 270
GeV per beam. Antiprotons are produced by collisions of
26-GeV/c protons from the PS onto a solid target. Accu-
mulation in a small, 3.5-CreV/c storage ring is followed
by stochastic cooling (van der Meer, 1922; Mohl et al. ,
1980) to compress phase space. In Table I the parameters
of Rubbia et al. (1977) are given. If we take into account
the fact that the original proposal was formulated for
another machine, namely, the Fermilab synchrotron (Ba-
tavia, Ill. ), they are quite close to the conditions realised
in the SPS conversion. Details of the accumulation of an-
tiprotons are described in the accompanying lecture by
Simon van der Meer.

The CERN experiments with proton-antiproton col-
lisions have been the first, and so far the only, example of
using a storage ring in which bunched protons and an-
tiprotons collide head on. Although the CERN pp collid-
er uses bunched beams, as do the e+e colliders, the
phase-space damping due to synchrotron radiation is now
absent. Furthermore, since antiprotons are scarce, one
has to operate the collider in conditions of relatively large
beam-beam interactions, which is not the case for the con-
tinuous proton beams of the previously operated Inter-
secting Storage Rings (ISR) at CERN. One of the most
remarkable results of the pp collider has probably been
the fact that it has operated at such high luminosity,
which in turn means a large beam-beam tune shift. In the
early days of construction, very serious concern had been

voiced regarding the instability of the beams due to
beam-beam interactions. The beam-beam force can be ap-
proximated as a periodic succession of extremely non-
linear potential kicks. It is expected to excite a continu-
um of resonances of the storage ring which has, in princi-
ple, the density of rational numbers. Reduced to bare
essentials, we can consider the case of a weak antiproton
beam colliding head on with a strongly bunched proton
beam. The increment, due to the angular kick b,x', of the

The 300-GeV programme, CERN/1050 (14 January 1972).
See the design study of intersecting storage rings (ISR) for the

CERN Proton Synchrotron, CERN AR/tnt. SG/64-9 (1964).
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FIG. 5. General layout of the pp colliding scheme, from Rub-
bia et al. (1977). Protons (100 GeV/c) are periodically extract-
ed in short bursts and produce 3.5-GeV/c antiprotons, which

are accumulated and cooled in the small stacking ring. Then p's
are reinjected in an RF bucket of the main ring and accelerated
to top energy. They collide head on against a bunch filled with
protons of equal energy and rotating in the opposite direction.

action invariant W=yx +2uxx'+px' of an antiproton
is gW=p(gx')2+2(ox+px')hx', and this can be ex-

pressed in terms of the 'tune shift, ' b Q as
gx'=47r&Qx/p. If we now assume that the successive
kicks are randomized, the second term of b, W averages to
zero, and we get

For the design luminosity we need b,Q-0.003, leading to
(6 W/W) =7.1 X 10 . This is a very large number
indeed, giving an e-fold increase of W in only
1/7. 1 & 10 "=1.41 )& 10' kicks! Therefore the only reason
why the antiproton motion remains stable is that these
strong kicks are not random but periodic, and the beam
has a long 'memory' which allows them to be added
coherently rather than at random. Off resonance, the ef-
fects of these kicks then cancel on the average, giving an
overall zero amplitude growth. The beam-beam effects
are very difficult, if not impossible, to evaluate theoreti-
cally, since this a priori purely deterministic problem can
exhibit stochastic behaviour and irreversible diffusionlike
characteristics.

A measurement at the electron-positron collider
SPEAR at Stanford had further aggravated the general

concern about the viability of the pp collider scheme.
Reducing the energy of the electron collider (Fig. 6) re-

sulted in a smaller value of the maximum allowed tune
shift, interpreted as being due to the reduced synchrotron
radiation damping. Equating the needed beam lifetime
for the pp collider (where damping is absent) with the ex-
trapolated damping time of an e+e collider gives a
maximum allowed tune shift b.Q=10 —10, which is
catastrophically low. This bleak prediction was not con-
firmed by the experience at the collider, where b Q=0.003
per crossing, and six crossings are routinely achieved with
a beam luminosity lifetime approaching one day. What,
then, is the reason for such a striking contradiction be-

tween experiments with protons and those with electrons?
The difference is caused by the presence of synchrotron
radiation in the latter case. The emission of synchrotron
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TABLE I. List of parameters [from Rubbia et al. (1977)].

Main ring (Fermilab)
Beam momentum
Equivalent laboratory energy for (pp)
Accelerating and bunching frequency
Harmonic number
RF peak voltage/turn
Residual gas pressure
Beta functions at interaction point
Momentum compaction at int. point
Invariant emitiances (Xz ——10' )

longitudinal
transverse

Bunch length
Design luminosity

250(400) GeV/e
133(341) TeV
53.14 MHz
1113
3.3X10' V
&0.5X10 ' Torr
3.5 m
-0 m

3 eVs
50m 10 rad m
2.3 m

X10 {8X10 ) cm 's

2. Antiproton source [Stochastic Cooling (van der Meer,
Nominal stored P momentum
Circumference of ring
Momentum acceptance
Betatron acceptances
Bandwidth of momentum stochastic cooling
Maximum stochastic accelerating RF voltage
Bandwidth of betatron stochastic cooling
Final invariant emittances (X =3X10' )

P
longitudinal
transverse

1972; Mohl et a/. , 1980)]
3.5 GeV/c
100 m
0.02
100m 10 rad m
400 MHz
3000 V
200 MHz

0.5 eVs
10+10 rad m

photons is a major source of quick randomization be-
tween crossings and leads to a rapid deterioration of the
beam emittance. Fortunately, the same phenomenon also
provides us with an effective damping mechanism. The
pp collider works because both the randomizing and the
damping mechanisms are absent. This unusually favour-

0.050—

able combination of effects has ensured that pp colliders
have become viable devices. They have the potential for
substantial improvements in the future. The accumula-
tion of more antiprotons would permit us to obtain a sub-
stantially larger luminosity, and a project is under way at
CERN which is expected to be able to deliver enough an-
tiprotons to accumulate, in one single day, the integrated
luminosity on which the results presented in this lecture
have been based ( —100 nb ').

4. THE DETECTION METHOD

0.010

0.005—

5/2 The process we want to observe is the one represented
in Fig. 2(b), namely,

p+p~ W —+X, 8—~e —+v, ,

0.001
0.5

I l l I

0.7 0.9 1

ENERGY IGe Y)

FIG. 6. Maximum allowed beam-beam tune-shift parameter,
XI- Y, as a function of energy of the electron-positron collider
SPEAR. One can see a dramatic drop in the allowed tune shift
at lower energies, as a consequence of the reduced synchrotron
damping. Extrapolation to the case of proton-antiproton col-
lisions where the damping is absent and therefore the damping
time is constant, is to be identified with the beam lifetime, per-
mitting an infinitesimal tune shift and therefore to an unpracti-
cal luminosity.

where X represents the sum of the debris from the in-
teractions of the other protons (spectators). Although the
detection of high-energy electrons is relatively straightfor-
ward, the observation of neutrino emission is uncommon
in colliding-beam experiments. The probability of secon-
dary interactions of the neutrino in any conceivable ap-
paratus is infinitesimal. We must therefore rely on
kinematics in order to signal its emission indirectly. This
is achieved with an appropriately designed detector (Ast-
bury et al. , 1978) which is uniformly sensitive, over the
whole solid angle, to all the charged or neutral interacting
debris produced by the collision. Since collisions are ob-
served in the centre of mass, a significant momentum im-
balance may signal the presence of one or more nonin-
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CONSTRUCTION OF ENERGY VECTORS

Calorimeter cell

Ui

X (Beams)

u; = Unit vector

E; = E; v;

Momentum conservation — P E —P
l I

(ideal detector)

aE. = r. E;

E E
& ~

= event temperature"

FICJ. 7. Principal diagram for constructing energy vectors and
the missing energy of the event.

4The UA1 Collaboration is preparing a large and comprehen-
sive report on the detector (1984). For details see Barranco
Luque et aI. (1980), Calvetti et al. (1980,1982,1983), Tirnmer
(1983), Locci (1984), Corden et al. (1982a,1982b, 1983), Eggert
et al. (1980a,1980b, 1981), Santiard (1980), Arnison et al.
(1983a,1983d). The UA2 Collaboration has described its detec-
tor, which, however, makes a more limited use of the missing-

energy concept, in Proceedings of the Second International
Conference on Physics in Collisions (Plenum, New York, 1983},
p. 67. See also Clark (1982) and Mansoulie (1983).

teracting particles, presumably neutrinos.
The method can be conveniently implemented with

calorimeters, since their energy response can be made
rather uniform for different incident particles.
Calorimetry is also ideally suited to the accurate measure-
ment of the energy of the accompanying high-energy elec-
tron for process (3). Energy depositions (Fig. 7) in indi-
vidual cells, E;, are converted into an energy flow vector
E;=n;E;, where o; is the unit vector pointing from the
collision point to (the centre of) the cell. Then, for rela-
tivistic particles and for an ideal calorimeter response,

g,.E;=0, provided no noninteracting particle is emitted.
The sum covers the whole solid angle. In reality there are
finite residues to the sum: EEM =Q,.E;. This quantity
is called the 'missing energy' vector. Obviously in the
case of a neutrino emission, p„=—h, EM. In the case of
process (3) the effect is particularly spectacular, since in
the centre of mass of the 8' the neutrino momentum
p'„=mit /2 is very large.

The practical realization of such a detector is shown in

Fig. 8(a). After momentum analysis in a large-image drift
chamber in a horizontal magnetic field of 7000 G orient-
ed normal to the beam directions, six concentric sets of
finely segmented calorimeters [Fig. 8(b)] surround the col-
lision point, down to angles of 0.2 with respect to the
beam directions. The operation of these calorimeters is
shown schematically in Fig. 9(a). The first four segments
are sandwiches of lead and scintillator, in which electrons
are rapidly absorbed [Fig. 9(b)j, followed by two sections
of iron/scintillator sandwich (which is also the return
yoke of the magnetic field}. All hadrons are conservative-
ly absorbed within these calorimeters. Muons are detect-
ed by eight planes of large drift chambers which enclose
the whole detector volume. If one or more muons are
detected, their momenta, measured by magnetic curva-
ture, must be added 'by hand' to the energy flow vector.

The performance of the energy flow measurement has
been tested with standard collisions (minimum bias}. Fig-
ure 10 shows how well the vertical component of the
missing-energy vector is observed for minimum bias
events. The missing energy EEM resolution for each
transverse component can be parametrized as
et=0.43(Q,.ET")', where g, ET", in .units of GeV, is the
scalar sum of the transverse components of the energy
flow ET'. The same parametrization also holds for events
which contain high transverse momentum jets, and for
which the detector nonuniformities are more critical,
since energy deposition is highly localized (Fig. 11). The
resolution function is shown in Fig. 12, where the missing
energy for two-jet events is shown along with a Monte
Carlo calculation of the expected distribution based on the
expected behaviour of the calorimeters as determined by
test-beam data and the measured fragmentation functions
of jets.

For a typical event with g, Er"=80 GeV, we. measure
the transverse components of h,E~ to about 4 GeV. The
longitudinal component of the momentum balance will
not be used in the present analysis, since, in spite of the
smallness of the window through which the beam pipes
pass ( (0.2 ), energetic particles quite often escape
through the aperture.

5. OBSERVATION OF THE W~e+v SIGNAL

The observation by the UA1 Collaboration (Arnison
et al. , 1983b) of the charged intermediate vector boson
was reported in a paper published in February 1983, fol-
lowed shortly by a parallel paper from the UA2 Col-
laboration (Banner et al. , 1983}. Mass values were given:

mir ——(80+5) GeV/c (UA1) and mn ——(80+6 } GeV/c
(UA2). Since then, the experimental samples have been
considerably increased, and one can now proceed much
further in understanding the phenomenon. In particular,
the assignment of the events to reaction (3) can now be
proved rather than postulated. We shall follow here the
analysis of the UAl events (Arnison et al. , 1983e; Rub-
bia, 1983a).

Our results are based on an integrated luminosity of
0.136 pb '. We first performed an inclusive search for
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return loop. (b) Energy depositions for high-energy pions and
electrons. The nature of the particle can be discriminated by
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high-energy isolated electrons. The trigger selection re-

quired the presence of an energy deposition cluster in the
electromagnetic ealorimeters at angles larger than 5, with
transverse energy in excess of 10 GeV. In the event
reconstruction this threshold was increased to 15 GeV,
leading to about 1.5 X 10 beam-beam collision events.

By requiring the presence of an associated, isolated
track with pT &7 GeV/c in the central detector, we re-

duced the sample by a factor of about 100. Next, a max-
imum energy deposition (leakage) of 600 MeV was al-
lowed in the hadron calorimeter cells after the elec-
tromagnetic counters, leading to a sample of 346 events.

0 2 6 8 10

x:— fE, I /

FIG. 11. Missing-energy resolution for minimum-bias and jet
events.
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FICz. 10. Scatter-plot of the vertical component of missing
transverse energy versus the total transverse energy observed in
all calorimeter cells.
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We then classified events according to whether there was
prominent jet activity.

We found that in 291 events there was a clearly visible
jet within an azimuthal angle cone

I
b,P I

& 30' opposite to
the 'electron' track. These events were strongly contam-
inated by jet-jet events in which one jet faked the electron
signature and had to be rejected. We were left with 55
events without any jet, or with a jet not back to back with
the 'electron' within 30'. These events had a very clean
electron signature (Fig. 13) and a perfect matching be-
tween the point of electron incidence and the centroid in
the shower detectors, further supporting the absence of
composite overlaps of a charged track and neutral m. 's ex-
pected from jets.

The bulk of these events was characterized by the pres-
ence of neutrino emission, signalled by a significant miss-
ing energy (see Fig. 14). According to the experimental
energy resolutions, at most the three lowest missing-
energy events were compatible with no neutrino emission.
They were excluded by the cut FT'"& 15 GeV. We were
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FIG. 12. Transverse energy balance observed for a sample of
two-jet events. To convert the horizontal scale to the number of
standard deviations (n), use the relationship n~=2x. Variables
have been chosen in such a way as to transform a Gaussian
basic response of the calorimeters into a linear plot. The con-
tinuous line is the result of a calculation based on the expected
calorimeter responses, as measured with test-beam particles.
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then left with 52 events.
In order to ensure the best accuracy in the electron en-

ergy determination, only those events were retained in
which the electron track hit the electromagnetic detectors
more than +15' away from their top and bottom edges.
The sample was then reduced to 43 events.

An alternative selection was carried out, based on the
inclusive presence of a significant missing energy (Ar-
nison et a/. , 1984a). This is illustrated in Fig. 15(a),
where all events with missing energy in excess of four
standard deviations are sho~n. One can see that previ-
ously selected electron events are found as a subset of the
sample. However, a significant number of additional
events (twenty-seven) were also recorded, in which there
was either a jet or an electromagnetic cluster instead of
the isolated electrons [Fig. 15(b)]. Evidently the inclusive
missing-energy definition implies a broader class of physi-
cal phenomena [Fig. 16(c)] than the simple W' —me+ v de-
cay [Figs. 16(a) and 16(b)]. As the study of these events
(Rubbia, 1984) is beyond the scope of this lecture, it will
not be pursued any further.

We proceeded to a detailed investigation of the events
in order to elucidate their physical origin. The large miss-
ing energy observed in all of them was interpreted as be-

ing due to the emission of one or several noninteracting

0

t 1 I

0.'l Q.2 Q.3 Q.I

Fraction af total energy

neutrinos. A very strong correlation in angle and energy
was observed (in the plane normal to the colliding beams,
where it could be determined accurately), with the corre-
sponding electron quantities, in a characteristic back-to-
back configuration expected from the decay of a massive,
slow particle [Figs. 17(a) and 17(b)]. This suggested a
common physical origin for the electron and for one or

FIG. 13. Distributions showing the quality of the electron sig-
nature: (a) The energy deposition in the hadron calorimeter
cells behind the 27 radiation lengths (r.l.) of the e.m. shower
detector. (b) The fraction of the electron energy deposited in the
fourth sampling (6 r.l. deep, after 18 r.l. converter) of the e.m.
shower detector. The curve is the expected distribution from
test-beam data. (c) As distribution (b) but for the first sampling
of the e.m. shower detector (first 6 r.l.).
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several neutrinos.
In order to have a better understanding of the trans-

verse motion of the electron-neutrino(s) system, we stud-
ied the experimental distribution of the resultant trans-
verse momentum pT

' obtained by adding the neutrino(s)
and electron momenta (Fig. 18). The average value was

pz ——6.3 GeV/c. Five events which had a visible jet had
also the highest value of pT '. Transverse momentum
balance was almost exactly restored when the vector
momentum of the jet was added. The experimental distri-
bution was in good agreement with the many theoretical
expectations from quantum chromodynamics (QCD) for
the production of a m assi ve state via the Drell- Yan
quark-antiquark annihilation (Owens and Reya, 1978;
Halzen and Scott, 1978; Halzen eI, al. , 1982; Aurenche
and Kinnunen, 1983; Nakamura et al. , 1983). The small
fraction (10%) of events with a jet were then explained as
hard gluon bremsstrahlung in the initial state.

Several different hypotheses on the physical origin of
the events were tested by looking at kinematical quantities
constructed from the transverse variables of the electron
and the neutrino(s). We retained two possibilities, name-

ly, (i) the two-body decay of a massive particle into the
electron and one neutrino, W~e+v„and (ii) the three-
body decay into two, or possibly more, neutrinos and the
electron. It can be seen from Figs. 19(a) and 19(b) that
hypothesis (i) is strongly favored. At this stage, the ex-
periment could not distinguish between one or several
closely spaced massive states.
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With the help of a sample of isolated hadrons at large
transverse momenta, we estimated in detail the possible
sources of background coming from ordinary hadronic in-

teractions, and we concluded that they were negligible
(&0.5 events). [For more details on background, I refer
the reader to Owens and Reya (1978), Halzen and Scott
(1978), Halzen et al. (1982), Aurenche and Kinnunen
(1983), and Nakamura et a!. (1983).] However, we expect
to get some background events from other decays of the
8', namely,

W r+v, [r~7r (rr )+v,] ( ~0.5 ev—ents)

or

8'~~+v, (~~e+v, +v, ) (=2 events) .

F1Q. 15. Missing transverse energy squared versus +Fr for all

verified events which have hE more than 4 st. dev. from zero

for (a) all events and (b) events with 8'~e+ v decays removed.

The events are labeled according to their topology.
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FIG. 16. (Continued).

These events were expected to contribute at only the low-

pT part of the electron spectrum, and could even be elim-
inated in a more restrictive sample.

A value of the 8' mass can be extracted from the data
in a number of ways.

(i) It can be obtained from the inclusive transverse
momentum distribution of the electrons [Fig. 19(a)], but
the drawback of this technique is that the transverse
momentum of the 8 particle must be known. Taking the
QCD predictions (Altarelli et al. , 1984; Altarelli, Parisi,

Rev. Mod. Phys. , Vol. 57, No. 3, Part I, July 1985
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and Petronzio, 1978a,1978b), in reasonable agreement
with experiment, we obtained ma ——(80.5+0.5) GeV/c .

(ii) We can define a transverse mass variable,
m T 2pT'pT"'(1 —cosP), with ——the property m T & m s,
where the equality would hold for only those events with
no longitudinal momentum components. Fitting Fig.
19(b) to a common value of the mass was done almost in-
dependently of the transverse motion of the W particles,

Electron transverse energy (GeY)

FIG. 17. (a) Two-dimensional plot of the transverse com-
ponents of ihe missing energy {neutrino momentum). Events
have been rotated to bring the electron direction to point along
the vertical axis. The striking back-to-back configuration of the
electron-neutrino system is apparent. (b) Correlation between
the electron and neutrino transverse energies. The neutrino
component along the electron direction is plotted against the
electron transverse energy.

m~ —(80.3+)'3) GeV/c . It should be noted that the
lower part of the distribution ln mT was slightly affect-
ed by S'~~+ v, decays and other backgrounds.

(iii) We can define an enhanced transverse mass distri-
bution, selecting only events in which the decay kinemat-
ics is largely dominated by the transverse variable with
the simple cuts pz", pT"' & 30 GeV/c. The resultant dis-
tribution [Fig. 19(c)] then showed a relatively narrow

peak at approximately 76 GeV/c . Model-dependent
corrections now only contributed to the difference be-

tween this average mass value and the fitted m~ value,

m~ ——(80.9+1.5) GeV/c . An interesting upper limit to
the width of the W was also derived from the distribu-
tion, namely, I T & 7 GeV/c (90%%uo confidence level).

The three mass determinations gave very similar re-
sults. We preferred to retain the result of method (iii),
since we believed it to be the least affected by systematic
effects, even if it gave the largest statistical error. Two
important contributions had to be added to the statistical
errors.

(i) Counter to counter calibr-ati-ons They we.re estimat-
ed to be 4% rms. In the determination of the W mass
this effect was greatly attenuated to a negligible level,
since many different elements contributed to the event
sample.
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(ii) Calibration of the absolute energy scale This w. as
estimated to be +3%, and of course affects both the Z
and the W samples by the same multiplicative factor.

Once the decay reaction W~e+v, was established,
the longitudinal momentum of the electron-neutrino sys-
tem was determined with a twofold ambiguity for the un-
measured longitudinal component of the neutrino
momentum. The overall information of the event was
used to establish momentum and energy conservation
bounds in order to resolve this ambiguity in 70%%uo of the
cases. Most of the remaining events had solutions which
were quite close, and the physical conclusions were nearly
the same for both solutions. The fractional beam energy
x~ carried by the W particle is shown in Fig. 20(a), and
it appears to be in excellent agreement with the hypothesis
of W production in qq annihilation (Paige, 1929; Paige
and Protopopescu, 1981; Altarelli, Ellis, and Martinelli,
1978a,1978b, 1979; Kubar-Andre and Paige, 1979). Using

the well-known relations x~ ——x& —x- and x&x =m~/s,
we determined the relevant parton distributions in the
proton and antiproton. It can be seen that the distribu-
tions are in excellent agreement with the expected x dis-
tributions for quarks and antiquarks in the proton and an-
tiproton, respectively [Figs. 20(b) and 20(c)]. Contribu-
tions of the u and d quarks were also neatly separated by
looking at the charges of produced 8' events, since
(ud )~W+ and (ud )~ W [Figs. 20(d) and 20(e)].

6. OBSERVATION OF THE PARITY
(CHARGE CONJUGATION)
VIOLATION, AND DETERMINATION
OF THE SPIN OF THE W PARTICLE

One of the most relevant properties of weak interac-
tions is the violation of parity and charge conjugation.

Rev. Mod. Phys. , Vol. 57, No. 3, Part I, July 1985
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Evidently the S' particle, in order to mediate weak pro-
cesses, must also exhibit these properties. Furthermore,
as already mentioned, the V—A nature of the four-
fermion interaction implies the assignment J=1 for its
spin. Both of these properties must be verified experi-
mentally. According to the V—A theory, weak interac-
tions should act as a longitudinal polarizer of the W par-
ticles, since quarks (antiquarks) are provided by the pro-
ton (antiproton) beam. Likewise, decay angular distribu-
tions from a polarizer are expected to have a large asym-
metry, which acts as a polarization analyser. A strong
backward-forward asymmetry is therefore expected, in
which electrons (positrons) prefer to be emitted in the
direction of the proton (antiproton). In order to study
this effect independently of W-production mechanisms,
we have looked at the angular distribution of the emission
angle 8" of the electron (positron) with respect to the. pro-
ton (antiproton) direction in the W centre of mass. Only
events with no reconstruction ambiguity can be used. %e
verified that this does not bias the distribution in the vari-
able cos8 . According to the expectations of V—A

theory, the distributions should be of the type
(1 + cos8"), in excellent agreement with the experimental
data (Fig. 21). The parity violation parameters and the
spin of the W particle can be determined directly. It has

r
Acceptance corrected

+2 I
(1+cos 8 j =/!

been shown by Jacob (1958) that for a particle of arbitrary
'spin J, one expects

where (u ) and (A, ) are the global helicity of the produc-
tion system (ud) and of the decay system (ev), respective-
ly.

For V—A, we then have (A. ) =(p) = —1, J=1, lead-
ing to the maximal value (cos8 ) =0.5. FOI J=0 it 1s
obvious that (cos6)")=0; and for any other spin value
J & 2, (cos8" ) (—,

' . Experimentally we find (cos8' )
=0.5+0.1, which supports both the J= 1 assignment and
maximal helicity states at production and decay. Note
that the choice of sign (p) = (A, ) =+1 cannot be separat-
ed, i.e., right- and left-handed currents, both at produc-
tion and decay, cannot be resolved without a polarization
measurement.

7. TOTAL CROSS SECTION AND LIMITS
TO HIGHER MASS VYS

The integrated luminosity of the experiment was 136
nb ', and it is known to about +15% uncertainty. In or-
der to get a clean 8'~ev, sample we selected 47 events
with pT'& 20 GeV/c. The W~~v, contamination in the
sample was estimated to be 2+2 events. The event accep-
tance was computed to be 0.65, primarily because of (i)
the pT'& 20 GeV/c cut (0.80), (ii) the jet veto requirement
within A/=+30' (0.96+0.02), (iii) the electron-track iso-
lation requirement (0.90+0.07), and (iv) the acceptance of
events due to geometry (0.94+0.03). The cross section
was then

(oBA)g ——0.53+0.08(+0.09) nb,

where the last error takes into account systematic errors.
This value is in excellent agreement with the expectations
for the Standard Model (Paige, 1979; Paige and Protopo-
pescu, 1981; Altarelli, Ellis, and Martinelli, 1978a,1978b,
1979; Kubar-Andre and Paige, 1979): (oB)~=0.39 nb.

No event with pT" or pT"' in excess of the expected dis-
tribution for W—wev events was observed. This result
can be used to set a limit to the possible existence of very
massive W-like objects ( W') decaying into electron-
neutrino pairs. We found (cr8)~ (30 pb at 90%%uo confi-
dence level, corresponding to m~ & 170 GeV/c, when
standard couplings and quark distributions were used to
evaluate the cross sections.

8. UNIVERSALITY OF THE l4' COUPLING

coo 8 +
FICx. 21. The angular distribution of the electron emission an-
gle 8* in the rest frame of the 8' after correction for experi-
mental acceptance. Only those events have been used in which
the electron charge is determined and the kinematic ambiguity
(see text) has been resolved. The latter requirement has been
corrected for in the acceptance calculation.

The W field should exhibit a universal coupling
strength for all the fundamental lepton doublets and all
the quark doublets. This implies —apart from small
phase-space corrections =quality of the branching ratios
of the decay processes

8'~ev, ,

Rev. Mod. Phys. , Vol. 57, No. 3, Part I, July 1985
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8'~PVp,

8'~wv~ . (4c) We extended our search to the neutral partner Z, re-
sponsible for neutral currents. As in our previous work,
production of IVB's was achieved with proton-antiproton
collisions at v s =540 GeV in the UA1 detector, except
that we now searched for electron and muon pairs rather
than for electron-neutrino coincidence. The process is
then

Likewise, in the case of the quark decay channels
8'—+udc ~ (4d)

(4e)8'—+csc,

8'~the, (4

where t is the sixth quark (top quark) provided it exists
within the kinematic range of reaction (4f). Neglecting
phase-space corrections, which are probably important for
reaction (4f), we expect equality of the branching ratios,
with an overall factor of 3 of enhancement with respect to
leptonic channels [(4a)—(4c)] due to colour counting. The
subscript C in channels (4d) —(4f) indicates the presence of
the Cabibbo mixing. Reactions (4a) and (4d) are implied
by the results of Sec. 5. Reactions (4b), (4c), and (4e) have
been observed, and within about +20% they appear to
have the correct branching ratios. Some events which are
believed to be evidence for the process (4f) have also been
reported (Arnison et al. , 1984c). They are interpreted for
the reaction

p+p~Z +X, Z —+e++e or p++p
This reaction is approximately a factor of 10 less frequent
than the corresponding 8 —+ leptonic decay channels. A
few events of this type were therefore expected in our
muon or electron samples. Evidence for the existence of
the Z in the range of masses accessible to the UA1 ex-
periment has also been derived from weak-
electromagnetic interference experiments at the highest
PETRA energies, where deviations from pointlike expec-
tations have been reported (Fig. 23).

We first looked at events of the type Z —+e+e (Ar-
nison et al. , 1983c; Bagnaia et al. , 1983). As in the case
of the W —+ search, an electron signature was defined as a
localized energy deposition in two contiguous cells of the
electromagnetic detectors with ET ~ 25 GeV, and a small
(or no) energy deposition ((800 MeV) in the hadron
calorimeters immediately behind them. The isolation re-
quirement was defined as the absence of charged tracks
with momenta adding up to more than 3 GeV/c of trans-
verse momentum and pointing towards the electron clus-
ter cells. The effects of the successive cuts on the invari-
ant electron-electron mass are shown in Fig. 24. Four
e+e events survived cuts, consistent with a common
value of (e+e ) invariant mass. One of these events is
shown in Figs. 25 and 26. As can be seen from the energy
deposition plots (Fig. 27), the dominant feature of the
four events is two very prominent electromagnetic energy
depositions. All events appear to balance the visible total
transverse energy components; namely, there is no evi-
dence for the emission of energetic neutrinos. Except for

W +I+bc(t—~b, +l+v) (i=electron or muon) .

The bc and bc quarks are 'hadronized' into jets. Data
are roughly consistent with m, =40 GeV/c . Examples
of reactions (4b), (4c), (4e), and (4f) are shown in Figs.
22(a)—22(d), respectively.

Therefore, within the limited statistics there is evidence
for universality.

9. CAN WE DERIVE WEAK INTERACTIONS
FROM N-'PARTICLE OBSERVATIONS?

A number of properties of weak interactions as deter-
mined by low-energy experiments can now be explained as
a consequence of the experimentally observed properties
of the W particles. Indeed we know that W+— must cou-
ple to valence quarks at production and to (ev) pairs at
decay, a fact which implies the existence of the beta-decay
processes n —+p+e +v, and (p) +(n)+e++—v, . The
mass value m~ and the cross-section measurement can
then be used to calculate GF, the Fermi coupling con-
stant: GF ——(1.2+0.1)X 10 GeV . Thus the W pole
saturates the observed weak interaction rate. The interac-
tion must be vector, since J= 1, and parity is maximally
violated, since (p) =(A, )=+1. The only missing ele-

ment is, the separation between V+A and V —A alterna-
tives. For this purpose a polarization measurement is
needed. It may be accomplished in the near future by
studying, for instance, the decay 8'~~+v and using the
~ decay as the polarization analyser or producing inter-
mediate vector bosons (IVB's) with longitudinally polar-
ized protons.

The universality of couplings and the decay modes of
particles of different flavours into different lepton fami-
lies can also be expected on the basis of' the observation of
the other decay modes of the 8'particles.

V CELLO + MAC
O JAOE x MARK 6
~ MARK J 0 MARK I6 TASSO T PLUTO

PHRS

e+e -= p+, p,
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()Ms-

QED or QA=0
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rT1z= 95 GeV-0.&5-
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FIG. 23. Experimental evidence for a weak-electromagnetic in-
terference effect in the process e+e ~p+p at high-energy
colliding beams. It can be seen that data are better fitted if the
presence of a finite mass mz propagator is assumed.
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and W —now available constitute a critical test of the idea
of unification between weak and electromagnetic forces,
and in particular of the predictions of the SU(2) XU(i)
theory of Glashow (1961), Weinberg (1967), and Salam
(1968). A careful account of systematic errors is needed
in order to evaluate an average between the mass deter-
minations for the two collider experiments, UA1 and
UA2 (Rubbia, 1983a). Table II summarizes all experi-
mental information related to W-+ and Z .

The charged vector boson mass is

m +=(80.0+1.5) GeV/c (statistical errors only),

to which a 3% energy scale uncertainty must be added.
In this report a value for the Z mass, mz, ——(95.1+2.5)

GeV/c, has been given. Neglecting systematic errors, a
mass value is found with somewhat smaller errors:
mzo ——(95.6+ 1.4) GeV/c (statistical errors only), to
which the same scale uncertainty as that for the W+— ap-
plies. The quoted errors include (i) the neutral width of
the Z peak, which is found to be I'&8.5 GeV/c (90%
confidence level), (ii) the experimental resolution of
counters, and (iii) the rms spread between calibration con-
stants of individual elements. It should be remarked that
the masses of the IVB's have the following prediction:

m w = [~a/V 2GF sin2ew(1 —b,r )]~~2,

Mz=mw/cosew ~

where the value Ar represents the effect of the higher-
order radiative corrections, and the second equation can

be used as a definition of the Weinberg angle ew. Since
Gz and a are known, 8~ can be eliminated between equa-
tions:

mz=mw/(1 —A /mw)'~

5» =3' mz/[mw(mw+mz)(mz —mw)] ~

A ={37.2810+0.003) GeV .

Radiative corrections are quite large (Consoli, 1983;
Consoli et al. , 1983; Veltman, 1983; Marciano, 1983) and
detectable at the present level of accuracy. Calculations
of order O{a)+O(a lnm) give the following result:

6r =0.0696+0.0020,

which is insensitive to the parameters

sin 8~ =0.217,

I,=40 GeV/c, mb ——5 GeV/c

The main effect can be understood as n being a running
coupling constant, namely,

a= 1/137.035962 at q =0,

a= 1/137.5 at q =mw

Figure 30 shows mz plotted against I~. The elliptical
shape of the errors reAects the uncertainty in the energy
scale. It can be seen that there is excellent agreement with
the expectations of the SU(2) X U(1) Standard Model
(Consoli, 1983; Consoli et al. , 1983; Veltman, 1983; Mar-

TABLE II. W —and Z parameters from the UA1 and UA2 experiments.

UA1 UA2

X (8 ev)
mg (Gev/c )

I g (0 go CL)
(o.B) (nb)

52'
80.9+ 1.5+2.4

&7 GeV
0.53+0.08+0.09

37'
83.1+1.9+1.3

0.53+0.10+0.10

x (8'—+pv)
mg (Gev/c )
(o.B) (nb)

14
81 ~ 0+7

0.67+0. 17+0.15

X (Z ~e+e )

m o (GeV/c )

rz (90% CL)

(oB) (nb)

3+ 1c

95.6+1.4+2.9
&8.5 GeV

0.05+0.02+0.009

7+ 1'
92.7+ 1.7+ 1.4

&6.5 GeV

0.11+0.04+0.02

N (Z —+p+p )

m 0 (GeV/c )

(og) (nb)

4+ 1'
85.6+6.3

0. 105+0.05+0. 15

sin'8~ ——38.5/m ~ 0.226+0.0015 0.216+0.010+0.007

P= [BIw/mzcosegr]

'pT & 15 GeV/c.
bpT & 25 GeV/c.
'Z ~l+l y (Ez&20 GeV).

0.968+0.045
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FIG. 30. Comparison between the Standard Model and the ex-
perimental results (UA1 and UA2 combined). Theory is from
Consoli (1983), Consoli et al. (1983), Marciano (1983), and Velt-
man (1983).

p=mw~~ ocos p2 2 2

Using the experimental values, one finds

p =1.000+0.036,

ciano, 1983).
We can then extract the renormalized value of sin 0~

at mass scale m ~. Inserting the value of m ~, one finds

sin'O~ =0.220+0.009,

in excellent agreement with the renormalized value of
sin 0~——0.215+0.014 deduced from neutral-current ex-
periments. Using the information of the Z mass, one
can determine the parameter p, related immediately to the
isospin of the Higgs particle:
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