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From Neutral Currents to Weak Vector Bosons

The unification of weak and electromagnetic interactions, 1973–1987.

Fermi’s theory of weak interactions survived nearly unaltered over the years. Its basic
structure was slightly modified by the addition of Gamow–Teller terms and finally by the
determination of the V-A form, but its essence as a four fermion interaction remained.
Fermi’s original insight was based on the analogy with electromagnetism; from the start
it was clear that there might be vector particles transmitting the weak force the way the
photon transmits the electromagnetic force. Since the weak interaction was of short range,
the vector particle would have to be heavy, and since beta decay changed nuclear charge,
the particle would have to carry charge. The weak (or W) boson was the object of many
searches. No evidence of the W boson was found in the mass region up to 20 GeV.

The V-A theory, which was equivalent to a theory with a very heavy W , was a satisfac-
tory description of all weak interaction data. Nevertheless, it was clear that the theory was
not complete. As described in Chapter 6, it predicted cross sections at very high energies
that violated unitarity, the basic principle that says that the probability for an individual pro-
cess to occur must be less than or equal to unity. A consequence of unitarity is that the total
cross section for a process with angular momentum J can never exceed 4π(2J + 1)/p2

cm .
However, we have seen that neutrino cross sections grow linearly with increasing center-
of-mass energy. When the energy exceeds about 300 GeV, there would be a contradiction.

It might be hoped that the theory could be calculated more completely, to a higher order
in the Fermi coupling constant. In a complete theory, these corrections could bring the pre-
dictions back into the allowed range. Unfortunately, the Fermi theory cannot be calculated
to higher order because the results are infinite. Infinities arise in calculating quantum elec-
trodynamics (QED) to higher order, as well. In QED, it is possible to absorb these infinities
so that none appears in the physical results. This is impossible in the Fermi theory. Writ-
ing the Fermi theory in terms of the W bosons enhances the similarity with QED, but the
infinities remain.

The first step in the solution to this problem came from C. N. Yang and R. Mills, who in
1954 developed a theory of massless interacting vector particles. This theory could accom-
modate particles like the photon, W+, and W− that would interact with one another, but it
required them to be massless. The infinities in the model could be reabsorbed (the model
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358 12. From Neutral Currents to Weak Vector Bosons

was “renormalizable”). An important advance was made by Peter Higgs, who in 1964
showed how a theory initially containing a massless photon and two scalar particles could
turn into a theory with a massive vector particle and one scalar. This “Higgs mechanism”
was a key ingredient in the final model.

The Standard Model of electroweak interactions, developed largely by Glashow,
Weinberg, and Salam begins with massless Yang–Mills particles. These are denoted
W+, W−, W 0, and B (not to be confused with the B meson of the previous chapter, which
plays no role here). The W ’s form a triplet of a new symmetry, “weak isospin,” while the
B is an isosinglet. The Higgs mechanism is invoked to give mass to the W bosons. At
the same time, the two neutral particles, W 0 and B mix to produce two physical particles,
the photon (represented by the field A) and the Z . The photon, of course, is massless. The
Z acquires a mass comparable to that of the W .

The Fermi theory is equivalent to the exchange of only charged weak bosons. This allows
for processes like νµe− → µ−νe, which may be viewed as emission of a W+ by the initial
neutrino, which turns into a muon and its absorption by the electron, which turns into
an electron-neutrino. When the W is emitted or absorbed, the charges of the interacting
particles are changed. The currents to which the W attaches, for example eγµ(1 − γ5)νe,
are called charged currents. The process νµe− → νµe− cannot proceed in the Fermi theory
because the charged current can change νµ only to µ−, not to e−, as was shown by the two-
neutrino experiment discussed in Chapter 7. The Z boson adds new interactions, ones with
neutral currents. The νµ can emit a Z which is absorbed by the electron, thus permitting the
process νµe− → νµe−. No charge is transferred. The existence of weak neutral currents is
a dramatic prediction of the model.

In fact, neutral-current processes had been searched for in decays like K + → π+e−e+
and K 0

L → µ+µ− (where the e+e− or µ+µ− would be viewed as coming from a virtual
Z ) and found to be very rare or nonexistent. These searches had been limited invariably
to strangeness-changing neutral currents, for example the current that transformed a K +

into a π+. The reason for this limitation was simple. In most instances where there is no
change of strangeness, if a Z can be exchanged, so can a photon. Thus the effect of the
Z , and hence of the neutral weak current, was always masked by a much larger electro-
magnetic effect. One way to avoid this was to look for scattering initiated by a neutrino
that emitted a Z that subsequently interacted with a nuclear target. This process could not
occur electromagnetically since the neutrino does not couple to photons. The signature of
such a process was the absence of a charged lepton in the final state.

Although neutral currents were predicted in the model of Glashow, Weinberg, and
Salam, the intensity of the search for them increased dramatically in the early 1970s when,
through the work of G. ’t Hooft and others, the theory was shown to be renormalizable.
Weinberg and Salam had conjectured that the theory was renormalizable, but there was no
proof initially.

The discovery of neutral-weak-current interactions was made in mid 1973 by
A. Lagarrigue, P. Musset, D. H. Perkins, A. Rousset, and co-workers using the Gargamelle
bubble chamber at CERN (Ref. 12.1). The experiment used separate neutrino and
antineutrino beams. The beams were overwhelmingly muon-neutrinos, so the task was

use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9780511609923.014
Downloaded from https://www.cambridge.org/core. UNIVERSIDAD AUTONOMA METROPOLITANA, on 11 Nov 2026 at 18:15:33, subject to the Cambridge Core terms of

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9780511609923.014
https://www.cambridge.org/core


12. From Neutral Currents to Weak Vector Bosons 359

to demonstrate the occurrence of events without a final-state muon. Muons could be
distinguished from hadrons in the bubble chamber because it was filled with a rather dense
material, freon, in which most of the produced hadrons would either interact or range
out. The muons, then, were signaled by the particles exiting from the chamber without
undergoing a hadronic interaction.

The background with the greatest potential to obscure the results was due to neutrino
interactions occurring in the shielding before the bubble chamber. Neutrons produced in
these interactions could enter the bubble chamber without leaving a track and cause an
event from which, of course, no muon would emerge. The Gargamelle team was able to
control this background by studying a related class of events. Some ordinary charged-
current events occurring within the bubble chamber yielded neutrons that subsequently had
hadronic collisions inside the bubble chamber. These events were quite analogous to the
background events in which the initial neutrino interaction took place in the shielding. By
studying the events in which the neutron’s source was apparent, it was possible to place
limits on the neutron background arising outside the chamber. In addition, the neutral-
current events had another characteristic that indicated they were due to neutrinos. They
were evenly distributed along the length of the bubble chamber. If they had come from
neutrons there would have been more of them at the front and fewer at the back as a
consequence of the depletion of the neutrons traveling through the freon. The neutrinos
have such a small cross section that there is no measurable attenuation.

Not only did the experiment find convincing evidence for the neutral-current events,
it measured the ratio of neutral-current to charged-current events both for neutrinos and
antineutrinos. This was especially important because it provided a means of measuring the
value of the neutral weak charge to which the Z boson coupled.

The electroweak theory contains three fundamental parameters aside from the masses
of the particles and the mixing angles in the Kobayashi–Maskawa matrix. Once these are
determined, all purely electroweak processes can be predicted. To determine the three
parameters, it is necessary to measure three fundamental quantities. There is, however, a
great deal of freedom in choosing these experimental quantities. It is natural to take two
of them to be αem ≈ 1/137 and GF ≈ 1.166 · 10−5 GeV−2 since these are quite well
measured. The third quantity must involve some new feature introduced by the electroweak
model. The strength of the neutral weak currents is such a quantity. The result is often
expressed in terms of the weak mixing angle θW that indicates the degree of mixing of the
W 0 and B bosons that generates the photon and Z :

A = sin θW W 0 + cos θW B; W 0 = sin θW A + cos θW Z; (12.1)

Z = cos θW W 0 − sin θW B; B = cos θW A − sin θW Z . (12.2)

The photon couples to particles according to their charges. We can represent the coupling
to a fermion f by

f γµeQ f Aµ (12.3)
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360 12. From Neutral Currents to Weak Vector Bosons

Table 12.1. The weak interaction quantum numbers of quarks and leptons in the Standard
Model. The subscripts indicate left-handed and right-handed components.

eL eR νL uL u R dL dR

Q −1 −1 0 2/3 2/3 −1/3 −1/3

T3 −1/2 0 1/2 1/2 0 −1/2 0

1
2 Y −1/2 −1 −1/2 1/6 2/3 1/6 −1/3

or, in shorthand, eQ A, where Q measures the charge of a particle in units of the proton
charge, e, and A is the electromagnetic vector potential.

The absorption of a W+ boson changes an electron into a neutrino. This action can be
represented by the isospin operator T+ if the neutrino and electron form a doublet with the
neutrino being the T3 = 1/2 component. Of course, we already know that it is only the left-
handed component of the electron that participates, so we assign zero weak isospin to the
right-handed part of the electron. The quarks are treated analogously, with the absorption
of a W+ changing a left-handed d into a left-handed u.

The B boson couples to fermions according to another new quantum number, the “weak
hypercharge,” Y . These new quantum numbers satisfy an analog of the Gell-Mann–
Nishijima relation Q = T3 + Y/2 as shown in Table 12.1.

After the mixing of the B and W 0 that produces the photon and the Z , the coupling of
the photon to fermions is given by eQ and that of the Z by

e

sin θW cos θW

[
T3 − Q sin2 θW

]
(12.4)

where T3 has an implicit (1−γ5)/2 included to project out the left-hand part of the fermion.
This is explained in greater detail below. Because the Z couples differently to left-handed
and right-handed fermions, its interactions are parity violating. By comparing the couplings
of the Z to that of the W , it is possible to derive a relation for the ratio of neutral-current
events to charged-current events in deep inelastic neutrino scattering, NC/CC , using the
parton model discussed in Chapter 8. Although the parton model is expected to work best
at very high energies, the early Gargamelle results on charged currents showed that the
model worked well even at the low energies available to Gargamelle using the CERN
Proton Synchrotron. If the scattering of the neutrinos from antiquarks is ignored (a 10–20%
correction), the predictions are

Rν =
(

NC

CC

)
ν

= 1

2
− sin2 θW + 20

27
sin4 θW , (12.5)
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12. From Neutral Currents to Weak Vector Bosons 361

Rν =
(

NC

CC

)
ν

= 1

2
− sin2 θW + 20

9
sin4 θW . (12.6)

In these relations, it is assumed that

m2
Z = m2

W / cos2 θW , (12.7)

a prediction of the simplest version of the Standard Model of electroweak interactions as
discussed below. The Gargamelle results indicated that sin2 θW was in the range 0.3 to 0.4.

These results were followed by confirmation from other laboratories. The neutral-current
events were not rare. They were easy to find. The problem was to demonstrate that they
were not due to any of the various backgrounds. The Harvard–Penn–Wisconsin (HPW)
experiment at Fermilab did verify the result, but only after some considerable difficulty in
determining their efficiency for identifying muons (Ref. 12.2). The HPW experiment was
a counter experiment. The target and detector were combined into a segmented unit. This
was followed by a muon spectrometer. A diagram of the apparatus and the appearance of
an event in the detector are shown in Figure 12.1. Inevitably there was the problem of deter-
mining how many muons failed, for geometrical reasons, to enter the muon spectrometer.

Another Fermilab experiment, a Caltech–Fermilab collaboration, also confirmed the
existence of neutral currents (Ref. 12.3). A good measurement of sin2 θW , however, had
to await the results of the CERN experiments, carried out by the CDHS, CHARM, and
BEBC collaborations mentioned in Chapter 8. The CERN experiments used a beam from
the Super Proton Synchrotron (SPS). The values obtained were about 0.30 for Rν and 0.38
for Rν . Later analyses of the neutral-current data found a value sin2 θW = 0.23.

The existence of the neutral currents was important circumstantial evidence for the elec-
troweak model. The neutral-current to charged-current ratios lay close to the curve required
by the model. Very impressive evidence came from a different kind of neutral-current
experiment performed at SLAC. This experiment measured the interference between an
electromagnetic amplitude and one due to neutral weak currents.

The experiment of Prescott and co-workers (Ref. 12.4) measured the scattering of lon-
gitudinally polarized electrons from a deuterium target. A dependence of the cross section
on the value of σe · pe, where σe is the electron’s spin, is necessarily a parity violation
since this is a pseudoscalar quantity. The experiment actually measured the asymmetry

A = σR − σL

σR + σL
. (12.8)

where the subscript on the cross section indicates a right-handed or left-handed electron
incident.

The right-handed and left-handed electron beams were produced by a source using a
laser shining on a GaAs crystal. A Pockels cell allowed linearly polarized laser light to be
changed into circularly polarized light, with the polarization changed pulse to pulse in a
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362 12. From Neutral Currents to Weak Vector Bosons

Figure 12.1. Diagram (a) of the HPW neutrino detector used at Fermilab (Ref. 12.2). There
were eight spark chambers (SC) and sixteen liquid scintillator segments. The muon spectrometer
contained four magnetized iron toroids. Additional scintillator counters are labeled A, B, C, D. An
event is seen in the spark chambers and the same event is shown enlarged in (b). A muon track is
visible in the muon spectrometer so this is a charged current event. The energy deposition for the
event is displayed in (c).

random way, which was recorded. The polarized photons ejected polarized electrons from
the crystal, with an average polarization of 37%.

On the basis of very general considerations, it was possible to see that the weak–
electromagnetic interference effect should give A a value of order GF Q2/α where Q2

is the momentum transferred squared of the electron (and is not to be confused with
the charge operator!). A more complete calculation shows the effect ought to be about
one-tenth this size, or near 10−4 for Q2 of about 1 GeV2. In order that such an effect not
be masked by statistical fluctuations, about 1010 events are needed. This was achieved by
integrating outputs of phototubes rather than counting individual events.

The scattered electrons were collected in a magnetic spectrometer like that used in the
pioneering deep inelastic scattering experiments carried out 10 years before. Measurements
were made for several beam energies. Because the beam was bent through an angle of 24.5◦
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12. From Neutral Currents to Weak Vector Bosons 363

before scattering, the polarized electrons precessed. This provided an additional check of
the measurements.

The asymmetry can be predicted within the standard electroweak model. The result is a
function of y = (E − E ′)/E , the fraction of the incident electron’s energy that is lost:

A = −GF Q2

2
√

2πα

9

10

{
1 − 20

9
sin2 θW + (1 − 4 sin2 θW )

[
1 − (1 − y)2

1 + (1 − y)2

]}
. (12.9)

The result of the experiment, A/Q2 = (−9.5 ± 1.6) × 10−5 GeV−2, was in good
agreement with the Standard Model for a value sin2 θW = 0.20 ± 0.03.

The measurement of the weak mixing angle in the neutral-current experiments made it
possible to predict the masses of the W and Z . Masses arise in the Standard Model from the
Higgs mechanism, which is due to hypothetical scalar particles, known as Higgs particles.
The field corresponding to a neutral Higgs particle obtains a vacuum expectation value
that is non-zero because this minimizes the energy of the vacuum. The various massless
particles in the theory obtain masses by interacting with this ubiquitous non-zero field. The
coupling of the vector (gauge) particles is governed by the analog of the usual minimal
coupling of electrodynamics:

Dµ = ∂µ − ieQ Aµ. (12.10)

In the conventional model, the Higgs particle is part of a complex isodoublet. This is
analogous to the kaon multiplet. There are four states, two charged and two neutral. We
can represent this as a two component vector

(
φ+

φ0

)
(12.11)

and its complex conjugate. In the vacuum, the field φ0 is non-zero: < φ0 >= v/
√

2. The
analog of the minimal coupling is

Dµ = ∂µ − igT · Wµ − ig′(Y/2)Bµ (12.12)

where the three components of T are the generators of the weak isospin and where g and
g′ are two coupling constants, one for SU(2) and one for U(1). Rewritten in terms of the
physical particles, this is

Dµ = ∂µ − ieQ Aµ− ig(T+W+
µ +T−W−

µ )/
√

2− ig(T3 −sin2 θW Q)Zµ/ cos θW . (12.13)

The relations between e, g, g′, and θW are

tan θW = g′

g
, 1/g2 + 1/g′2 = 1/e2. (12.14)
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364 12. From Neutral Currents to Weak Vector Bosons

A comparison with the usual V-A theory shows that

GF√
2

= g2

8m2
W

. (12.15)

This determines the W mass:

m2
W = πα√

2 sin2 θW GF
. (12.16)

In fact, a more precise result is obtained by using the electromagnetic coupling measured
not at zero momentum transfer but rather at a momentum squared equal to m2

W , α(m2
W ) ≈

1/129, a value that takes into account vacuum polarization corrections. Inserting the vac-
uum expectation value of the Higgs field we find mass terms from

(Dµφ)† Dµφ → 1

2

[
g2v2

4
(W+

µ W−µ + W−
µ W+µ) + g2v2

4 cos2 θW
ZµZµ

]
. (12.17)

This gives for the Z mass

m2
Z = m2

W / cos2 θW (12.18)

and with sin2 θW = 0.23, mW = 80 GeV, m Z = 91 GeV.
With a promising theory and a good measurement of sin2 θW , the search for the W and

Z now took a different character. The masses could be predicted from the results of the
neutral-current measurements of sin2 θW and lay outside the range of existing machines.
Following a proposal by D. Cline, C. Rubbia, and P. McIntyre, a major effort at CERN, led
by C. Rubbia and S. van der Meer, transformed the SPS into a colliding beam machine,
the SppS. The regular proton beam was used to create antiprotons, which were captured
and stored. The antiprotons then re-entered the SPS, but moving in the opposite direction.
A particularly difficult problem was to compress the beam of antiprotons so that it would
be dense enough to cause many collisions when the protons moving the other way passed
through it.

If a u quark from a proton and a d quark from an antiproton collided, a W+ could be
created if the energy of the pair were near the mass of the W . The W+ would decay into
e+ν about 8% of the time. The cross section for this process was calculated to be a fraction
of a nanobarn (10−33cm2). A more spectacular signal could be obtained from Z ’s that
decayed into e+e− or µ+µ−.

The W and Z bosons were discovered by the two large collaborations, UA-1 (Ref. 12.5)
and UA-2 (Ref. 12.6), working at the SppS Collider. The UA-1 detector used a uniform
magnetic field of 0.7 T (7 kG) perpendicular to the beam. Inside the field was a high quality
drift chamber. External to the drift chamber was extensive coverage by electromagnetic
and hadronic calorimeters. The critical capability of discriminating between electrons and
hadrons was achieved using many radiation lengths of material, segmented into layers.
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12. From Neutral Currents to Weak Vector Bosons 365

Figure 12.2. A UA-1 event display for a candidate for Z0 → e+e−. (a) Display of reconstructed
tracks and calorimeter hits. (b) Display of tracks with pT > 2 GeV/c and calorimeter hits with ET >

2 GeV. The electron pair emerges cleanly from the event (Ref. 12.8).
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366 12. From Neutral Currents to Weak Vector Bosons

By covering nearly all of the full 4π steradians with calorimetry, it was possible to check
momentum balance in the plane perpendicular to the beam. This, in effect, provided a
neutrino detector for those neutrinos with transverse momentum above 15 GeV or so.

In colliding-beam machines like SPEAR, DORIS, PETRA, PEP, ISR, and the SppS
Collider, the event rate is related to the cross section by

Rate = Lσ (12.19)

where L is the luminosity and is measured in cm−2 s−1. The luminosity depends on the
density of the intersecting beams and their degree of overlap. The total number of events
is σ

∫
Ldt . For the results reported by UA-1,

∫
Ldt = 18 nb−1 at an energy of

√
s = 540

GeV. The total event rate was high so various triggers were used to choose the small subset
of events to be recorded.

Events with electron candidates that had high transverse momentum detected in the cen-
tral part of the calorimeter and that were well-separated from any other high transverse
momentum particles were selected. This class contained 39 events. Five of these contained
no hadronic jets and thus had a significant transverse momentum imbalance, as would be
expected for decays W → eν. An alternative search through the same recorded events
sought those with large momentum imbalance. The same five events were ultimately iso-
lated, together with two additional events that were candidates for W → τν.

Figure 12.3. Lego plots for four UA-1 events that were candidates for Z0 → e+e− . The plots show
the location of energy deposition in φ, the azimuthal angle, and η = − ln tan(θ/2), the pseudorapid-
ity. The isolated towers of energy indicate the cleanliness of the events (Ref. 12.8).
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12. From Neutral Currents to Weak Vector Bosons 367

The mass of the W could be estimated from the observed transverse momenta. The result
was mW = 81 ± 5 GeV, in good agreement with predictions of the Standard Model using
the weak mixing angle as measured in neutral-current experiments. Similar results were
obtained by the UA-2 collaboration and also by observing the muonic decay of the W
(Ref. 12.7).

Later, the two collaborations detected the Z through its decays Z → e+e− (Refs. 12.8,
12.9) and Z → µ+µ− (Ref. 12.10). This discovery took longer because the cross section
for Z production is somewhat smaller than that for W ’s and because the branching ratios
Z → e+e− and Z → µ+µ− are expected to be only 3% each, while W → eν and
W → µν should be 8% each. However, the signature of two leptons with large invariant
mass was unmistakable, and only a few events were necessary to establish the existence
of the Z with a mass consistent with the theoretical expectation. An event that is a Z0

candidate measured by the UA-1 Collaboration is shown in Figure 12.2. The “lego” plots
for four UA-1 Z0 candidates are shown in Figure 12.3. An event measured by the UA-2
Collaboration is shown in Figure 12.4, together with its lego plot. During running at an
increased center-of-mass energy of 630 GeV additional data were accumulated. Results
for the decay Z → e+e− obtained by the UA-1 and UA-2 Collaborations are shown in
Figure 12.5.

The discovery of the W and the Z dramatically confirmed the basic features of the elec-
troweak theory. Its unification of the seemingly unrelated phenomena of nuclear beta decay
and electromagnetism is one of the major achievements of twentieth-century physics. With
elegance and simplicity, it subsumes the phenomenological V-A theory, extends that theory
to include neutral current phenomena and meets the theoretical demand of renormaliz-
ability. The unification of electromagnetism and weak interactions remarkably confirms
Fermi’s prescient observation that the fundamental process of beta decay, n → peν might
be viewed as the interactions of two currents. While the Fermi theory worked only in low-
est order, the new theory predicted higher order radiative corrections. Just as the Lamb shift
and g − 2 provided crucial test of QED, the real test of the electroweak theory was still to
come in higher precision measurements.
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Figure 12.4. A UA-2 candidate for Z0 → e+e−. The upper diagram shows a track detected by a
series of proportional chambers and a chamber following a tungsten converter. The calorimeter cells
indicate energy measured by the electromagnetic calorimeter. The lego plot for the event shows two
isolated depositions of electromagnetic energy, indicative of an e+e− pair (Ref. 12.9).
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12. From Neutral Currents to Weak Vector Bosons 369

Figure 12.5. (a) The invariant mass distribution for e+e− pairs identified through electromagnetic
calorimetry in the UA-1 detector. (Figure supplied by UA-1 Collaboration) (b) The analogous plot
for the UA-2 data (Ref. 12.12). In both data sets, the Z appears well-separated from the lower mass
background.
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370 12. From Neutral Currents to Weak Vector Bosons

Exercises

12.1 Make a graph with (NC/CC)ν as abscissa and (NC/CC)ν as ordinate. Draw the
curve of values allowed by the Standard Model ignoring contributions from anti-
quarks. Plot the results quoted in the text. What value of sin2 θW do you find?

12.2 Derive the predictions for (NC/CC)ν and (NC/CC)ν by comparing the couplings
of the W:

gT+/
√

2 = eT+/ sin θW

√
2

and the Z:

e(T3 − Q sin2 θW )/ sin θW cos θW .

Use an isoscalar target. For |q|2 << m2
W , m2

Z , the vector boson propagator is essen-
tially 1/m2

W or 1/m2
Z .

12.3 Use relations analogous to those in Chapter 8 for e−
L µ−

L → e−
L µ−

L , e−
R µ−

L , etc.
to derive the expression for the asymmetry, A, in polarized-electron–deuteron
scattering.

12.4 The classical equation for the motion of a charged particle with mass m, charge e,
and g-factor, g, in a plane perpendicular to a uniform field B is

dβ

dt
= e

mγ
β × B

where β is the velocity vector (J. D. Jackson, Classical Electrodynamics, 2nd Edition,
Wiley, New York, 1975. p. 559). If the direction of the spin is denoted s, then

ds
dt

= e

m
s ×

(
g

2
− 1 + 1

γ

)
B

Use these equations to verify the precession equation, Eq. (4) of Ref. 12.4.
12.5 * Assume that the W production at the SppS Collider is due to the annihilation of a

quark from the proton and an antiquark from the antiproton. Show that if the proton
direction defines the z axis, the produced W ’s have Jz = −1. Show that in the W
rest frame the outgoing negative leptons from W− → l−ν have the angular distri-
bution (1 + cos θ∗)2, while the positive leptons from W+ → l+ν have the angular
distribution (1 − cos θ∗)2, where θ∗ is measured from the z (proton) direction. What
is expected for Z decay? Compare with available data, e.g. S. Geer, in Proceed-
ings of the XXIII International Conference on High Energy Physics, Berkeley, 1986,
S. C. Loken ed., World Scientific, Singapore, 1987, p. 982.

Further Reading

A more theoretical, but non-technical presentation is given by C. Quigg Gauge Theo-
ries of the Strong, Weak, and Electromagnetic Interactions, Benjamin/Cummings, Menlo
Park, CA, 1983.
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12. From Neutral Currents to Weak Vector Bosons 371

The Standard Model is covered in E. D. Commins and P. H. Bucksbaum, Weak Interac-
tions of Leptons and Quarks, Cambridge University Press, Cambridge, 1983.

A semi-popular account of the W and Z discoveries is given by P. Watkins, Story of the
W and Z, Cambridge University Press, New York, 1986.
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Events induced by neutral particles and producing hadrons, but no muon or electron, have been observed in the 
CERN neutrino experiment. These events behave as expected if they arise from neutral current induced processes. 
The rates relative to the corresponding charged current processes are evaluated. 

(2) We have searched for the neutral current (NC) and 
charged current (CC) reactions: 

(I) 
which are distinguished respectively by the absence 
of any possible muon, or the presence of one, and on­
ly one, possible muon. A small contamination of 
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ve Iv~ exists in the vl-I/~ beams giving some CC events 
which are easily recognised by the e 1e+ signature. The 
analysis is based on 83 000 v pictures and 207 000 j) 
pictures taken at CERN in the Gargamelle bubble 
chamber mled with freon of density 1.5 X 103 kgJm3 * 
The dimensions of this chamber are such that most 

* A more detailed account of the analysis of this experiment 
appears in a paper to be submitted to Nuclear Physics . 
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hadrons are unambiguously identified by interaction 
or by range-momentum and ionisation_ Any track 
which could possibly be due to a muon has consigned 
the event to reaction (2)_ 

Analysis of the signal. To estimate the background 
of neutral hadrons coming from neutrino interactions 
in the shielding and simulating reaction (I), events 
where a visible charged current interaction produces 
an identified neutron star in the chamber (associated, 
AS, events) were also studied_ To obtain a good esti­
mate of the true neutral hadron direction from the 
direction of the observed total momentum a cut in 
visible total energy of"> I GeV was applied to the 
NC and AS events, as well as to the hadronic part of 
the CC events_ 

We have observed, in a fiducial volume of 3 m3, 
102 NC, 428 CC and 15 AS in the v run and 64 NC, 
148 CC and 12 AS in the v run_ Using these numbers 
without background substraction the ratios NCICC 
are then 0.24 for v and 0.42 for v, whilst the NCI AS 
ratios !lre 6 .8 and 5.3 respectively. 

The spatial distributions of the NC events have 
been compared to those of the CC events and found 
to be similar. In particular, the distribution along the 
beam direction of NC (fig. I) has the same shape as 
the CC distribution. In contrast the observed distribu­
tion of low energy neutral stars shows a typical expo­
nential attenuation as expected for neutron back­
ground. The distributions of radial position, hadron 
total energy, and angle between measured hadron to­
tal momentum and beam direction are also indistin­
guishable for NC and CC. 

Using the direction of measured total momentum 
of the hadrons in NC and CC events, a Bartlett meth­
od has been used to evaluate the apparent interaction 
mean free paths, Aa, for NC and CC which are found 
to be compatible with infinity. For the NC events we 
find Aa > 2.6 m at 90% CL; this corresponds to 3.5 
times the neutron interaction length for high energy 
( > I GeV) inelastic collisions in freon. 

Evaluation of the background. Since the outgoing 
neutrinos cannot be detected in reaction (1), the NC 
events may be simulated by neutral hadrons coming 
from the v beam or elsewhere. 

As a check for cosmic ray origin , the up-down 
asymmetries of NC events in vertical position and mo­
menta have been measured and found to be (3 ± 8)% 
and (- 8 ± 8)% respectively. In addition, a cosmic ray 
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Fig. I . Distributions along the v-beam axis. a) NC events in v. 
b) CC events in v (this distribution is based on a reference 
sample of - 1/4 of the total v film) . c) Ratio NCICC in v 
(normalized). d) NC in t. e) CC events in v. 0 Ratio NC/CC 
in v. g) Measured neutron stars with 100 < E < 500 Me V 
having protons only. h) Computed distribution of the back­
ground events from the Monte-Carlo. 
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exposure of 15000 pictures shows no NC type event 
satisfying the selection criteria. We conclude that the 
cosmic background is negligible. 

The low energy muons « 100 MeV/c) captured at 
rest in the v run could be mistaken as protons. A 
study of the observed muon spectrum in CC events, 
as well as a theoretical estimate of the low end of this 
spectrum shows that the correction to be applied is 
o ± 5 events. 

Interactions of neutral hadrons produced by the 
primary protons up to and including the target should 
produce events at an equal rate in v and v runs. On the 
contrary, we observe an absolute rate 4 times larger in 
the v run than in the v run. If the neutral hadrons are 
due to defocussed secondary pions and kaons, the 
disagreement is larger since we expect 1-2 times 
more events in v than in v. Since the whole installa­
tion is shielded from below by earth we should again 
expect up-down asymmetries in the NC events. This 
is not observed. 

The most important source of background is the 
interaction of neutral hadrons produced by the un­
detected neutrino interactions in the shielding. The 
high elasticity (0.7) of the neutrons causes a cascade 
effect in propagation through the shielding. The neu­
tron energy spectrum at production can, in principle, 
be obtained from the AS even ts together with avail­
able nucleon-nucleus data. Due to the limited statis­
tics in the AS events we make the extreme assump­
tion that all the NC events are neutron produced an 
use their observed energy spectrum to calculate the 
neutron spectrum from neutrino interactions. This 
gives an energy dependence described by £-2. The ef­
fective interaction length Ae of neutrons in the shield­
ing is then found to be 2.5 times the inelastic interac­
tion length, Ai. A smaller effective interaction length 
is found for KL although the background from this 
source must be negligible since we find no examples 
of AO hyperon production among the NC events. 

From the absolute value of the number of AS 
events, we can calculate the number of background 
events_ This has been done by Monte-Carlo genera­
tion of events in the shielding surrounding the fiducial 
volume according to the radial intensity distribution 
of the beam. The ratio of background events (B) to 
AS events is found to be B/AS = 0.7 for Ae = 2.5 Ai· 
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If the NC sample has to be explained as being en tirely 
due to neutral hadrons, the Monte-Carlo requires 
Ae /Ai > 10, instead of the best estimate of 2.5. Both 
ratios would predict distributions along the beam di­
rection in the chamber in strong disagreement with 
those observed. 

Another evaluation of this type of background has 
been made using the simple assumption that an equi­
librium of neutral hadrons with neutrinos exists 
throughout the entire chamber/shielding assembly. 
For a radially uniform v flux it gives B/AS < 1.0 
which confirms the Monte-Carlo prediction. 

Conclusion. We have observed events without 
secondary muon or electron, induced by neutral pen­
etrating particles. We are not able to explain the bulk 
of the signal by any known source of background, 
unless the effective in teraction length of neutrons and 
KL is at least 10 times the inelastic interaction length. 
These events behave similarly to the hadronic part of 
the charged current events. They could be attributed 
to neutral current induced reactions, other penetrat­
ing particles than vp. and ve' heavy leptons decaying 
mainly into hadrons, or by penetrating particles pro­
duced by neutrinos and in equilibrium with the v 
beam. 

On subtraction of the best estimate of the neutral 
hadron background, and taking into account the v(V) 
contamination in the v (v) beam, our best estimates 
of the NC/CC ratios are 

(NC/CC)v = 0.21 ± 0.Q3 

(NC/CC\, = 0045 ± 0.09 

where the stated errors are statistical only. If the 
events are due to neutral currents, these two results 
are compatible with the same value of Weinberg pa­
rameter, sin2 Ow [1-3] in the range 0.3 to 0.4. 
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PARITY NON·CONSERVATION IN INELASTIC ELECTRON SCATTERING {:, 
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We have measured parity violating asymmetries in the inelastic scattering of longitudinally polarized electrons from deu· 
terium and hydrogen. For deuterium near Q2 = 1.6 (GeV/c)2 the asymmetry is (-9.5 X 1O- 5)Q2 with statistical and sys­
tematic uncertainties each about 10%. 

We have observed a parity non·conserving asymme­
try in the inelastic scattering of longitudinally polar­
ized electrons from an unpolarized deuterium target. 
In this experiment a polarized electron beam of energy 
between 16.2 and 22.2 GeV was incident upon a liq­
uid deuterium target. Inelastically scattered electrons 
from the reaction 

e(polarized) + d -+ e' + X, (I) 

'" Work supported by the Dept. of Energy. 
I Permanent address: Annecy (LAPP), 74019 AnnecY-le-Vieux, 

France. 
2 Permanent address: National Laboratory for High Energy 

Physics, Tsukuba, Japan. 
3 Present address: Department of Physics, Kyoto University, 

Kyoto, Japan. 

were momentum analyzed in a magnetic spectrometer 
at 40 and detected in a counter system instrumented 
to measure the electron flux, rather than to count in­
dividual scattered electrons. The momentum transfer, 
Q2, to the recoiling hadronic system varied between I 
and 1.9 (GeV/c)2 (see table I). 

Parity violating effects may arise from the interfer­
ence between the weak and electromagnetic amplitudes. 
Calculations of the expected effects in deep inelastic 
experiments have been reported by several authors 
[1-7] , and asymmetries at the level of 10-4 Q2 are 
predicted for the kinematics of our experiment. Pre· 
vious experiments with muons [8] and electrons 
[9,10] have not achieved sufficient accuracy to ob­
serve such small effects. This same interference of am· 
plitudes may also give rise to measurable effects in 
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Table I 
Kinematic conditions at which data were taken. The average 
Q2 and y values were calculated for the shower counter using 
a Monte Carlo program. 

Beam 
energy 
Eo 
(GeV) 

16.18 
17.80 
19.42 
22.20 

g-2 
precession 
angle 
8prec 
(rad) 

5.0" 
5.5" 
6.0" 
6.9" 

Spectrom-
eter 
setting 
E' 
(GeV) 

12.5 
13.5 
14.5 
17.0 

Kinematic 
quantities 
averaged over 
spectrometer 

Q2 

(GeV/e)2 

1.05 
1.25 
1.46 
1.91 

y 

0.18 
0.19 
0.21 
0.21 

atomic spectra; experiments on transitions in the spec­
trum of bismuth have already been reported [11-13] . 

Of crucial importance to this experiment was the 
development of an intense source of longitudinally po­
larized electrons. The source consisted of a gallium 
arsenide crystal mounted in a structure similar to a reg· 
ular SLAC gun with the GaAs replacing the usual ther· 
mionic cathode. The polarized electrons were pro­
duced by optical pumping with circularly polarized 
photons between the valence and conduction bands 
in the GaAs, which had been treated to assure a sur­
face with negative electron affinity [14,15]. The light 
source was a dye laser operated at 710 nm and pulsed 
to match the linac (1.5 JlS pulses at 120 pulses per sec­
ond). Linearly polarized light from the laser was con­
verted to circularly polarized light by a Pockels cell, a 
crystal with birefringence proportional to the applied 
electric field. The plane of polarization of the light in­
cident on the Pockels cell could be varied by rotating a 
calcite prism. Reversing the sign of the high voltage 
pulse driving the Pockels cell reversed the helici ty of 
the photons which in turn reversed the helicity of the 
electrons. This reversal was done randomly on a pulse 
to pulse basis. The rapid reversals minimized the effects 
of drifts in the experiment, and the randomization 
avoided changing the helicity synchronously with peri­
odic changes in experimental parameters. Pulsed beam 
currents of several hundred milliamperes were achieved, 
with intensity fluctuations of a few percent. 

The longitudinally polarized electrons were accele­
rated with negligible depolarization as confirmed by 
earlier tests [16) *1. Both the sign and the magnitude 
of the polarization of the beam at the target were mea-
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sured periodically by observing the asymmetry in 
M~l1er (elastic electron-electron) scattering from a 
magnetized iron foil [16]. The polarization, lPel, 
averaged 0.37. Each measuremen t had a statistical er­
ror less than 0.01; we estimate an overall systematic 
uncertainty of 0.02. The beam intensity at the target 
varied between 1 and 4 X 1011 electrons per pulse. 

A schematic of the apparatus is shown in fig. 1. The 
target was a 30 cm cell of liquid deuterium. The spec­
trometer consisted of a dipole magnet, followed by a 
single quadrupole and a second dipole. The scattering 
angle was 4° and the momentum setting was about 
20% below the beam energy (see table 1 for the kine­
matic settings). The acceptance was ±7.4 mrad in scat­
tering angle, ±16.6 mrad in azimuth and about ±30% 
in momentum, as determined from a Monte Carlo 
model of the spectrometer. 

Two separate electron detectors intercepted elec­
trons analyzed by the spectrometer. The first was a 
nitrogen-filled Cerenkov counter operated at atmo­
spheric pressure. The second was a lead-glass shower 
counter with a thickness of nine radiation lengths (the 
TA counter). Approximately 1000 scattered electrons 
per pulse entered the counters. 

The high rates were handled by integrating the out­
puts of each phototube rather than by counting indio 
vidual particles. For each pulse, i, the integrated out· 
put of each phototube, Ni , was divided by the inte­
grated beam intensity (charge), Qi' to form the yield 
for that pulse, Yi = N/Qj' For the distributions of the 
Yj we verified experimentally that the (charge 
weighted) means of the distributions, (Y), were inde­
pendent of Q, within errors of about ±0.3%, and that 
the (charge weighted) standard deviations, ~Y, were 
consistent with the statistical fluctuations expected 
from the number of scattered electrons per pulse. For 
a run with n beam pulses the statistical uncertainty on 
IYI was given by ~Y/Vn. 

As a check on our procedures we measured the 
asymmetry for a series of runs using the unpolarized 
beam from the regular SLAC gun for which the asym­
metry should be zero. For a given run the experimen­
tal asymmetry was given by: 

Aexp = [(Y(+»- (Y(-»]j[(Y(+»+(Y(-»], (2) 

t1 The present experiment used the same target as ref. [161, 
but used a different spectrometer and detectors. 
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GUN f------, 

TO ELECTRONICS -------~L_J 

TO ELECTRONICS ------~ 

Fig. 1. Schematic layout of the experiment. Electrons from the GaAs source or the regular gun are accelerated by the linac. After 
momentum analysis in the beam transport system the beam passes through a liquid deuterium target. Particles scattered at 4' are 
analyzed in the spectrometer (bend-quad-bend) and detected in two separate counters (a gas Cerenkov counter, and a lead-glass 
shower counter). A beam monitoring system and a polarization analyzer are only indicated, but they provide important informa­
tion in the experiment. 

where + and - were assigned by the same random num­
ber generator that determined the sign of the voltage ap­
plied to the Pockels cell. For the shower counter we 
obtained a value of (-2.5 ± 2.2) X 10-5 for Aexp di­
vided by 0.37, the average value of IPe I for polarized 
beams from the GaAs source. The individual values 
were distributed about zero consistent with the calcu· 
lated statistical errors. We conclude that asymmetries 
can be measured in this apparatus to a level of about 
10-5. 

The same procedures were next applied to a similar 
series of runs using polarized beams. The helicity of the 
electrons coming from the source depended on the 
orientation of the linearly polarizing prism as well as 
on the sign of the voltage on the Pockels cell. Rotation 
of the plane of polarization by rotating the calcite 
prism through an angle ¢p caused the net electron hel· 
icity to vary as cos(2¢p)' We chose three operating 
conditions: 

(a) prism orientation at 0°, producing + (-) helicity 
electrons for + (-) Pockels cell voltage; 

(b) prism orientation at 45°, producing unpolarized 
electrons for either sign of Pockels cell voltage; and 

(c) prism orientation at 90°, producing - (+) heli­
city electrons for + (-) Pockels cell voltage. 

Positive helicity indicates that the spin is parallel 
to the direction of motion. As the prism is rotated by 
90°, Aexp should change sign since it is defined only 
with respect to the sign of the voltage on the Pockels 
cell. We may define a physics asymmetry, A, whose 

sign depends on the helicity of the beam at the target 

(3) 

where ¢p is the angle of orientation of the calcite prism. 
Fig. 2 shows the results at 19.4 GeV for Aexp/IPel. 

For the 45° point we used a value of 0.37 for IPel. 
These data are in satisfactory agreement with expecta-

20,-----~----,_----,_-----, 

10 

o Cerenkov Counter ., 

• Shower Counter / ...... ljI ..... , 
/ 

I 
I 

I 
I 

I Orientation f-- PrISm 

o j----.---+--- -+------

-10 

o / 90 (degrees) 
I 

I 
I 

'*-:>/ 
-20 L.. __ ---L. __ ...L __ --'-___ .....J 

Fig. 2. The experimental asymmetry shows the expected varia­
tion (dashed line) as the beam helicity changes due to the 
change in orientation of the calcite prism. The data are for 
19.4 GeV and deuterium. Since the same scattered particles 
strike both counters, they are not statistically independent. 
No systematic errors are shown. No corrections have been 
made for helicity dependent differences in beam parameters. 
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tions, and serve to separate effects due to the helicity 
of the beam from possible systematic effects associated 
with the reversal of the Pockels cell voltage. Only sta­
tistical errors are shown. The results at 45° are consis­
tent with zero and indicate that other sources of error 
in Aexp must be small. Furthermore, the asymmetries 
measured at 0° and 90° are equal and opposite, within 
errors, as expected. Fig. 2 shows data from both the 
Cerenkov counter and the shower counter. Although 
these two separate counters were not statistically inde­
pendent, they were analyzed with independent elec­
tronics and responded quite differently to potential 
backgrounds. The consistency between these counters 
serves as a check that such backgrounds are small. 

At 19.4 GeV with the prism at 0° the helicity at 
the target was positive for positive Pockels cell voltage. 
However, this helicity depended on beam energy, ow­
ing to the g - 2 precession of the spin in the transport 
magnets which deflected the beam through 24.5° be­
fore reaching the target. Because of the anomalous 
magnetic moment of the electron, the electron spin 
direction precessed relative to the momentum direc­
tion by an angle 

_ EO g - 2 _ EO (GeV) 
8prec - m c2 -2- 8bend - 3":"237" 7r rad, (4) 

e 

where me is the mass and g the gyromagnetic ratio of 
the electron. Thus we expect 

Aexp = lPel A cos [(EO (GeV)/3.237)1T], (5) 

where the signs of values of Aexp for the prism at 90° 
have been reversed before combining with values for 
the prism at 0°. Fig. 3 shows the results for the kine­
matic points in table I as a function of beam energy. 
At each point Q2 is different. Since we expect A to be 
proportional to Q2, we divide Aexp by Q2 *2. Fig. 3 
also shows the expected curve normalized to the point 
at 19.4 GeV. The data clearly follow the g - 2 modu­
lation of the helicity. At 17.8 GeV the spin is trans­
verse; any effects from transverse components of the 
spin are expected to be negligible, in agreement with 
our data. 

We conclude from figs. 2 and 3 that the observed 
asymmetries are due to electron helicity. Nevertheless, 

*2 This fact is true in all models. It arises, because the electro­
magnetic amplitude has a I/Q2 dependence, giving an asym­
metry proportional to Q 2 • 
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Fig. 3. The experimental asymmetry shows the expected varia­
tion (dashed line) as the beam helicity changes as a function of 
beam energy due to the g - 2 precession in the beam transport 
system. The data are for the shower counter and the deuterium 
target. No systematic errors are shown. No corrections have 
been made for helicity dependent differences in beam param­
eters. 

it is essential to search for and set limits on asymme­
tries due to effects other than helicity. Systematic ef­
fects due to slow drifts in phototube gains, magnet cur­
rents, etc., were minimized by the rapid, random re­
versals of polarization, m'd had negligible effects on 
Aexp. Effects due to random fluctuations in the beam 
parameters were small compared to the 3% pulse to 
pulse fluctuations due to counting statistics in the de­
tectors. This was verified experimentally by measuring 
Aexp with unpolarized beams from the regular SLAC 
gun, and also by generating "fake" asymmetries using 
pulses of the same helicity from the polarized data 
runs themselves. 

A more serious source of potential error came from 
small systematic differences between the beam param­
eters for the two helicities. Small changes in position, 
angle, current or energy of the beam can influence the 
measured yields. If these changes are correlated with 
reversals of the beam helicity, they may cause appar­
ent parity violating asymmetries. Using an extensive 
beam monitoring system based on microwave cavities, 
measurements were made for each beam pulse of the 
average energy and position [17]. Angles were deter-
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mined from cavities 50 m apart. The beam charge was 
determined using the standard toroid monitors [18]. 
The resolutions per pulse were about 10 /lm in posi· 
tion, 0.3 /lrad in angle, 0.01 % in energy, and 0.02% in 
beam intensity. A microcomputer driven feedback sys­
tem used position and energy signals to stabilize the 
average beam position, angle, and energy. Using the 
measured pulse to pulse beam information together 
with the measured sensitivities of the yield to each of 
the beam parameters, we made corrections to the asym­
metries for helicity dependent differences in beam pa­
rameters. For these corrections, we have assigned a sys­
tematic error equal to the correction itself. The most 
significant imbalance was less than one part per mil­
lion in EO which contributed -0.26 X 10-5 to A/Q2. 

We combine the values of A/Q2 from the shower 
counter for the two highest energy points to obtain 

A/Q2 = (-9.5 ± 1.6) X 10-5 (GeV/c)-2 (deuterium). 
(6) 

We do not include the point at 16.2 GeV because it 
contains fairly strong elastic and resonance con tribu­
tions. The Sign implies a greater yield from electrons 
with spin antiparallel to momentum. For this com­
bined point the average value of y = 1 - E' lEo is 0.21 
and the average value of Q2 is 1.6 (GeV/c)2. The 
quoted error, based on preliminary analysis, is derived 
from a statistical error of ±0.86 X 10-5 added linearly 
to estimated systematic uncertainties of 5% in the val­
ue of IPel, and of 3.3% from asymmetries in beam pa­
rameters. We determined experimentally that the 11"­

background contributed less than 0.1 X 10-5 to A/Q2. 
The result in eq. (6) includes normalization corrections 
of 2% for the 11"- background, and 3% for radiative cor­
rections. 

Any observation of non-conservation of parity in 
interactions involving electrons adds new information 
on the nature of neutral currents and gauge theories. 
Certain classes of gauge theory models predict no ob­
servable parity violations in experiments such as ours. 
Among these are those left-right symmetric models 
in which the difference between neutral current neu­
trino and anti-neutrino scattering cross sections is ex­
plained as a consequence of the handedness of the neu­
trino and anti-neutrino, while the underlying dynamics 
are parity conserving. Such models are incompatible 
with the results presented here. 

The simplest gauge theories are based on the gauge 
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Fig. 4. Comparison of our result for deuterium with two SU(2) 
X U(1) predictions using the simple quark-parton model for 
nucleons. The outer error bars correspond to the error quoted 
in the text (eq. (6». TIle inner error bars correspond to the 
statistical error. The y-dependence of A/Q2 for various values 
of sin2ew is shown for two models: Weinberg-Salam (solid 
lines) and the hybrid model (dashed line). 

group SU(2) X U(I). Within this framework the original 
Weinberg-Salam (W-S) model makes specific weak 
isospin assignments: the left-handed electron and quarks 
are in doublets, the right-handed electron and quarks 
are singlets [19]. Other aSSignments are possible, how­
ever. In particular, the "hybrid" or "mixed" model 
that assigns the right-handed electron to a doublet and 
the right-handed quarks to singlets has not been ruled 
out by neutrino experiments. 

To make specific predictions for parity violation in 
inelastic electron scattering, it is necessary to have a 
model for the nucleon, and the customary one is the 
simple quark-parton modeL The predicted asymme­
tries depend on the kinematic variable y as well as on 
the weak isospin assignments and on sin 2liw, where 
liw is the Weinberg angle. Fig. 4 compares our result 
for two SU(2) X U(1) models. The simplest model 
(W-S) is in good agreement with our measurement for 
sin 2liw = 0.20 ± 0.03 which is consistent with the val­
ues obtained in neutrino experiments. The hybrid mod-
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el is consistent with our data only for values of sin 2ew 
::;0.1. 

We took a limited amount of data at 19.4 GeV us· 
ing a liquid hydrogen target with the result 

A/Q2 = (-9.7 ± 2.7) X 10-5 (GeV/c)-2 (hydrogen), 
(7) 

where the error contains both statistical and systemat­
ic uncertainties. A proton target provides a different 
mix of quarks and is expected to give a slightly smaller 
asymmetry than deuterium [7] . Our results are not 
inconsistent with this expectation. 

It is a pleasure to acknowledge the support we re­
ceived from many people at SLAC. In particular we 
would like to thank MJ. Browne, GJ. Collet, 
R.L. Eisele, Z.D_ Farkas, H.A. Hogg, C.A. Logg and 
H.L. Martin for especially significant contributions. 
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We report the results of two searches made on data recorded at the CERN SPS Proton-Antiproton Collider: one for 
isolated large-ET electrons, the other for large-ET neutrinos using the technique of missing transverse energy. Both searches 
converge to the same events, which have the signature of a two-body decay of a particle of mass - 80 GeV/c2. The topology 
as well as the number of events fits well the hypothesis that they arc produced by the process ji + p'" W± + X, with W± 
... e± + v; where W± is the Intermediate Vector Boson postulated by the unified theory of weak and electromagnetic inter­
actions. 
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1. Introduction. It is generally postulated that the 
beta decay, namely (quark) -+ (quark) + e± + v is me­
diated by one of two charged Intermediate Vector 
Bosons (IVBs), W+ and W- of very large masses. If 
these particles exist, an enhancement of the cross sec· 
tion for the process (quark) + (antiquark) -+ e± + v 
should occur at centre-of-mass energies in the vicinity 
of the IVB mass (pole), where direct experimental ob­
servation and a study of the properties of such particles 
become possible. The CERN Super Proton Synchrotron 
(SPS) Collidcr, in which proton and antiproton colli­
sions at..fi = 540 GeV provide a rich sample of quark 
-antiquark events, has been designed with this search 
as the primary goal [1 J . 

Properties of IVBs become better specified within 
the theoretical frame of the unified weak and electro­
magnetic theory and of the Weinberg-Salam model 
(2). The mass of the IVB is precisely predicted (3): 

Mw± = (82 ± 2.4) GeV/c2 

for the presently preferred (4) experimental value of 
the Weinberg angle sin2ew = 0.23 ± 0.01. The cross 
section for production is also reasonably well antici­
pated [5) 

a(pp -+ W± -+ e± + v) "" 0.4 X 10-33 k cm2 , 

where k is an enhancement factor of ~ 1.5, which can 
be related to a similar well-known effect in the Drell­
Van production of lepton pairs. It arises from addi­
tional QCD diagrams in the production reaction with 
emission of gluons. In our search we have reduced the 
value of k by accepting only those events which show 
no evidence for associated jet structure in the detector. 

2. The detector. The VAl apparatus has already 
been extensively described elsewhere (6). Here we 
concentrate on those aspects of the detector which 
are relevant to the present investigation. 

The detector is a transverse dipole magnet which 
produces a uniform field of 0.7 T over a volume of 
7 X 3.5 X 3.5 m3. The interaction point is surrounded 
by the central detector (CD): a cylindrical drift cham­
ber volume, 5.8 m long and 2.3 m in diameter, which 
yields a bubble-chamber quality picture of each pp 
interaction in addition to measuring momentum and 
specific ionization of all charged tracks. 

Momentum precision for hlgh-momentum particles 
is dominated by a localization error inherent to the 

104 

system (';;100 Mm) and the diffusion of electrons drift­
ing in the gas (proportional to v1 and about 350 Mm 
after I = 22 cm maximum drift length). This results in 
a typical relative accuracy of ± 20% for a I m long 
track atp = 40 GeV/c, and in the plane normal to the 
magnetic field. The precision, of course, improves con­
siderably for longer tracks. The ionization of tracks can 
be measured by the classical method of the truncated 
mean of the 60% lowest readings to an accuracy of 10%. 
This allows an unambiguous identification of narrow, 
high-energy particle bundles (e+ e- pairs or pencil jets) 
which cannot be resolved by the drift chamber digi­
tizings. 

The central section of electromagnetic and hadronic 
calorimetry has been used in the present investigation 
to identify electrons over a pseudorapidity interval 
1171 < 3 with full azimuthal coverage. Additional calo­
rimetry, both electromagnetic and hadronic, extends 
to the forward regions of the experiment, down to 
0.20 (for details, see table I). 

The central electromagnetic calorimeters consist of 
two different parts: 

(i) 48 semicylindrical modules of alternate layers 
of scintillator and lead (gondolas), arranged in two 
cylindrical half-shells, one on either side of the beam 
axis with an inner radius of 1J6 m. Each module ex­
tends over approximately 1800 in azimuth and mea­
sures 22.5 cm in the beam direction. The light produced 
in each of the four separate segmentations in depth is 
seen by wavelength shifter plates on each side of the 
counter, in turn connected to four photomultipliers 
(PMs), two at the top and two at the bottom. Light 
attenuation is exploited in order to further improve 
the calorimetric information: the comparison of the 
pulse heights of the top and bottom PM of each seg­
ment gives a measurement of the azimuthal angle ¢ 
for localized energy depositions, 1).¢ (rad) = OJ/ 
[£(GeV») 1/2 . A similar localization along the beam 
direction is possible using the complementary pairing 
of PMs. The energy resolution for electrons using all 
four PMs is 1).£/£ = 0.15/[£(GeV)j1/2. 

(ii) 64 petals of end-cap electromagnetic shower 
counters (bouchons), segmented four times in depth, 
on both sides of the central detector at 3 m distance 
from the beam crossing point. The position of each 
shower is measured with a position detector located 
inside the calorimeter at a depth of 11 radiation 
lengths, i.e. after the first two segments. It consists of 
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Table I 
Calorimetry, 

Calorimeter Angular Thickness 
coverage 8 
(deg) No.rad. No. abs. 

lengths lengths 

barrel EM: gondolas 25 -155 26.4/sin B l.1/sin 8 

hadr.: c's 25 -155 5.0/sin 8 

end-caps EM: bouchons - 25 27/cos 8 1.1/cos 8 

hadr.: I's 155 -175 7 .1/cos B 

calcom EM 0.7- 5 30 1.2 

hadr. 175 -179.3 10.2 

very forward EM 0.2- 0.7 24.5 1.0 

hadr. 179.3-179.8 5.7 

two planes of orthogonal proportional tubes of 2 X 2 
cm2 cross section and it locates the centre of gravity 
of energetic electromagnetic showers to ± 2 mm in 
space. The attenuation length of the scintillator has 
been chosen to match the variation of sin 0 over the 
radius of the calorimeters, so as to directly measure 
in first approximation ET = E sin 0 rather than the 
true energy deposition E, which can, however, be de· 
termined later, using the information from the posi­
tion detector. This technique permits us to read out 
directly from the end-cap detectors the amount of 
transverse energy deposited, without reconstruction 
of the event topology. 

3. Electron identification. Electromagnetic showers 
are identified by their characteristic transition curve, 
and in particular by the lack of penetration in the ha­
dron calorimeter behind them. The performance of 
the detectors with respect to hadrons and electrons 
has been studied extensively in a test beam as a func­
tion of the energy, the angle of incidence, and the loca­
tion of impact. The fraction of hadrons (pions) deliver­
ing an energy deposition E c below a given threshold 
in the hadron calorimeter is a rapidly falling function 
of energy, amounting to about 0.3% for p "'" 40 GeV/c 

Cell size Sampling Segmentation Resolution 
step in depth 

Il.B 1l.<P 
(deg) (deg) 

180 1.2 mm Pb 3.3/6.5/10.1/6.5 Xo 0.15/$ 
1.5 mm scinto 

15 18 50mm Fe 2.5/2.5 I-- 0.8/$ 
10 mm scinto 

20 11 4mmPb 4/7/9/7 Xo 0.12/.JEi 
6 mm scinto 

10 50 mm Fe 3.5/3.5 I-- 0.8/$ 
10 mm scint. 

4 45 3 mmPb 4X 7.5 Xo 0.15/$ 
3 mm scint. 

40 mm Fe 6xI.71-- 0.8/VE 
8 mm scinto 

0.5 90 3mmPb 5.7/5.3/5.8/7.7 Xo 0.15/$ 
6 mm scinto 

0.5 90 40mm Fe 5 X 1.25 h 0.8/$ 
10 mm scint. 

and Ec < 200 MeV. Under these conditions, 98% of 
the electrons are detected. 

4. Neutrino identification. The emission of one 
(or more) neutrinos can be signalled only by an appar­
ent visible energy imbalance of the event (missing ener· 
gy). In order to permit such a measurement, calori­
meters have been made completely hermetic down to 
angles of 0.20 with respect to the direction of the 
beams. (In practice, 97% of the mass of the magnet is 
calorimetrized.) It is possible to define an energy flow 
vector 11 E, adding vectorially the observed energy de­
positions over the whole solid angle. Neglecting parti· 
cle masses and with an ideal calorimeter response and 
solid-angle coverage, momentum conservation requires 
11£ = O. We have tested this technique on minimum 
bias and jet-enriched events for which neutrino emis­
sion ordinarily docs not occur. The transverse compo­
nents f>Ey and f>Ez exhibit small residuals centred on 
zero with an rms deviation well described by the law 
f>£y,z = O.4(Lj IE~I)I/2, where all units are in GeV 
and the quantity under the square root is the scalar 
sum of all transverse energy contributions recorded in 
the event (fig. I). The distributions have gaussian shape 
and no prominent tails. The longitudinal component 
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Fig. L The missing transverse energy in the y 
direction [AEy (GeV)] plotted versus the scalar 
sum of missing transverse energy [ET (GeV)] 
for minimum bias triggers_ The y-axis is pointing 
up vertically. 

of energy AE"6 is affected by the energy flow escaping 
through the 0 singularity of the collider's beam pipe 
and it cannot be of much practical use. We remark that, 
like neutrinos, high-energy muons easily penetrate the 
calorimeter and leak out substantial amounts of energy. 
A muon detector, consisting of stacks of eight planes 
of drift chambers, surrounds the whole apparatus and 
has been used to identify such processes, which are oc­
curring at the level of 1 event per nanobarn for AEy,z 
~ 10 GeV. 

5. Data-taking and initial event selections. The pres­
ent work is based on data recorded in a 30-day period 
during November and December 1982. The integrated 
luminosity after subtraction of dead-time and other 
instrumental inefficiencies was 18 nb-1 , corresponding 
to about 109 collisions between protons and antipro­
tons at..ji = 540 GeV. 

For each beam-beam collision detected by scintil­
lator hodoscopes, the energy depositions in all calori­
meter cells after fast digitization were processed, in the 
time prior to the occurrence of the next beam-beam 
crossing, by a fast arithmetic processor in order to rec-
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ognize the presence of a localized electromagnetic 
energy deposition, namely of at least 10 GeV of trans­
verse energy either in two gondola elements or in two 
bouchon petals. In addition, we have simultaneously 
operated three other trigger conditions: (i) ajet trigger, 
with ~15 GeV of transverse energy in a localized clus­
ter *1 of electromagnetic and hadron calorimeters; 
(ii) a global ET trigger, with >40 GeV of total trans­
verse energy from all calorimeters with 11)1 < 1.4; and 
(iii) a muon trigger, namely at least one penetrating 
track with 11)1 < 1.3 pointing to the diamond. 

The electron trigger rate was about 0.2 event per 
second at the (peak) luminosity L = 5 X 1028 cm-2s-1 

Collisions with residual gas or with vacuum chamber 
walls were completely negligible, and the apparatus in 
normal machine conditions yielded an almost pure 
sample of beam-beam collisions. In total, 9_75 X 105 

triggers were collected, of which 1.4 X 105 were char-

*1 We define a cluster as: (i) a group of eight gondolas and 
the two hadron calorimeter elements immediately behind; 
or (ii) a quadrant of bouchon elements (8) with the corre­
sponding hadron calorimeters. 
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acterized by an electron trigger flag. 
Event filtering by calorimetric information was fur· 

ther perfected by off-line selection of 28000 events with 
ET > 15 GeV in twogondolas,orET > 15 GeVin 
two bouchon petals with valid position·detector infor­
mation. These events were finally processed with the 
central detector reconstruction. Of these events there 
are 2125 with a good quality, vertex-associated charged 
track of PT > 7 GeV/c. This sample will be used for 
the subsequent analysis of events in the gondolas. 

6. Search for electron candidates. We now require 
three conditions in succession in order to ensure that 
the track is isolated, namely to reject the debris of jets: 

(i) The fast track (PT > 7 GeV/c) as recorded by 
the central detector must hit a pair of adjacent gondo­
las with transverse energy ET > 15 GeV (1106 events). 

(ii) Other charged tracks, entering the same pair of 
gondolas, must not add up to more than 2 GeV/c of 
transverse momenta (276 events). 

(iii) The I/J information from pulse division from 
gondola phototubes must agree within 30 with the 
impact of the track (167 events). 

Next we introduce two simple conditions to en­
hance its electromagnetic nature: 

(iv) The energy deposition Ec in the hadronic calo­
rimeters aimed at by the track must not exceed 600 
MeV (72 events). 

(v) The energy deposited in the gondolas Egon must 
match the measurement of the momentum of the 

track PCD, namely II/PCD - I/Egonl < 30. 
At this point only 39 events are left, which were 

individually examined by physicists on the visual scan­
ning and interactive facility Megatek. The surviving 
events break up cleanly into three classes, namely 5 
events with no jet activity *2, II with a jet opposite 

*2 The definition of ajet is based on the UAI standard algo­
rithm, applied separately on the calorimetry and on the 
central detector data. Positive results on either sel are taken 
as evidence for a jet. In the calorimetry a four-vector (ki, 
Ei) pointing to the interaction vertex is associated with 
each struck cell. Working in the transverse plane, all vectors 
with kT > 2.5 GeV are ordered and are used as potential 
jet initiators. They are combined if their separation in phase 
space satisfies the cut AR = [(dTl)2 + (d</»21 112 < 1 (with 
</> in radians). The remaining soft particles are added to the 
nearest jet in dTi and d</>, provided the relative PT,is < 1 
GeV and dO < 45°. A jet is considered valid if E¥t > 10 
GeV. This same procedure is used for central detector 
tracks with appropriately adjusted parameters. 

to the track within a 30° angle in I/J, and 23 with two 
jets (one of which contains the electron candidate) or 
clear e+e- conversion pairs. A similar analysis per­
formed on the bouchon has led to another event with 
no jets. The classes of events have striking differences. 
We find that whilst events with jet activity have essen-
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Fig. 2. The missing transverse energy (Ev) is plotted Ycctorially 
against the electron direction for the events yielded by the 
electron search: (a) without jets, (b) with jets. 
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Fig. 3. The components of the missing energy parallel and 
perpendicular to the electron momentum plotted versus the 
electron energy for the events found in the electron search: 
(a) without jets, (b) with jets. 

tially no missing energy (fig. 2b) H, the ones with no 
jets show evidence of a missing transverse energy of 
the same magnitude as the transverse electron energy 
(fig. 3a), with the vector momenta almost exactly bal­
anced back-to-back (fig. 2a). In order to assess how 
significant the effect is, we proceed to an alternative 
analysis based exclusively on the presence of missing 
transverse energy. 

7. Search for events with energetic neutrinos. We 
start again with the initial sample of 2125 events with 
a charged track of PT > 7 GeV/c. We now move to 
pick up validated events with a high missing transverse 
energy and with the candidate track not part of a jet: 

(i) The track must point to a pair of gondolas with 
deposition in excess of ET > 15 GeV and no other 
track with PT > 2 GeV/c in a 20° cone (911 events). 

(ii) Missing transverse energy imbalance in excess 
ofiSGeV. 

Only 70 events survive these Simple cuts, as shown 
in fig. 4 . The previously found S jetless events of the 
gondolas are clearly visible. At this point, as for the 

*3 The II events with an electron and a jet exhibit a PT 4 

spectrum with the highest event at PT = 32 GeV Ie. 
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Fig. 4. The distribution of the square of the missing transverse 
energy for those events which survive the cuts requiring asso· 
ciation of the central detector isolated track and a struck gon­
dola in the missing-energy search. The five jeUess events from 
the electron search are indicated. 

electron analysis, we process the events at the interac­
tive facility Megatek: 

(iii) The missing transverse energy is validated, re­
moving those events in which jets are pointing to where 
the detector response is limited, Le. corners, light-pipe 
ducts going up and down. Some very evident , big sec­
ondary in teractions in the beam pipe are also removed. 
We are left with 31 events, of which 21 have Ec > 0.01 
Egon and 10 events in which Ec < 0.01 Egon ' 

(iv) We require that the candidate track be well iso­
lated, that there is no track with PT > I.S GeV in a 
cone of 30°, and that ET < 4 GeV for neutrals in 
neighbouring gondolas at similar </> angle . Eighteen 
events survive: ten with Ec *' 0 and eight with Ec = O. 

The events once again divide naturally into the two 
classes: II events with jet activity in the azimuth op-
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Fig. 5. A plot of the transverse energy in the EM calorimeters versus the fraction of energy deposited in the hadron calorimeters 
for events which survive the missing-energy search: (aj without jets, (bj with jets. 
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Table 2 
Main parameters of electron events with a large missing transverse energy. 

Properties of the electron track Calorimeter infonnatian 

Run, 
Op a) dE/ill< y h) Track Length Sagitta Electromagnetic energy deposition 

event ET 
III, No. Sample 1 Sample 2 S""lple 3 Sample 4 (GeV) (GeV) (GeV/c) (m) (m) (GeY) (GeV) (Ge\~ (GeV) 

2958 
26 42 33.8 

+6.3 1. 22 
""1.1 36 1.36 1.7 31 0.2 1279 -4.6 ±0.2 

3122 +8.2 1.37 
17 46 47.5 +1.7 18 1.64 1.5 32 10 0.5 214 -6.1 ±O.16 

3524 +21.8 1.37 
34 45 21.6 -0.8 26 1.25 2.11 30 14 0.2 

197 -7.2 ±O.3 

3610 +33.0 1.64 
38 40 33.4 +0.3 0.98 0.75 26 2.2 

760 -11.1 ±O.34 

3701 
37 37 56.2 

+121.3 1. 54 -0.1 12 0.95 0.4 18 17 0.9 
305 -22.8 ±O.28 

4017 
37 70 53.1 

+6.6 1.30 +1.4 2.01 2.0 19 48 0.3 
838 -5.3 ±O.26 

3262 40 40 6.7 ""1.9 1. 23 
0.0 21 0.85 3.0 22 15 0.9 

U08 -1. 2 ±O.28 

a) Including 200 I'm systematic error. b) Y is defined as positive in the direction of the outgoing p. 
c) Angle between electron and missing energy (neutrino). 

General event topology 

Ehad Etat Missing ET M c) Charged 
tracks 

(GeV) (GeV) (GeV) (deg.) 

278 24.4 :!; 4.6 179 65 

296 10.9 ± 4.0 219 49 

367 41.3 ± 3.6 187 21 

0.4 111 40.0 ± 2.0 181 10 

363 35.S ± 4.3 173 39 

177 32.3 ± 2.4 179 14 

218 33.4 ±2.9 172 21 

I1F.y1 
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posite to the track, and 7 events without detectable 
jet structure. If we now examine Ec ' we see that these 
two classes are strikingly different, with large Ec for 
the events with jets (fig. 5b) and negligible Ec for the 
jetless ones (fig. Sa). We conclude that whilst the first 
ones are most likely to be hadrons, the latter consti· 
tute an electron sample. 

We now compare the present result with the candi­
dates of the previous analysis based on electron signa. 
ture. We remark that five out of the seven events con­
stitute the previous final sample (fig. Sa). Two new 
events have been added, eliminated previously by the 
test on energy matching between the central detector 
and the gondolas. Clearly the same physical process 
that provided us with the large-PT electron delivers 
also high-energy neutrinos. The selectivity of our ap· 
paratus is sufficient to isolate such a process from 
either its electron or its neutrino features individually. 
If (ve, e) pairs and (VT' r) pairs are both produced at 
comparable rates, the two additional new events can 
readily be explained since missing energy can arise 
equally well from ve and VT' Indeed, closer inspection 
of these events shows them to be compatible with the 
r hypothesis, for instance, r- -> 1T-1TOVT with leading 
1T0. However, our isolation requirements on the charged 
track strongly biases against most of the r decay modes. 

8. Detailed description of the electron-neutrino 
events. The main properties of the final sample of six 
events (five gondolas, one bouchon) are given in table 2 
and marked A through F. The event G is a r candidate. 
One can remark that both charges of the electrons are 
represented. The successive energy depositions in the 
gondola samples are consistent with test beam findings. 
All but event 0 have no energy deposition in the ha­
dron calorimeter; event 0 has a 400 MeV viSible, 1% 
leakage beyond 26.4 radiation lengths. Test beam mea­
surements show that this is a possible fluctuation. 
Multiplicity of the events is widely different: event F 
(fig. 6b, fig. 7b) has a small charged multiplicity (14), 
whilst event A (fig. 6a, fig. 7a) is very rich in particles 
(65). Event B is the bouchon event, and it has a num­
ber of features which must be mentioned. A 100 MeV/c 
track emerges from the vacuum chamber near the exit 
point of the electron track, which might form a part 
of an asymmetric electron pair with the candidate. The 
initial angle between the two tracks would then be 11 0

, 

not incompatible with this hypothesis once Coulomb 

scattering and measurement errors of the two tracks 
are taken into account. There is also some activity in 
the muon detector opposite to the electron candidate; 
the muon track is unmeasurable in the central detector. 
For these reasons we prefer to limit our final analysis 
to the events in the gondolas, although we believe that 
everything is still consistent with event B being a good 
event. 

9. Background evaluations. We first consider pos­
sible backgrounds to the electron signature for events 
with no jets. Missing energy (neutrino signature) is not 
yet advocated. We have taken the following into con­
sideration: 

(1) A high'PT charged pion (hadron) misidentified 
as an electron, or a high'PT charged pion (hadron) 
overlapping with one or more 1T0. 

The central detector measurement obviously gives 
only the momentum P of the charged pion. In addition, 
the electromagnetic detectors can accumulate an arbi­
trary amount of electromagnetic energy from 1T0 's, 
which would simulate the electron behaviour. Since 
gondolas are thick enough to absorb the electromag­
netic cascade, the energy deposition in the hadron 
calorimeter is dominated by the punch-through of the 
charged pion of momentum P measured in the central 
detector, for which rejection tables exist from test 
beam results. In our 18 nb-1 sample we have searched 
for single-track events with PT > 20 GeV/c, no asso­
ciated jet, Ec > 600 MeV to ensure hadronic signature, 
and a reasonable energy balance (within 3 SO) between 
the charged track momentum measurement and the 
sum of hadronic and electromagnetic energy deposi· 
tions. We have found no such event. Once the measured 
pion rejection table is folded in, this background is en· 
tirely negligible. A further test against pile-up is given 
by the matching in the x-direction between the charged 
track of the central detector and the centroid of the 
energy depositions in the gondolas, and which is very 
good for all events. 

(2) High-PT 1TO, 110, or / internally (Oalitz) or ex­
ternally converted to an e+ e- pair with one leg missed. 
The number of isolated EM conversions (1T0, 11, /, etc.) 
per unit of rapidity has been directly measured as a 
function of ET in the bouchons, using the position de­
tectors over the interval 10-40 GeV. From this spec­
trum, the Bethe-Heitler formula for pair creation, and 
the Kroll-Wada formula for Oalitz pairs [7], the ex-
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Fig. 6. The digitization from the central detector for the tracks in two of the events which have an identified, isolated, well-mea­
sured high-PT electron: (a) high-multiplicity , 65 associated tracks; (b) low-multiplicity, 14 associated tracks. 

peeted number of events with a "single" e± with PT 
> 20 GeVle is 0.2 Po (GeV), largely independent of 
the composition of the EM component; Po is the ef­
fective momentum below which the low-energy leg of 
the pair becomes undetectable . Very conservatively, 
we can take Po = 200 MeVle (curvature radius 1.2 m) 
and conclude that this background is negligible. 
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(3) Heavy quark associated production, followed 
by pathological fragmentation and decay configuration, 
such that QI -+ e(vX) with the electron leading and the 
rest undetected, and Q2 -+ v(QX), with the neutrino 
leading and the rest undetected . In 5 nb - I we have 
observed one event in which there is a muon and an 
electron in separate jets, with p¥') = 4.4 GeV Ie and 
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a RUN 2956 Evt/1279 b RUN 4017 Evt 636 

E T max 25.1GeV 

ET max 32.7GeV 

ET max O.5GeV ET max 19GeV 

Fig. 7. The energy deposited in the cells of the central calorimetry and the equivalent plot for track momenta in the central detec­
tor for the two events of fig. 6. The top diagram shows the electromagnetic cells, the middle shows the central detector tracks, and 
the bottom plot, with a very much increased sensitivity, shows the energy in the hadron calorimeter. The plots reveal no hadronic 
energy behind the electron and no iet structure ; (a) high-multiplicity; (b) low-multiplicity. 
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pte) = 13.3 GeV/c. Requiring (i) extrapolation to the 
energy of the events, (ii) fragmentation functions for 
leading lepton, and (iii) a detection hole for all remain­
ing particles, makes the rate of these background 
even ts negligib Ie . 

In conclusion, we have been unable to find a back­
ground process capable of simulating the observed 
high-energy electrons. Thus we are led to the conclu­
sion that they are electrons. Likewise we have searched 
fo r backgrounds capable of simulating large-ET neu­
trino events. Again , none· of the processes considered 
appear to be even near to becoming competitive. 

10. Comparison between events and expectations 
from W decays. The simultaneous presence of an elec­
tron and (one) neutrino of approximately equal and 
opposite momenta in the transverse direction (fig. 8) 
suggests the presence of a two-body decay, W 4 e + ve ' 

The main kinematical quantities of the events are given 
in table 3. A lower, model-independent bound to the 
W mass m'!f can be obtained from the transverse mass , 
mi = 2p~ plf) (1 - cos ~ve)' remarking that mw ;;;. mT 
(fig. 9). We conclude that: 

mw > 73 GeV/c2 (90% confidence level) . 

A better accuracy can be obtained from the data if 
one assumes W decay kinematics and standard V - A 
couplings. The transverse momentum distribution of 
the W at production also plays a role. We can either 
(i) extract it from the events (table 3); or, (ii) use the­
oretical predictions [8J. 

Table 3 

EVENTS WITHOUT JETS 

G,V r--~---,---r---r----, 

10 

Ev~nts/2GtV > 

~ o: ~ ! L-t ----7:--"'~'-':., -=~L....::--" ~~~ 
10 20 )0 40 GeV 

Tr~nsvtrse electron energy IG eV) 

Fig. 8. The missing transverse energy component parallel to 
the electron, p lotted versus the transverse electron energy for 
the final six electron events without jets (5 gondolas, I bouchon) 
AU the events in the gondolas appear weU above the threshold 
cu ts used in the searches. 

As one can see from fig . 10, there is good agreement 
between two extreme assumptions of a theoretical 
model [8) and our observations. By requiring no asso­
ciated jet, we may have actually biased our sample to­
wards the narrower first-o rder curve . Fitting of the in-

Transverse mass and transverse momentum of a W decaying into an electron and a neutrino computed from the events of table 2. 

Run, event p~) of p~)= Transverse mass pfil} = IP~) + P¥') I 
electron missing ET (GeY/e) 2 (GeY) 
(GeY/c) (GeY) 

A 2958 24 ± 0.6 24.4 ± 4.6 48.4 ± 4.6 0.6 ± 4.6 
1279 

B 3522 17 ± 0.4 10.9 ± 4.0 26.5 ± 4.6 10.8 ± 4.0 
214 

C 3524 34 ± 0.8 41.3 ± 3.6 74.8 ± 3.4 8.6 ± 3.7 
197 

D 3610 38 ± 1.0 40.0 ± 2.0 78 .0 ± 2.2 2.1 ± 2.2 
760 

E 3701 37 ± 1.0 35.5 ± 4.3 72.4 ± 4.5 4.7 ± 4.4 
305 

F 4017 36 ± 0.7 32.3 i 2.4 68.2 ± 2.6 3.8 ± 2.5 
838 
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20 

B 
mmml 

40 

E [ 
~ 

F 0 

80 

Fig. 9. The distribution of the transverse mass derived from the 
measured electron and neutrino vectors of the six electron events. 

elusive electron spectrum and using full QCD smearing 
gives mW = (74 ~:) GeV/c2. The method finally used 
is the one of correcting, on an event-to-event basis, for 
the transverse W motion from the (Ev - Ee) imbalance, 
and using the Drell-Yan predictions with no smearing. 
The result of a fit on electron angle and energy and 
neutrino transverse energy with allowance for system­
atic errors, is 

mw = (81 ~~) GeV/c2 , 

in excellent agreement with the expectation of the 
Weinberg-Salam model [2]. 

We find that the number of observed events, once 
detection efficiencies are taken into account, is in 

> 
'" I.::J -0 lots) 

-o.CO Smeared 

20 30 

Pr of e + miss ~ GeV 

Fig. 10. The transverse momentum distribution of the W de­
rived from our events, using the electron and missing-energy 
vectors. This is compared with the theoretical predictions of 
Halzen et aL [8] for W production without [0(",.)] and with 
QCD smearing. 

agreement with the cross-section estimates based on 
structure functions, scaling violations, and the Wein­
berg-Salam parameters for the W particle [5]. 
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