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1. INTRODUCTION 
We are hwe today to honor Pier because we are his friends, we recognize and admire 

his contributions to physics and to society and we want to express this. Among these 
achievements is the creation of the SLAC Laboratory. Under the direction of Pief, SLAC 
has become a great laboratory, a focus and center For particle physics and physicists. And 
SLAC can congratulate itself on two fundamental discoveries, one of which is the 
cornerstone of the topic I have been assigned. These successes are not only to the credit of 
the experimenters responsible, but also in large measure to the credit of Fief, as father of 
the laboratory, as director, as guru, and as a participant, and the organizers of the Pief-Fcst 
were right in putting these experiments on the program. If I was asked to recall one of them, 
1 do not think it is because I am a great expert on the subject. 1 rather imagine it is because 
in our early days Pief and I had rhe pleasure of working together, in the days when 
interesting physics could be done in a few weeks by one or two people, and I am glad that 
the organizers remembered also these early days of Pief. I have been asked to talk about 
lepton scattering. In order to make a reasonably cohesive story I have picked out two 
topics: the inclusive scattering experiments which are responsible for our understanding of 
nucleon stwcture, and the neutral current experiments which were crucial in the history of 
the electroweak interaction. But it is necessary at least to mention two earlier fundamental 
discoveries of lepton scattering experiments: the electron scattering experiments performed 
here at Stanford by Hofstadter and colleagues and which found the nuclear form factors: 
and rhe first high-energy neutrino experiment, the Columbia-BNL experiment’ which 
showed that the muon and electron neutrinos are distinct. 

Many of you know the topics that it is my privilege to recall here more thoroughly than 
1 do. Nevertheless, I hope that it will give you a certain amount of pleasure to see again 
some of the results which contributed so much to the spectacular advance in our 
understanding of particles which characterizes these past dozen years. 

2. NUCLEON STRUCTURE AND THE STRONG INTERACTION 
2.1 Prehislory 

Among the earliest inelastic lepton-hadron experiments were those of Panofsky and 
others on electroproduction of pions I-6 at the Stanford HEPL 600 MeV linear accelerator in 
the mid 1950s. In the light of subsequent developments, one of the more interesting results 
was the realization, in the last of the quoted papers, that it is of greater interest to detect the 
final-state electron than the produced pion, the method followed previously. Figure I shows 
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Fig. 1 Apparatus for the measurement of the electroproduction of pions in which the 
scattered lepton is detected rather than the pion. (Ref. 6.) 
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Fig. 2 Baryon resonance excitation in inclusive electron scattering at CEA. (Ref. 7.) 

the experimental arrangements. This experiment of 1958 is the prototype of future inclusive 
scattering experiments. 

In the early sixties the energy of electron beams was increased by a factor of 10, to 
6 GeV with the turn-on of the Cambridge Electron Accelerator (CEA) and of the Deutsches 
Elektronen-Synchrotron (DESY). The inelastic electron scattering work then centered on 
the dynamics of the production of baryon resonances, as is illustrated in Fig. 2 taken from 
the work of Cone et al: at CEA and in Fig. 3 taken from that of Albrecht et aI.’ at DESY. 

2.2. The SLAC spectrometers 
Design of the 20 GeV and 8 GeV spectrometers began soon after construction of the 

two-mile 20 GeV electron accelerator had started in 1961. These massive and very carefully 
designed instruments reflect the fact that from the beginning of the project it was 
anticipated that inclusive scattering would play a dominant role in the experimentation at 
this machine, characterized by high intensity and small duty cycle. 

Panofsky participated in the spectrometer project, and the design owes much to his 
deep understanding of beam optics. Figures 4 and 5 give an overall view of the 8 GeV and 
20 GeV spectrometers, respectively. Figure 6 shows the detector assembly, and Fig. 7 is a 
photograph of the two spectrometers on the experimental floor. 

2.3 The discovery of proton constituents 
Inelastic measurements at SLAC began in the summer of 1967. The first important 

results were the inelastic cross-section at 6” presented at the Vienna meeting in 1968’ (a 
week or two after the invasion of Czechoslovakia). The result most relevant to nucleon 
structure is the one of d’o/dndE’(W,Q’) as a function of Q’ at W = 2 GeV and 3 GeV, 
shown in Fig. 8. The Q’ dependence is quite flat, in marked contrast to the form-factor 
dependence observed for elastic scattering and resonance production. Just such results had 
however been predicted by Bjorken for nucleons with ‘elementary constituents’ in his 1967 

” Varenna lectures. To quote two of his sentences: “I also think that the problems raised 
here are quite fundamental, dealing, in what seems to be a direct way, with the question of 
whether there are any ‘elementary constituents’ within the nucleon. Use of the iepton as a 
probe is a unique and possibly powerful way of attacking the problem!’ Panofsky, in his 
rapporteur’s talk at the Vienna meeting” said: “Therefore theoretical speculations are 
focused on the possibility that these data might give evidence on the behavior of point-like, 
charged structures within the nucleon.“However. the understanding of the impact of these 
early results at the time of the Vienna Conference was not yet clear. Recalling later the 
climate of those days, R. Taylor wrote in 1980’*:“Even by the time of the Liverpool 
Conference in 1969 many eminent theorists believed that ‘Vector Dominance’ was the most 
sensible explanation of the deep inelastic cross-sections. The confirmation of Bjorken’s 
conjecture was gradual rather than a sudden event on a given date.” It was probably 
Feynman who was the first to see the meaning of these first results in the way they are 
presently understood. Bjorken recalls’3:“Feynman visited SLAC in the midst of the first 
scaling data (the stuff presented by Pief at Vienna). He had been doing the 
parton model for hadron-hadron collisions (there is a Phys. Rev. Letter on that) and 
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Fig. 8 A plot of (dlu/dSldE’)/uJ.&t M a function of Q* in W bins, presented by the 
MIT-SLAC group at the Vienna Conference in 1966. First evidence for nucleon point&e 
constituents. 

instantly (i.e. overnight) recognized what was behind the scaling ideas, and went beyond 
where I had gone (at least in some directions). After he left town, Manny Paschos and 1 did 
our paper on partons, emphasizing rhe (new) idea of deep-inelastic Compton scattering. I 
expected Feynman to write something on his own, and was loo shy to suggest a joint paper 
or call him up and discuss what to do. Feynman in turn didn’t write up his ideas until. 
really, the Benjamin book ‘Photon-Hadron Interactions’ . He was of course busy in the 
meantime.” 

For mortals the appreciation came more gradually. The 6” data were augmented in 
1969 by the 10” dataI shown in Fig. 9. The data cover a larger Q’ range, but are still 
presented in W bins. The scaling variable, W, and the cross-sections in fixed W bins are 
not expected to be Q’ independent. 

But in 1970. the ideas seem 10 have crystallized to the presently accepted ones. At the 
Kiev Conference’s of that year, data al 6”. 10”. IV, and 26” were shown, the two structure 
functions could be separated, and results were for the first time presented in w = l/x bins. 
As an example, the data at w = 4 of Fig. 10 show scaling over a large Q* domain. The fact 
that the proton contains quasi-free point-like constituents was established and accepted. 

2.4 SLAC structure function dctcminntions 
A very brief r&umC of definitions and phenomenology is necessary here. Elec- 

tron-nucleon scattering is presumed to occur via exchange of a photon: 

e 

n,p e FinalJ~ron state 
, 

Q2 z -(k - k’)z = 4EE’ sin’ 6/Z 

v f q * p/M = E-E’ Q El,-M 

x : Q2/2t4v 

w =1/x 
w2 z (p+q)2. 

The cross-section can be written in terms of two structure functions, WI and WZ, which 
describe the interaction of the virtual photon with the nucleon: 

G= aMott b(x1Q21 + 2 tg2 ; WI (x. Q2) . 
I 
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FSg. 9 A plot of (&o/df&fJ?)/u~ott (LS 1) function of Q* in Fi’ bins; 10” data. (Ref. 15.) 
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Fig. 10 The structure function, ;Wa at z = 0.25, ia ahown aa a function of Q*, demon- 
strating scaling. Presented at the 15th Int. Conf. on High Energy Physics, Kiev, 1970. 
(Ref. 15.) 

In place of WZ and W it is now usual to use F1 = vW2 and xF, = MW. The Wl and WI 
are related to the scattering cross-sections of longitudinal photons, gs, and transverse 
photons, 07, Wz being proportional to their sum and W, to 0~. The ratio 

R = “S/UT =[ltqq$-I 

is expected to be small in the Quark Parton Model (QPM). The R is measured by noiing that the 
cross-section depends linearly on e = [I + (1 + Zv”/Q’) tg” 0121-l: 

& =[ I+ER(x,@)] . 

The earliest presentation of results on R were made at the Kiev Conference of 1970” and 
are shown in Fig. 11. Neutron structure functions were determined by comparing deuterium 
and hydrogen cross-sections, after correction for the motion of the nucleons in the 
deuteron. Early results, also shown in Kiev, are reproduced in Fig. 12. In the naive QPM 
the ratio is expected to be unity at large w where the contribution is from the quark- 
antiquark sea. and 2/3 at small W, if the up and down quark distributions have the same 
form. The deviation at small w, evident in these early data, has been confirmed and must be 
attributed to differences in the structure functions of up and down quarks in the proton. 

The MIT and the SLAC groups went on to complete systematic, precise structure 
function measurements’6-‘B which stand today as landmarks of reliable experimentation. A 
sample of results is shown in Figs. 13 to 16. Figure 13 of Ref. 16 shows the Q’ dependence 
of VWZ plotted for three sets of ‘scaling’ variables all reducing to x at large Q’ and, 
therefore, equally appropriate. If x is used, scaling is broken; if x’ = x/(1 + xM*/Q’) is 
used, scaling is valid. This illustrates that the Q2 region is too low in Q’ to permit definitive 
demonstration of scaling violation. Figure I4 shows a set of precise measurements of (I./O, 
reported by the SLAC Group”; Fig. 15 shows the latest and most precise R determina- 
tions!’ and Fig. 16, also taken from Ref. 18. is part of a table of the neutron and proton 
structure functions. 

3. NEUTRINO INCLUSIVE SCATTERING 
3.1 Phenomenology 

The inclusive processes for neutrinos and antineutrinos are, respectively, 

vp+N + p-+X 

$+N -+ u++X , 

The cross-sections now require three structure functions. Two of these are the Ft and Fz of 
charged-lepton scattering, the third, F1, is a consequence of parity violation in the weak 
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Fig. 11 Early determinations of R, presented in Kiev 1970. (Ref. 15.) 
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Fig. 12 Comparison of neutron and proton cross-sections as a function of w. The 
deviation from the value Z/3 at small w was the first demonstration that the down and up 
quark distributions in the proton have different w dependence. Presented at Kiev 1970. 
(Ref. IS.) 
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Fig. 13 SLAC measurements of the Q* dependence of VWZ, plotted for three different 
scaling variables: x. X’ = x/(1 + xM”/Q’) and E = 2x/(1 + JI + 4MZx’/Q2). Mestayer 
Thesis. (Ref. 16.) 

Fig. 14 The ratio of neutron-to-proton cross-sections as a function of x’ = 
x[l +(M*/Q*)]. (Ref. 17.) 
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Fig. 15 Determinations of R for three values of x by the MIT group. (Ref. 18.) 

Fig. 16 Example of structure function determinations by the MIT group. (Table taken 
from Ref. 18.) 
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interaction. The sum of the two cross-sections has the same form as charged lepton 
scattering: 

d20v d2d 1 G’ME 
dxdy+m 

= 71 Fz(x,Q’)[l+ (l-y)‘-yZR’] , 

whereas their difference gives directly FJ: 

d20v d% -- 
=F tidy 

= + xFa(x,Q’)[l-(l-~)~] . 

Here 

2xF R R’ f 1 - 1 = - = R for small R 
F2 R+ 1 

In the QPM, the inclusive variable x = Q2/2Mr can be understood as the fraction of the 
nucleon momentum (in a frame in which the nucleon is moving rapidly) which the struck 
quark carries. For I = 0 nuclei 

where 
2 xF: =F;=q+q and xF3 = q-9 

9 = u(x)+d(x)+s(x)+,c(x) is the total quark distribution, 

s = G(x)+a(x)+B(x) +?(x) is the total antiquark distribution, end 

q - q = [U(X) - D(X)] + [d(x) - a(x)] = q,, the valence quark distribution. 

In neutrino inclusive scattering the quark, antiquark, and valence quark distributions 
are separately measurable. 

3.2 Early total cross-sections and structure functions 
The first neutrino and antineutrino total cross-sections were published in 1973,@ a few 

years after the SLAC discovery of scaling. The measurements were made a( the CERN 
24 GeV Proton Synchrotron. using the large heavy-liquid bubble chamber ‘Gargamelle’. 
The results (Fig. 17) exhibit the proportionality with neutrino energy, which is a 
consequence of the scaling of the structure functions. 

The first neutrino structure function publication” followed in 1975. The result 
(Fig. 18), based on 200 neutrino and 29 antineutrino events, is the first measurement of the 

d. 

e. 

I. 

*. 
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i 
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1 

1. 

Fig. 17 Neutrino-nucleon total cross-sections as a function of neutrino total energy. 
(Ref. 19.) 
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valence quark distribution xFs(x). The results for F>(X) were compared with the SLAC 
electron-deuteron Mattering (ed) results. In the QPM one expecm 

F,(ed /nucleon _ 5 ‘-n* 
The agreement is an important success of the model. 

3.3 Neutrino experimentation in the few hundred GeV range 
With the advent of the 400 GeV proton accelerators at Fermilab and CERN, neutrino 

experimentation took a big leap forward, in part because the higher energies were more 
amenable to electronic techniques and very massive electronic detectors could be 
constructed, in part because the cross-sections are proportional to energy, and in part 
because beam intensities became greater as accelerator technology advanced. In Fig. 19 a 
photograph is shown of the two large detectors installed at CERN: The CERN-Dortmund- 
Heidelberg-Saclay (CDHS) detector in front and the CERN-Hamburg-Amsterdam- 
Rome-Moscow (CHARM) detector in the rear. The CDHS detector weighs - 1200 t, of 
which 500-800 can be used as fiducial target mass. It is constructed of modules, each 
consisting of I5 magnetized iron plates, 5 cm thick, interleaved with scintillator strips. 
These modules have a triple function: neutrino target, hadron calorimeter, and muon 
spectrometer. The muon track is measured in triple-plane drift chambers which are installed 
between the iron modules. Figure 20 shows an artist’s view of the detector and Fig. 21 the 
computer reconstruction of an event. 

The impact of the results which have been accumulated since the SPS turn-on in 1976 
and which concern nucleon structure are twofold: One aspect is the independent 
determination of FZ and xFs or, equivalently, the quark and antiquark distributions, and 
the consequent deeper probing of the QPM. The second aspect is the demonstration and 
detailed measurement of the scaling violations of the structure function at large Q’. and the 
consequent check of quantum chromodynamics (QCD) and the determination of the strong 
coupling constant and the gluon structure function. 

3.4 Strncture function and QPM 
Among the results which bear on the QPM of nucleon structure one may mention the 

following: 
i) The total neutrino and antineutrino cross-sections are proportional to the neutrino 

energy in the laboratory system. Recent CDHS results:‘*z2 shown in Fig. 22, 
demonstrate scaling over a larger Q2 range. The ratio of the two cross-sections has an 
important significance in the QPM; from it the ratio of the momenta carried by 
antiquarks and quarks in the nucleon can be found: 
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the measured ratio 21 u”/u” of 0.48 corresponds to an antiquark/quark 
ratio of 0.18. 

ii) The etructure function[, F;(z) h aa the same shape a~ F:*(z) and the 
magnitudes are related aa expected in the QPM by the ratio 18/5. SLAC 
and CDHS results for F?(z) are compared in Fig. 23. 

iii) The integral Jo’ zFs(z)dz/z is expected to be equal to 3, the number of 
valence quarks. This in in agreement with experimentd reaults.a1~2s 

iv) The valence quark structure zFs(z) go- towarda sero IYI z goes to WZO, 
and the antiquark structure function is concentrated at small z, M shown 
in Fig. 23. 

v) The ratio R’(c) ia emall” (Fig. 24). 

3.5 Q2 dependence of structure functions and quantum electrodynamics 
Following the success of the electroweak gauge theory, the gauge theory of colored 

quarks was developed.” Although the structure function could not, and still cannot, be 
calculated in this theory, because in this energy domain perturbation approximations fail, 
the theory has the remarkable property that with increasing Q’ the effective coupling 
constant decreases, such that perturbation calculations become reliable at large Q’. The 
theory predicts deviations from scaling which are calculable at sufficiently high Q’. These 
scaling violations provide a unique possibility for the quantitative confrontations of QCD 
theory with experiment. 

The most direct check is provided by xF3(x,Q”) since the equation? are homogeneous 
in xFs, involving only a single free parameter, the A of the running strong coupling 
constant: 

“S = (33- 2f) In Q’/h’ ’ 

The equations for Fz(x.Q*) and q(x,Q’) couple the Q* evolutions of these functions to the 
gluon structure function G(x,Q’). This makes the comparison of theoretical and 
experimental Q’ evolution less direct, but alternatively the experimental Q’ evolution of 
Fz (x,Q’) and ?j (x.Q’) can be used on the basis of the theory to determine G(x, 4’). 

In Figs. 25, 26, and 27 the CDHS results ” for xF~(x, Q’), Fz(x, Q’), and Q (x, Qz) are 
shown, together with QCD fits. The simple QCD first- and second-order equations give a 
good fit to experiment with A = (0.2 it O.l)(GeV/c)’ and with the gluon distribution” 
shown in Fig. 28. This represents the earliest quantitative test of QCD and may still 
be the best, although many other confirmations, especially from quark production in 
e’e- collisions, give strong support to the validity of QCD. 

4. MUON-HADRON INCLUSIVE SCATTERING 
The first experiments at high Q* to provide evidence of scaling violations were the muon 

inclusive scattering experiments of Chang et al. at FNAL? In the following, however, we 
refer to the subsequent more precise experiments of the European Muon Collaboration 
(EMC)z9 which take advantage of the better muon beams available at CERN and a very 
powerful detector (Fig. 29). 

Fig. 24 The ratio R’(z) aa 
a function of z. (Ref. 24.) 

Fig. 25 The structure function zi?s(z, Q’) aa 
a function of Q*. (Ref. 21.) 
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Fig. 27 A plot of q(z,Q2) aa 
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The most recent EMC results” on scaling violations of the structure function Fz(x, Q”) 
in iron are shown in Fig. 30. They are statistically superior to the neutrino results; the 
agreement, after the QPM scale factor of 18/5 is applied, is excellent, as can be seen in 
Figs. 31 and 32. The structure function n(z,Q’) for hydrogen ia show in Fig 33. The 
QCD analysis of the hydrogen and iron data gives good fit, ” with I&S = 175?:FMeV. 

Deuterium structure functions have also been measured. Comparison of iron and 
deuterium structure functions showed differences”’ of the order of IO-20%. which came as 
a surprise and must be attributed to effects of nuclear binding on the nucleon quarks 
distributions. The EMC results for F:/F!? as well as subsequent SLAC results” and a 
corresponding neutrino result: 

1 

measured by CDHSi4 are shown in Fig. 34. The rise of the SLAC results at very large x is 
probably due to the Fermi motion in iron. The EMC effect is confirmed at intermediate x, 
but not at small x. The effect is not yet well understood, either experimentally or 
theoretically, but is of substantial interest since it offers the possibility of studying new 
aspects of the behavior of multiquark systems. 

5. INCLUSIVE SCATTERING AND NEUTRAL CURRENTS 
5.1 Discovery of neutral currents 

In 1972 the ‘Weinberg Model’ of electroweak interactions had reached its full 
‘s development. For rhe first time a worm&able theory of the weak interaction was 

proposed which moreover unified the weak and electromagnetic interactions. The weak 
forces were transmitted by intermediate bosom, but in addition to the charged-current 
processes, neutral-current processes such as P + N -) Y + X and 5 + N -+ V + X were 
predicted as a consequence of the exchange of a neutral boson, Z’. However, 
neutral-current reactions had not been seen, despite the fact that the weak interaction had 
been extensively studied. The Glashow-lliopoulos--Maiani mod& provided a way out, by 
eliminating flavor-changing neutral currents, at the expense of introducing a new particle 
called charm. The remaining, flavor-conserving, neutral current could have been 
investigated in the earlier neutrino experiments. but in those days no one imagined neutral 
currents. In 1972 Gargamelle, the large heavy-liquid bobble chamber 4.8 m long and 1.85 m 
in diameter, built at ORSAY under the direction of A. Lagarrigue, had just been exposed 
to both neutrino and antineutrino beama at CERN. Responding to the prompting of the 
theorists, the group searched for muonleas events. The publication appeared in lQ73.s7 
The demonstration rested on the uniformity of the distribution of the muonless events 
along the beam direction in the bubble chamber, 88 can be aee~l in Fig. 358 and d, 
whereas neutron background would be expected to decay longitudinally, as in Fig. 35g 
and h. From the observed event ratios of neutral to charged currents, a Weinberg angle 
sin2 6, between 0.3 and 0.4, not too far from the presently accepted value of 0.22 was 
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found. This discovery is of the utmost importance in the recent evolution of particle 
physics. It was soon confirmed in the electronic detector experiments at Fermilab:’ where 
the experimental conditions were much more favorable, partly because of the higher rates 
and partly because of the higher energy, which permits a cleaner rejection of muon events. 

5.2 Inelusiveneutrinoseatteringsnd sin'6'w 
Neutrino interactions provide several possibilities for the measurement of the Weinberg 

angle, as well as critical checks of the theory; the most precise of these at present come from 
the measurement of the neutral-to-charged-current total cross-section ratios: 

where 

1 _ . u(v + VI - = 
u.(v + u-1 

R” [ 2 
51r12 ew + 5 sin4 e,,(l+ r) 

I 

r = a(j = 0.48 f 0,02*1 . 
u(v + u-1 

The first precise measurement, in which the presently accepted value of sin* 0~ was 
found, is due to CDHS? The neutral-current events are separated from the 
charged-current events on the basis of the short lengths of the event in the detector, since 
the charged-current events, with their penetrating muons, are in general long (see Fig. 36). 
To obtain the needed ratios, substantial corrections for short muons, electron-neutrino 
events, etc., have to be applied, but these can be determined with some precision. A 
compilation 4o of the most recent results is shown in Fig. 37. As can be seen from the figure, 
the determination is essentially due to R.; the Rp measurement serves as an important 
check on the theory and the method. The combined result, after electroweak radiative 
corrections, is: 

sin’ Bw = 0.223+ 0.007 (exp.) f 0.006 (theor.) . 

The theoretical error is an estimate of uncertainties due to the strong interaction 
complications. 

5.3 Inclusive polarized electron scattering and sin'& 
In 1978, at SLAC. a new parity-violating effect in the scattering of longitudinally 

polarized electrons on deuterium4’ was observed. This is the asymmetry 

A - “R-‘L 
u +u R L 

Neutrino events with EH > 10 GeV 
200 GeV NBB 

CDHS 

,Cosmic background 

Event length (cmFe) 

Antineutrino events with EH> 10 GeV 
600 - 9 

J 
200 GeV NBB 

E, 
CDHS 

5c 

; 400 - 
E 

E 
B 

Cosmic background 

0 200 400 i 
Event length (cm Fe) 

I 
0 

Fig. 36 Event length distribution of neutrino events in the CDHS detector. The peak at 
small event lengths is due to neutral-current events. 
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due to the interference of the electromagnetic and the neutral weak currents: 

e 

In the standard theory 

One of the several delightful checks on the experiment is reproduced in Fig. 38. It shows the 
behavior of the asymmetry with respect to beam energy. The helicity of the beam rotates 
with beam energy due to the g - 2 precession in the beam transport, and the asymmetry 
follows this spin rotation, as can be seen in Fig. 38. The asymmetry measurements were 
later extended4’ to cover different regions in y. to provide an additional check on the theory 
(Fig. 39). The result quoted by the authors, sin’ Rw = 0.224 + 0.02 has been corrected for 
electroweak radiative effects to compare with the neutrino results and also with the 
measured W* and 2’ masses: 

W and 2 masses from UAl and UA2 pp experiments 
Mw = 82.1 f 1.7GeV 
MZ = 93.0 f 1.7 GeV 

i-.------.-- .____._._ --_-~.--.-- _I--.-.----v 
a) The first error is the experimental error and the second ermr is due to uncertainties in the theoreric 

interpretation. 

Here we have three very different experimental results, all three precisely measured, all 
understood in terms of a single parameter. This is very strong support for the ‘standard’ 
theory. 
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Fig. 39 Asymmetry as a function of y. (Ref. 42.) 
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