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INTRODUCTION

Neutrino physics has entered a new era with the advent of intense, high-energy
neutrino beams, and with the advent of large-scale neutrino detectors. Now neu-
trino experimentation gets used to large numbers of events, and systematic errors
start to dominate statigtical ones. Precise experimental results are possible,
and they are gradually replacing the less accurate and more qualitative earlier
statements. However, faced with the impressive results which have emerged from
past neutrine experiments, we can only hope that the forthcoming results, acces-—

sible only in high-precision experiments, will be of a similarly incisive charac-
ter.

In these lectures I have tried to summarize the experimental work in high-
energy neutrino scattering, Strong emphasis is put on recent results rather than
on earlier ones since these are covered in a number of reviewsl). The primary
aim of these lectures is to present our current physics picture. This is dome by
discussing selected experimental material taken usually from those experiments
which have presented the most complete and precise information, wherever experi-
mental results do not contradict each other. Otherwise, comparisons between re-
sults of different experiments are made where relevant. Thus these lectures are
not intended to give a balanced survey of all experiments which have contributed
to the field, but are concerned rather with a description of the main conclusions

which have emerged from the experimental work.

BEAMS AND DETECTQORS

2.1 Neutrinc beams

Two radically different beam types have been used so far in neutrino experi-
mentation: the narrow-band beam (NBB) and the wide-band beam (WBB). Tigure 1

illustrates the principle of the two beam types.

The basic idea of the NBB is the sign and momentum selection of secondary
hadrons, i.e. T's and K's, A fraction of these subsequently decay via the two-

bedy decay channels T + uv and K + uv in an evacuated decay tunnel. The resulting
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‘u's and the remaining hadrons are absorbed in a sufficiently long shield. The
decay angle 8 in the laboratory frame, measured experimentally by the radial dis-
tance of the event vertex to the beam centre, determines the energy of the neutrino

apart from the ambiguity of whether a T or a K was the parent particle ("dichromacy"

for fixed 9):

ZyE*
i

E =~ ——,

Ay 1 + ngz

where E: denotes the neutrino energy in the rest frame of the parent particle,

and vy = Eﬂ,Klmﬁ,K' The maximum negtrino energy is achieved in the forward direc-
tion (8 = 0), and it drops by a factor of 2 for an angle & = 1/vy, which corresponds
to an emission of the neutrino at 8% = 90° in the rest frame of the parent par-
ticle, Integrated over all angles 8, the neutrino energy spectrum is flat between

zero and the maximum energy, since the two-body decay is isotropiec, i.,e. flat in

cos 9%:

o Tk %
E\‘J o YEv(cos 5 + 1) .

In practice, the finite radius of a neutrine detector provides an angle cut—off

and thereby a cut-off at low energies.

The resolution in the reconstructed neutrinc energy is determined by the
parent momentum { 200 * 10 (r.m.s.) Gerc], the divergence of the parent beam
(¢ = 0.2 mrad}, the uncertainty of the decay point along the tumnel (o = 87 m},
and the resclution in the measurement of the radial distance. The quoted numbers
refer to the CERN NBB. The resulting over-all resolution is O(E) " 407 for vﬂ
. The resolution of the FNAL NBR is worse, mainly owing to

K

a much larger parent momentum spread. However, the new FNAL NBE at present under

and ¢(E) ~ 15% for v

construction will be of much better quality.

The decays of hadrons before sign and momentum selection give rise to a WBB
background which peaks towards low energy. In order to minimize this unwanted

background, the distance between the target and the beam-forming elements is kept
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as short as possible. This WBB background is particularly important for neutral

current studies, and for the study of 'wrong-sign" events,
The determination of the absolute neutrino flux is done by monitoring

. . . +
a) the total intensity of the sign and momentum-selected hadrons (7 , K+, and
p in the positive beam, and 7 and K in the negative beam) by means of,

for example, beam current transformers, and

. + 4+ - -
b) the parent beam composition (7 :K :!p and 7 :K ratios) by means of a

Cerenkov counter with variable threshold.

The WBB is the most intense neutrino beam. The basic focusing element is a
horn, placed after the target. It focuses the hadrons with the "right" sign to-
wards the detector, and defocuses the other sign. The forusing is achieved by a
toroidal magnetic field produced by a pulsed strong current between an inner and
an outer conductor. The focusing property is usually improved by a second horn
("reflector"), Since the horn focuses over a large momentum range, the resulting
neutrino flux is high. However, the sign selection is poor compared to the NBB:
at CERN the contamination of neutrinos from wrong-sign parents is about 3% in the
V beam and about 15% in the v beam. The flux menitoring at CERN is performed by
means of a series of semiconductor detectors which are embedded in the muon shield.
{They are also used for the NBB monitoring.) The neutrino flux can be inferred

from the intensity and radial distribution of the muons at different depths.

At FNAL a variety of wide-band beams have been employed. In addition to a
horn-focused WBB which peaks arcund 15 GeV, a quadrupole triplet beam and a sign-
selected unfocused beam are also in operation. The quadrupole triplet beam has
considerably less low-energy neutrinos compared to the horn-focused beam, but
maintains the high~energy flux., While the hard spectrum is well-suited for counter
experiments, the substantial mixture of both—-sign neutrinos (v + %4 V) is a dis-
advantage. The sign-selected unfocused beam has a lower flux than either the
horn~focused or quadrupole triplet beam. A pair of dipole magnets serves to select

the sign of the parent hadrons, thus producing relatively pure v and V beams.
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A comparison of the fluxes of the beams described is given in Fig, 2, A

summary of the merits of the NBB and WBB is given in Table 1,

Table 1

Comparison of the main characteristics
of NBB and horn-focused WBB

Horn-focused

Narrow-band beam wide-band beam

Intensity Low High
Parent momentum Fixed All momenta
Vv energy spectrum Flat ('"dichromatic" for Falls steeply
fixed radius) with energy
Knowledge of v energy Yes (apart from the No
T/K ambiguity)
v/v sign selection Very good (v 107%-107" Reasonable
at high energies) (1071-107%)
v flux monitoring Easy Possible

2,2 MNeutrino detectors

Because of the small neutrino cross—section, neutrino detectors need a very
massive target. Bubble chambers are limited in their target mass to "~ 10 toans,
in contrast to electronic detectors which can afford target masses of up to

v 1000 tons.

Electronic detectors and bubble chambers are quite complementary. The main

characteristics of both types of detectors are listed in Table 2.

Electronic detectors usually measure the total energy of the hadron shower
cascade by means of scintillation counters. The resolution is, in general, bad
at low energies, but improves with increasing energy. A typical figure is

¢ v 107 at a hadron shower energy of 100 GeV.

Full containment of the hadron cascade is of great importance since the

shower develecpment has large statistical fluctuations and makes corrections for

leakage of shower energy difficult.
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Table 2

Comparison of the main characteristics of
electronic detectors and bubble chambers

Electronic detectors Bubble chambers

Target mass up to " 1000 tons | Target mass v 10 tons

Excellent Y identification @ identification with external muon

by range identifier (EMI)

Neutral component of shower Neutral component of shower in part

well measured invisible

Blind to details of the Very good for details of the shower :
shower (identification of electrons, V''s...)

The muon momentum is determined by the bending in a magnetic field, The
momentum resclution in electronic detectors is usually dominated by multiple
scattering, and in bubble chambers by the precision of the muon track coordinates.
In order to cover most of the kinematically accessible region, good acceptance up

to very large muon scattering angles (several 100 mrad) is important.

Thus the measured quantities in electronic detectors are typically the total
hadronic energy, the radial distance of the vertex to the beam centre, and the
angles and momenta of outgoing muons (if any). Experiments now under construction
at CERN and at FNAL aim also at a determination of the direction of the hadron
shower, which is relevant to the kinematics of neutral current events where the

putgoing neutrino is unobserved.

For illustration, Fig. 3 shows the electronic detectors of the Harvard-
Pennsylvania-Wisconsin-Fermilab (HPWF) Collaboration, the CalTech-Fermilab (CITF)
Collaboration, and the CERN-Dortmund-Heidelberg—Saclay (CDHS) Collaboration., The
latter, contrary to the first two detectors, is a combined-function device in the
sense that the functions of target, hadron calorimeter, and muon spectrometer are
combined. The detectors are shown with their correct relative dimensions, together
with the Big European Bubble Chamber (BEBC) as an example of a bubble chamber

detector instrumented with an external muon ideantifier,



KINEMATICS, THE SCALING HYPOTHESIS,
AND THE QUARK-PARTON MODEL

The best known process in neutrino scattering is the deep inelastic charged
current (CC) reaction on nucleons (Fig. 4):
v+ N+ u_ + X
and

~ +
v+ N->pu +X

(v without an index means a Uu throughout these notes). This process, as well as
the neutral current (NC) reaction and the scattering of electrons and muons, is

described by three independent variables:

(p + k)

L]
]

Q* = —q% = -(k - kN2 = 4E E' sin’ (8/2)

and

(for the notation, see Fig. 4). Instead of Q° and Vv, one can use the dimension-

less Bjorken scaling variables,

2 2
X=Q -.g_._ and y:._\_'l_.’
E

2 =
M
Qmax v v
where y denotes the fractional energy transfer to the nucleon system,

The double differential cross-section can be described in terms of three

.

"structure functions', Fi(x,Qz), 1l €1 £ 3, which describe the hadronic structure
)

at the bottom vertex of Fig. 4. This double differential cross—section is then®

2 \),\_) 2 - 2 -
ddod _ G°ME [[1 -y - xy _M_J PV (x,00) + yz_ sz\f’“(x,Qz)
xdy v

where G is the Fermi constant, M the nucleon mass, and E the neutrino energy.

*) For reasons of convenience, F; is defined as a positive quantity.
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We assume that the weak hadronic current is charge symmetric. This property
holds at low energies, as tested experimentally in weak decays; it has also to
be verified at high energies. If charge symnetry holds, it leads to the following

relations between the structure functions for scattering off protons and neutrons:

G e 2
1 i
1<ig3,
G
1 1

neglecting the small contribution of strange quarks in the nucleon. On an iso-
scalar target, i.e. on a target with the same number of protons and neutrons, the

v and Vv structure functions become equal:

PR i1si=<3.
i

For an isoscalar target and with the assumption of charge symmetry, in the limit

of high energies (E >> M) Eq. (1} reduces to

v,V

2 2 2 2
ddfcdy = GWME [(1 - Y) Fz(X,QZ) + % 2XF1 (X’Qz) + [ - ..yz_] xF3(st2):l . (2)

Integrating over X, we get in the limit y -+ 0 the "small-y" cross-section, which

should be equal for v and v

'l s

dy y=0 dy

1
2
- b 0?) ax 3
0

y=0 m

The small-y cross—section should rise linearly with energy, iudependently of
further assumptiecns, in particular of the assumption of scaling. It determines
the integral of the structure function F, at smail Q?, since small y confines Q2
to small values. The equality of the v and v small-y cross—sections provides a
very clean test of charge symmetry. Note further that the linearity with energy
at small y is hardly affected by possible thresholds of new particle production
since this is bound to the large-y region. In practice the linearity is somewhat

spoiled by the contribution from quasi-elastic events, especially at low energies.



-8 -

The y-dependence of Eq. (2) is not explicit since Q° depends on y. We can

only go further if the structure functions are at least approximately independent

)

of Q. This is the case in the Bjorken scaling limit ’': for Q%,v - = while
'x = Q°/2Mv remains fixed, the structure functions become functions of the dimen-

sionless scaling variable x only:
e 1imi ]
P G0 SRS ML ¢y . jcig3.

The electron-scattering data exhibit approximate Bjorken scaling behaviour, and

we know at present that also neutrineo-scattering data show qualitatively the same

features.

In the scaling limit, Eq. (2) reduces to

2 v,G 2 2 2
G
ddzdy = WME [(1 = y) Fa(x) + % 2XF1(X) + [y - -12-) XFg(x)] s (&)

where the dependence on y is now explicit., Integration over x and y vields the

total cross—-section,

= 2
VY o GME [% Jreo ax v 3 2w + 1 [0 dx] , (5)

™

Defining as usual the parameters

J2xF, (x)dx SxFi(x)dx
s and B =
JFy(x)dx JFs (x)dx
we get for the total cross-section,
\J,G_GZME/ [_1_ 1 1 ]
o == F,(x) dx 5 + 5 A x 3 B

and

crvfov = (3 +4-2BY/(3+4A+2B) .

It should be stressed at this point that the parameters A and B are only useful

in the scaling limit, where the structure functioms are not (or are only slightly)

dependent on Q7.
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The approximate validity of the scaling hypothesis in electron scattering
data has inspired the parten model for the underlying structure of hadrons. It
is assumed that hadrons are made up of point-like, spin-% constituents called
partons. It is further assumed that the partons interact freely and independently,
without interference, After the scattering, the partons rearrange themselves to
form the final-state hadrons. The total cross—-section is the incoherent sum of

the elementary parton cress—sectiocns.

In the quark-parton model the partons are identified with the quarks. In
this picture, the nucleons consist of three valence-quarks and a "sea" of quark-
antiquark pairs. The valence-quarks of protons and neutrons are u- and d-quarks,
whereas all quark flavours contribute to the sea. However, the small amounts of

strange and charmed guarks in the sea are neglected here for reasons of simplicity.
The naive quark-parton model has exact Bjorken-scaling behaviour as a con-—
sequence. In this model, the Callan-Gross relation holds:

Fa(x) = 2xF1(x) . (6)

Neutrino-scattering data are often analysed under the assumption of Eq. (6) as an
exact relation. By so'doing, the double differential cross—-section {4} can be

rewritten in terms of two new structure functions q{x) and a(x):

PR 2 _
do _CY¥E i) + 30 (A - 2]

dxdy T
(7
2V 2 _

where the structure functions g{x) and q(x) are related to Fs(x) and xF;(x) as

follows:

q(x) + q(x)

F2(x)

q(x) - q{x)

xF3{x)
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and

(=) = 3 [F2(x) + xF3 (0]
1) = 3 [F2(0 - xFs(0)] .

If we calculate the fraction of the nucleon momentum which is carried by the in-
teracting quark, it turns out that this fraction is just x. Together with Egs. (7},
where one sees the decomposition of the cross-secticon into fermion—fermion
(antifermion—antifermion) scattering with a flat y-distribution, and into fermion-
antifermion scattering with a (1 - y)2 distribution, q(x) is interpreted as the
fractional momentum distribution of the quark content, and, analogously, q(x) as

the fractional momentum distribution of the antiquark content of the nucleon.

Recalling the definition of the B parameter, we see that B is related to the

fraction of antiquark momentum in the nucleon:

B - JxF 3 (x)dx _ LG - g(x]dx _ g - Q

IFa(x)dx fq(x) + q(x)]dx Q + Q

The relative fraction of antiquark momentum is

whereas the ratio of the antiguark to quark momentum, denoted by o throughout this

rebort, is related to B by

o = % _ 1-B (8)

Using the parameter B, we can write the v and V differential cross-sections as

W
%%; «[(1+B)+ (1 =-8Q1-n2]

- (9)
de 2
—é—)-,—“[(1+B)(1-y) + (1 -8}

or using o3
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LY
.@aef}.;_a [1+001-9?]
(10)

dCFv 5
'—d';"-:[(l—y) +G.].

The Callan-Gross relation is likely to be only approximately valid. The
finite transverse momentum of the quarks from gluon exchange and the binding energy
of the quarks suggest a viclation of the Callan-Gross relation. We can generalize

the foregoing analysis by defining three new structure functions as follows:
1
q(x) = E—[ZxFl(x) + xF3(x)]
- 1
a(x) =5 [2xF1 (®) - xFs(x) ]

and

qL(X) = Fp(x) — 2xF;({x) .

Note that qL(x) is proporticnal to the Callan-Gross violation. We then get the

double differential cross—section,

2.V a _
gxgy - TE a0 + q 0 - 3 + 30 - »?]

v (11)
2 v . ]
jxgy - E??E [q(x)(l -+ qL(X)(l - y) + q(x)] .

The Callan-Gross violation gives rise to a term linear in y which shows up with
the same sign and magnitude both in the v and the v differential cross-sections.
It is up to experimenters tc measure its magnitude., The coefficient of the linear
term in the y-distribution, normalized to the sum of the coefficients of the flat

y and {1 - y)? components, is related to the previously defined parameter A as

follows:

qu(x}dx sz(x)dx - f2xF1(x)dx _ (125

fq(x)dx + fq{x)dx S2xF, (x)dx A




- 12 -

Note, however, that this determination of A from the shape of the y-distribution

is only valid in the scaling limit.

CHARGED CURRENT REACTIONS

4.1 Total cross—section

The standard local current-current weak interaction theory predicts that
the cross-section of neutrino scattering off point-like spin~% objects grows
linearly with energy. At very high energies, a departure from linearity is ex-
pected oﬁing to the propagater term from the W-boson exchange. On the other hand,
the scaling hypothesis predicts the deep inelastic structure functiocms of the
nucleon to scale in the dimensionless variable x. As a consequence, the neutrino-
nucleon cross-section is expected to grow linearly with energy as well, if scaling
works. The study of the v and v total cross-sections on nucleons therefore pro-

vides a fundamental test both of the weak interaction theory and of the structure
of nucleons.

Total cross-sections have first been obtained by the heavy-liquid bubble

4,5y
chamber Gargamelle {GGM) ) in a lew-energy WBB at the CERN Protom Synchrotron
(PS) (the flux peaks around 2 GeV). The results are shown in Fig. 5 and are con-

sistent with a linear rise, with slopes of

(0.72 *+ 0.05) % 107%% em® GeV™! nucleon™!

UUfE

and

vaE

(0.29 = 0.02) x 107%*% cm® Gev™! nucleon ! ,

and a ratio of v to v total cross—sections
c’/6” = 0.40 £ 0,02 .

Surprisingly, the GGM data support the scaling hypothesis, although scaling is an
asymptotic prediction and is not yet expected to work at such low energies and Q%;

this prompted the idea of "precocious scaling'. The B parameter which can then be

determined is
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0.86 = 0.04

o]
]

or, alternatively,

0.075 x 0,023 ,

2
1]

thus exhibiting an antiquark-to-guark ratio in the nucleon of (7.5 * 2,.3)% at
low energies.

At higher energies (i.e. in the domain 30 < Ev < 200 GeV, where data are
available) it is a priori not clear whether scaling continues to describe the
data, because of the possible onset of the production of new heavy particles
and/or because the interaction between quarks may show up as Q?-dependent non-

scaling terms.

The small-y cross-section (see Secticn 3) is relatively insensitive to new
hadronic thresholds. It tests the locality of the weak current-current coupling
(via the predicted linearity with energy at y = 0, independent of the scaling
hypothesis) and charge symmetry {via the equality between v and v small-y cross—
sections). Since the limiting case y = 0 is only accessible by extrapolation from
small but finite y-values, corrections have to be applied. Quasi-elastic events
are to he subtracted since their cross-section is energy-independent. Furthermore,
small corrections for the effect of strange quarks (the neutrinc couples both to
d- and s-quarks; the antineutrino couples to u-quarks only; for antiquarks the
situation is the reverse) and for a small deviation of the neutron/proton ratio

from 1 in the actual targets are to be applied.

The CITF experiment has recently reported the measurement of small-y cross-
sectionss) in the energy range 45 to 205 GeV. The results are given in Fig. 6a.
The data are consistent with a linear rise of the small-y cross-sections with
energy and with the equality for v and v. The best fit to the combined v and v

data yields the slope

ol{y = 0)/E = (0.719 % 0.035) x 107%® cm? geV™! nucleon™!
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at an average incident energy of v 100 GeV. The quoted error contains an over-all
normalization error of 4% which, however, is not relevant to the comparison of the
v and v slopes. These are in good agreement, demonstrating that charge symmetry
holds within #5% at high energies.

):

5
The average "small-y" slope has also been reported from the BERC experiment
oy = 0)/E = (0.79 + 0.07) x 107°% cm? GeV™! nucleon™! ,

consistent with the more precise CITF value.

The CITF experiment has also reported new results on total v and V cross-
sectionsr) in the same energy range 45 < E < 205 GeV, measured in a NBB with ex-
ternal flux normalization. The BERC groups) has also published preliminary results
cbtained in a NBR. The results of both experiments are shown in Fig. 6b fogether

with the previously mentioned GGM results. The measured slopes are summarized in

Table 3.
Tabie 3
Slopes of v and V total cross—sections for the
GGM, CITF, and BEBC experiments
BEBC (preliminary;
Energy GGM CITF statistical errors
(GeV) only)
2-10 0.72 + 0.05
20-100 0.61 * 0.02 0.61 + 0,04 Neutrinos
100-200 0.62 * 0.03 0.55 + 0.04
2-10 10.29 = 0,02
Anti-
20-100 0.28 + 0,01 0.25 £ 0.02 .
nevtrinos
100-200 ' .34 £ 0.03 0.32 + 0.04

Apparently, in the high-energy domain the combined results of both experiments
are compatible with being energy-independent, and leave room for only a mild energy

dependence at most. However, the ratic of the v to v cross-sections show a
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commen trend to rise gently with energy, although the reason for the rise is
different for the BEBC and CITF experiment (for BEBC the Vv cross=-section falls

with energy, while for CITF the V cross—section rises with energy).

Preliminary data from the CDHS experimenta) for the cross—section ratio as a
function of energy are included in Fig., 6b. There is no evident energy dependence
of the CDHS data, and the data are consistent with the CITF and BEBC results. The
CDHS data points show statistical errors only. A commeon flux normalization error
of v 10% for all energies, and another uncertainty in the K/7 ratio leading to an

over=all error of v 15% above 100 GeV only, are not included in the error bars.

The CITF experiment quotes the ratio of the average slopes of the v and v
cross-sections as 0.48 * 0.05. In the scaling limit, and with strict validity of

the Callan-Gross relation, this corresponds ta

B =0.70 £ 0.09 ,

and according to Eq. (8)

o =0.17 * 0,06 .

The CDHS data are consistent with these results.

While there is no established energy dependence of the slopes above 30 GeV,
there is a significant drop in the slope for v from low energies (GGM) to high
energies {BEBC, CITF) which does not occur for V. The reason for this drop is
unclear. Tt might be due to a Qz—dependence of the structure functions (see
Section 4.5). There is also an indication of a rise of the antiquark content of

the nucleon (o = 7.5% for GGM, o = 177 for CITF).

4,2 y-distributions

)

Recent experimental results from CDHSH), CITFE’7), and BEBC'’ have not con-—
firmed earlier experimental work, which reported substantial departure from the

. . E . . .
scaling behaviour ). Hence those earlier results will not be discussed here.

A good measurement of the y-distribution is a difficult task both for

counter experiments and bubble chambers. Te measure the hadron energy in a
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bubble chamber, one has to correct for the missing neutral component of the
shower, For a counter experiment, a uniform acceptance up to the largest muon
scattering angles {which occur at'large y) is important, as is full contaimment
of the hadronic cascade in the measuring device. The NBB operation is particularly
useful since the neutrino energy reconstructed from the radial position of the
event enables an invaluable cross-check on the sum of hadron energy and muon mo-
mentum as measured in the detector.
Both the CDHS®) and the crTF'*?'Y) experiments have recently provided pre~
liminary data on y-distributions. Figure 7 shows the CDHS y-distribution for v
and V events in the energy range between 30 and 250 GeV. The distributions are
compatible with the notion that the v y—distribution is predominantly flat with
a small (1 - y)? component from the antiquark content of the nucleon, the reverse
being true for v, The full lines represent a fit to the data with flat and
(1 - y)? components only. A possible linear contribution in the y-distribution,

indicative of a Callan-Gross violation, is not favoured by the data, although a

linear term < 0.15 cannot be ruled out at the present stage of the analysis.

The y—distributions leook like one would expect them to in the quark~parton
model. They are consistent with B = 0.70 = 0.09, or equivalently with an anti-
quark content & = (.17 * 0,06 as derived above (see Section 4.1) from the CITF
result GG/Gu = (.48 ¥ 0.05, with the assumption of scaling and the validity of
the Callan-Gross relation.

The y-distributions do not show a significant energy dependence in the range
30 to 200 GeV. This is demonstrated in Fig. 8 with preliminary results on {y)
from CITF and CDHS. In conclusion, the y-distributions above 30 GeV are consistent

with the scaling hypothesis.

4.3 =x-distributions and structure functions

The first evidence for scaling in x-distributions of neutrino scattering

data has been reported by the GGM Collaboration, Using the same "scaling cuts”

applied at SLAC for eN scattering data (Q° > 1 GeV?, W? > 4 GeV?, where
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W2 =M% + 2Mv - Q® is the square of the invariant final-state hadron mass), a
sample of 200 v and 29 V events has remained. From these events, the structure

)

. . 12 -
functions F,({x) and xF;{x)} have been determined from the sum of the v and v

differential cross—sections and their difference, respectively. The result for

Fo(x) = q{x) + a(x) is shown in Fig. 9 together with the structure function

el

, (x) derived from e scattering on an iscscalar target. Since the electromagretic

F
interaction senses the electric charges of the u- and d-quarks (+%; and ~Y;, re-
spectively), whereas the weak interaction senses the equal (up to differences of
quark masses) weak charges of the quarks, F?N(x) is to be divided by the average

squared charges of the u- and d-quarks: s = 1/3,6, The agreement between the

eN data and the GGM vN data is reasonably good.

At high energies, preliminary data on the x-distribution exist from the
CDHS experiment. Figure 10 shows the x-distribution of CC events, separated for
v and v, for different bins of y, integrated over the energy range 30 < Ev < 180 GeV.
The data are consistent with the picture that valence-quarks cover a larger range
of x whereas the sea-quarks are compressed to small x. This is clearly vigible,

in particular at large y for v, where virtually only sea-quarks contribute.

To demonstrate the difference in the x—distribution for valence- and sea-
quarks, Fig. 11 shows the x-distribution for v and v data for y > 0.8. Apart from
'a small correction, the v distribution represents the structure function of the
sea, q{x)., It can be parametrized roughly like (1 - x)?. MNote, however, that
Fig. 11 displays raw data. They are corrected neither for acceptance and experi-

mental resolution nor for Fermi motion.

The preliminary x-distributions of the CDHS experiment do not shoﬁ a substan-
tial dependence on the energy in the range 30-180 GeV, again confirming the approxi-
mate validity of Bjorken scaling. However, when calculating Fp(x) from the sum of
the differential cr035fsecti0ns dcvldx and dOGfdx, the resulting distribution shows

a shrinkage towards small x compared to F?N(x) (see Fig. 9). HNote that unfolding

the Fermi motion in the CDHS data would increase the shrinkage effect.
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The integral fF,(x)} dx is the total fractional momentum of the nucleon
carried by interacting constituents. In the scaling limit and in the absence of
a Callan-Gross violation, it is determined from the sum of v and v total cross-

. ., Wal12
sections. The resulting value for GGM energies is )

jﬁFz(x) dx = 0.52 + 0.03 .

This means that © 50% of the nucleon momentum is carried by non-interacting con-~
stituents, presumably gluoms. An evaluation of the same integral is also obtained
from the small-y cross-section in a more model-independent way, since this measure-

ment is insensitive to the validity of scaling and of the Callan-Gross relation.

The results are

0.45 = 0.02 (CITF)

=
]
~—
4
L
=1
b
[}

and

0.51 £ 0.05 {BEBC) ,

2]
ra
—~
]
S
[=H
"
]

and agree reascnably well with the GGM result, which has been determined in a

comparable range of small Qz.

4.4 A short digression on inelastic e/u-scattering results

In the past years a series of experiments have been carried out at SLAC
(e scattering) and FNAL (U scattering) in order to study the structure of the
nucleon with & well-understood projectile. The double differential cross—section

for inelastic e/u scattering on nucleons is given by

26 8na’ME M 2
e (v - ) e ¢ B et s |, ay

where o denotes the fine structure constant. The cross-section is described by
two structure functions only, since the electromagnetic current is a parity-
conserving vector current, in contrast to the parity-violating V-A current in CC

neutrino scatterings.
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The basie result of the first series of e-scattering experiments at SLAC was
that the scaling hypothesis works reasonably well. Meanwhile, recent data on e
scattering on protons and deuteriumla), and | scattering on protons, deuterium,
and iromn nucleilh), have provided evidence for a gentle scale-breaking Q%?-dependence
of the structure functions. The evidence for the scale breaking of the structure
function Fy is shown in Fig. 12 for {(ep)-scattering and (up)-scattering data, 1If
scaling was exact, then all the data would fall on horizﬁntal lines, i.e, would
be independent of Q?. Instead, the data indicate a rise at small x and a fall at
large x as Q° is increased, As a consequence, the structure function F, shrinks
towards small x when Q° increases. This is indicated in Fig. 13 on the basis of

both (ep)- and (up)-scattering data.

Further data from scattering on deuterium and iron nuclei show a similar
trend. Within the Q° range accessible in the experiments (1 < Q? < 16 GeV? at
SLAC, 1 < Q® < 40 GeV? at FNAL), the data appear to follow appr&ximately straight
lines in a plot of In F; versus In Q°. The consistency of all data is clearly
visible in Fig. 14 where the slopes 3 ln F»/3 In Q° are summarized for different
experiments. The slopes appear to be positive for x < 0.2 and turn over to nega-
tive values above x Vv 0,2, It should be noted, however, that there is no a priori
justification that the extrapolation to higher Q° of the straight lines shown in

Fig. 12 should provide a wvalid description of data.

A further important aspect of the e/u—secattering data is the ratio R = ULfGT,
the ratio of the photoabsorption cross—sections for the longitudinal and transverse
virtual photons; R is related to the structure functions F» and 2xF; as follows:

2
2sF, (x,Q°) 1 + (2Mx/Q)? 1

A(x,Q%) = = ~ . 14
(x,Q%) Fz (x,Q%) 1 +R 1+R (

R is thus approximately related to the previously defined parameter A (see

Section 3) which measures the amount of the Callan—-Gross violation:

2 o= . (15)
SFodx 1+ R T A

J.ZXFIdX . 1 UL 1 -A
o
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Comparing with Eq. (12), it can be concluded that R is just the coefficient of the
(1l - y) term to be expected in the v and in the v y—distributions, In this context
it is of great significance that e~ and p-scattering experiments both agree on a
non—-zero value for R, although the magnitude of R is uncertainls). The ratio R

is extremely difficult to measure: in ordetr to separate the structure functions
2xF; and F; it is necessary to measure cross-gections at different polarizations
of the virtual photon. This is accomplished at SLAC by measuring at different
scattering angles, and at FNAL by measuring at different beam energies. Hence

the systematic errors from the comparison of data measured in different set—ups

are dominant. A value of R somewhere between 0,1 and 0.4 seems to be the best

that one can conclude from the present data,

These e/u-scattering results are particularly important for neutrino experi-
ments, since the underlying structure functions are believed to have the same x-
and Q?-dependence. On the basis of the e/u-scattering data, gentle scale-breaking
effects could be expected to appear also in neutrino~scattering results. The pre-
cise measurement of scale-breaking effects is now the major challenge for CC

neutrino-scattering work.

If g is indeed the variable where scale-breaking effects show up most
clearly, plots versus the neutrino energy are not the most effective ones for
studying scaling violations since, for every energy bin, all values of Qz between
0 and 2ME can contribute. WNevertheless, large scale-breaking effects must also
show up in plots versus energy, since {Q®} increases with energy. The previous
discussion has shown that above v 30 GeV no significant energy-dependent effect

has been observed in GC v and Vv scattering.

4.5 Scaling violations

The only significant energy-dependent scale-breaking effect showing up so
far in v and v scattering on nucleons is an apparent change in the slope of the
Vv cross-gection, and in the relative amount of antiquarks, when going from the
GGM energy range to energies above 30 GeV. In order to further explore energy-

dependent effects, ( Q) divided by the energy enables a useful check to be made.



- 21 -

The ratio (Qz)/E = 2M{xy) is constant for exact Bjorken scaling. Since Q? = 4E EUX
% sin® (Buf2), the ratio (Q?)/E depends only on the muon track parameters, and
corrections for errors in the determination of the hadronic energy are only rele-
vant to the binning in E. Thus {Q®)}/E is particularly useful for bubble chambers.

. 5) ’ 16} hyl12)
Figure 15 shows results from BEBC °, the FNAL 15° chamber , and GGM . Taken
altogether between 1 and 200 GeV, these data exhibit significant deviations from
exact scaling in neutrino scattering. The data are consistent, as indicated by

*1% obtained from a fit of

the lines, with the empirical relation {Q2?)}/E « E™°
scaling deviations observed in e/u scattering. It is tempting to conclude from
this comparison that significant scaling deviations are observed in neutrino

scattering, and that they are consistent with those observed in e/y scattering.

However, the high-energy BEBC data alone, not taken in conjunction with the low—

energy GGM data, do not exhibit a significant violation of scaling.

Small scale-breaking effects in neutrino interactions are not only expected
on the basis of the results of the e/u-scattering experiments, but are also pre-
dicted by asymptotically free gauge theoriesl7) of strong interactions, also
referred to as gquantum chromodynamics (QCD)., 1In this theory, the colour of quarks
is regarded as the source of the field which mediates the forces between the

quarks. The field quanta are eight gluons, which carry colour. The quark-gluon

coupling constant o has not a unique value, but is dependent on QZ:

Je._ 12 1 i (16)
T (33 - 2m) In (Q%/A%)

Here A is a priort an arbitrary parameter. It may have the meaning of something
like the average distance between the quarks (A = 0.5 GeV corresponds to a dis-
tance of 0.4 fm}; m is the number of quark flavours. At very small distances

or, equivalently, very high Q2?, the coupling strength goes to zero, This effect

is supposed to explain that in spite of the strong interaction between quarks,

they behave like almost.free particles when electrons, muons, or neutrinos interact
with them inside a nucleon. The number of quark flavours can be as big as 16

while maintaining the property of asymptotic freedom. The behaviour of the theory



- 27 -

at large distances or, equivalently, low Q? is not yet known. Perturbation theory
methods are only meaningful at @° >> A% to make the coupling strength sufficiently
low. However, this theoretical problem should not stop experimentalists from

examining the whole Q? domain which is experimentally accessible,

The only group which has so far reported preliminary results on the Q?-

) Collabora-

dependence of structure functions on neutrino scattering, is the BEBC'®
tion. They have used data recorded in a NBB in the energy range 20-200 GeV, as

well as the GGM data recorded in a low-energy WBB in the range 2-10 GeV. The data
consist of v 3000 v and ~ 2000 V events from GGM, and ~ 1100 v and ~ 250 V events

from BEBC. The data cover a range of Q2 over three orders of magnitude, from 0.1

to 100 GevZ?,

In order to extract the structure functions, the data have been divided into
bins of G*, x, and y. The experimental resolutioﬁ and the Fermi motion in freon
(GGM) and the heavy neon-hydrogen mixture (BEBC)} have been accounted for. Starting
from Eq. (1) and assuming charge symmetry, the following event numbers are computed

with the known v and v fluxes ¢°(E) and o' (E):

- a = 2
W00 = [[EE L V) L T gy e,

m
e = [ % 1y Ky a, an
NyY (x,0) =ﬂ G?“E et - [y - %] dy dE ,

where T is the number of nucleons in the target. The sum of these event numbers,
weighted with the corresponding structure functions in each (x,Q%) bin, are just

the observed event numbers:

\Y RV Y AY]
Ny, = 2xF; * Ny + F, « N; + xF; * N,

) (18)
gy A R v
Nopg = 2xF; * N) + F, » N, - xFy * Ny .
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With the assumption of 2xF; = F;, i.e. the validity of the Callan-Gross relation,
we get from the sum and difference of the observed event numbers in each (x,Q°)
bin, the structure functions F,(x,Q?) and xF,(x,0Q%), respectively. The results

are shown in Fig. 16, where the results from BEBC, GGM, and from SLAC (ed)~scatter-

ing data are plotted. The SLAC data are multiplied by 9/5 = 1.8 to account for

the relation

arising from quark model considerations. The straight lines indicate empirical

) from e/u=

. . . 19
slopes 3 1n F,/d ln Q* which have been determined by Perkins et al.
scattering data, and which have been extrapolated tentatively into the so far un-

explored Q2 range up to 100 Gev?.

The over-all agreement of the data is quite remarkable. The BEBC data com—
pare well with the GGM data in the overlap regions. The neutrino data are roughly
consistent with the Q? behaviour shown by the e/u~scattering results, However,
this consistency is dominated by the GGM data points, whereas the BEBC high-energy
data taken alone neither support nor contradict (the error bars are sta*istical
only) the qualitative features indicated by the straight lines. It is clear that

more data are needed to clarify quantitatively the question of scaling violation

in CC reactions,

Figure 17 shows the integral of the structure function F;, plotted against

1n Q?, computed with the assumpticn 2xF, = F,. Quasi-elastic events are included

in the integral. For Q° < 1 GeV? the quasi—elastic process is domimant and the
integral rises from ~ 0.4 for large Q? to about unity at low Q2. 'In this @ domain
the nucleon reacts ccoherently as a whole, whereas at large Q2 the constituent pic—
ture dominates, with 50-60% of the nuclecn's momentum carried by non-interacting
gluons.

Figure 18 shows tﬁe integral of the structure function xF; plotted against

In Q?, also computed with the assumption 2xF; = F». The integral fxF; dx represents

the fractional momentum of valence-quarks only. The rapid rise below Q% = 1 GeV?
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is again due to the quasi-elastic contribution. For high Q2, /SxF; dx shows the

same falling tendency as SFp dx.

QCcD predictsl?) the asymptotic values 0.43 for fF, dx and zero for /xF; dx
in the limit Q* - = for m = 4 quark flavours. The latter can be seen intuitively,
since QUD predicts with growing Q® (i.e. at distances becoming shorter and shorter)
a rising contribution from (qq) pairs. The fraction sea/valence is growing. 4s

vV, v, . .
a consequence, O /0 1is expected to rise with energy, and for E -+ o gne expects

Y v . \ . =
0 =0, and a relative fraction of valence/sea converging to zero. The v and v

y-distributions will become equal and tend to the asymptotic form do/dy « 1 + (I - e,
®
In the analysis of the structure functions, we can relax the Callan-Cross
relation 2xF; = F;. In order to extract

2xF, (x,Q%)
Fy(x,0%)

*

A(x,Q%) =

the xF; term in Eq., (18) can be eliminated by adding the v and v data. Then the
y-distribution can be investigated in order to study 2xF;/F,. Figure 19 shows the
result for A as a function of ln QZ, for various ranges of x. The mean value of

A is

{AY=0.96 £ 0.20(0.09) (BEBC) ,

where the error quoted in brackets is the statistical error only. This result

is in good agreement with

{A)Y = 0.83 = 0.09 (CITF) ,

11 . .
reported recently by the CITIF group ). Altogether, the value of A obtained in
v scattering is compatible with a finite R, as reported from e/U experiments, and
with R = 0. Note, however, that A is strictly expected to be unity only in the

asymptotic limit Q2 + =,



NEUTRAL CURBRENT REACTIONS

In the five years which have elapsed since the discovery of neutral current
. 20 . X .
(NC) reactions by the GGM group ), a series of experiments have been carried out

in order to answer the following basic questions:

a) What is the strength of NC compared to that of CC, and what is its energy-

dependence?
b} What is the space-time structure of NC?
¢) What is the isospin structure of NC?

We are now in a good position to have first answers to these questions since all
recent experimental results are in good agreement. Experimental data are avail-

able in four different fields:
a) elastic nevutrino scattering off electrons;
b) elastic neutrino scattering off protons;
c) deep inelastic inclusive neutrino scattering on isoscalar nuclei;
d} exclusive and semi-inclusive single~T productionm.

The cleanest NC reaction we can think of is neutrino-electron scattering, and we

shall start with a discussion of the experimental situation.

5.1 Elastic neutrino scattering off electrons

The particularly attractive feature of ve scattering is that there is no un-
certainty about the hadronic structure involved. As a consequence, ve scattering
allows the cleanest study of the NC structure. The major drawback is, however,
the very small cross—section.. The V cross—section is proportional to s = 2mE,
where m is the mass of the target particle. Hence the cross-section for ve scatter-
ing is ~v 2000 times smaller than the neutrino—nucleon cross-section. The ve-

scattering experiments suffer notoriously from very small data samples and back-

ground problems.
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Four NC reactions are possible in ve scattering:

Ve te v te
€ _ L NG+ CC

G +e +u o+ a2

v s _ NC only

Of these, Ve and ;e can scatter via both NC and €C, whereas vu and GU scattering

can take place only via the NC reaction. The expected cross—sections in the

2
) have been calculated by 't Hooft 2) and

1
framework of the Weinberg-Salam model”
are displayed in Fig. 20. In the Weinberg-Salam model, the neutral current jNC

. . . , . L
1s a mixture of the neutral third isospin component j; of the standard V-A current

. LA
and the electromagnetic current Jom?

A

. ») . A
ige = 45 - 2 sin® @, « j° . (19)

W em

The only free parameter in this model is the mixing angle Gw, which 1s measured
to be around 30° (sin?® GW v 0.25; see Section 5.4), 1In the limiting case of

sin? Bw = {, j;c maintains the pure V~A structure. For sin? Bw > 0 the electro-

magnetic vector current adds a V+A term to the V-A structure.

The differential cross-section for ve scattering is given by:

v 28'mE| €+ C. <2 C. - C. 2
do e [ v Al + [ v A] 1 -9

dy b
(20)

P 2 _
dg\) ] 2G meE (CV + CA] a - )2 . [CV CA}
dy T 2 y 2 *

with the variable y = Ee/E which measures, analogously to the neutrino-nucleon
scattering process, the fraction of energy transferred to the electron. The

values of the coupling constants CV and CA are given in Table 4 for the Weinberg-

Salam theory.

Note that the singular value sin? = 0.25 leads to a particularly nice

%

symmetry in the world of leptons: the electromagnetic current is pure vector,
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the charged weak current is an equal mixture of vector and axial vector, and the

neutral weak current is a pure axial vector.

Table &4

Coefficients Cy and C, in the Weinberg—Salam model
for neutrino-electron scattering

Process CV Cp
v, * e ' + 2 sin? &, Y
Ge +a Y, o+ 2 sin? Sw —1.-"2
VU +e | -% + 2 sin? GW =1
GU +e | -Y% + 2 sin? Bw %

Owing to the interference between the NC and CC processes in v e scattering,
the cross-section is lower than the pure V-A prediction for small sin?® Gw. The

only process studied experimentally is Ge + e ﬁ-Ge + e . The experiment has
been performed at the Savannah River reactor by Reines and co—workers23). The
experiment is particularly hard, because with sin? Sw "% 0.25 as determined from
neutrino-nucleon inclusive measurements, the total cross—section does not differ
greatly from the cross—section predicted by the V-A CC reaction alone, The reac-—
tor experiment has measured the recoil electron spectrum in two energy bands:

1.5 < Ee < 3.0 MeV and 3.0 < Ee < 4,5 MeV, respectively. The resulting cross-

sections are

i

a(Gee) (0,87 + 0.25) % a{V-4a) 1.5 < E_ < 3.0 MeV

(1.7

14

o(v_e) 0.44) % g(V-4) 3.0 < E_ < 4.5 MeV ,
expressed in units of the V-A CC cross-section. Hence there is no significant
evidaence either for or. against the existence of a NC contribution in the observed
total cross—section. However, since the cross—section varies rapidly with sin® Bw

(see Fig. 20), the authors quote a fairly precise value for this parameter:

sin? SW =0.29 £ 0.05, in agreement with inclusive neutrino-nucleon scattering

results.
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The processes v + e - vu + e and GU +e -~ Gu + e have been studied

25 25
by the GGM ) and the Aachen-Padova ) groups. The results are summarized in

Table 5 and displayed in Fig. 21.

Table 5

Results of the Aachen-Padova and the GGM experiment on
neutrino-electron elastic scattering cross-sections

Slope of )

. Experiment
cross—section

Projectile | No. of events | Background

v 10 4.2 1.2 £ 0.6
_ Aachen-Padova
y 8 3.4 2.4 1,1
Y 1 0.5 + 0.3 < 2.3
GGM
v 3 0.44 + 013 107 20

1

2 Gev' ! electrom l.

*) In units of 107"% cm

The major conclusion is that a signal has been established above background for
both channels. The errors on the cross—sections are unfortunately large, reflec-
ting the small data sample, The results do not enable a significant discrimina-
tion between various models for the NC space-time structure. However, as can be
seen in Fig. 21, the Aachen-Padova cross—sections are in agreement with V+A, pure
V or A, and with the Weinberg-Salam model, with sin? Gw = 0,38 * 0,10, which is
compatible with sin? Bw v 0.25. Pure V-A coupling is not favoured by the Aachen-

Padova data,

The over-all agreement of the ve scattering results with the predictions of
the Weinberg-Salam model with sin? SW v 0,25 is somewhat spoiled by the observa-
tion made by the Aachen-Padova group that the average energy of the final-state
electrons differs for v and Gu by about two standard deviations, The value
sin? ew = 0.25, as suggested from neutrino-nucleon inclusive experiments, is a
singular value for v e and Gue scattering, as can be seen in Table 5 and in

Fig. 20: the interaction becomes a pure axial vector interaction since Cv becomes
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zero., The v and vV cross—sections become equal, and both y~distributions have
the same form 1 + {1 - y)2. 1In other words, the measured energies of final-state
electrons must have the same spectrum for equal UU and GU fluxes. Figure 22 shows
the experimental result from the Aachen-Padova Collaboration: the observed elec-
tron energy distributions do not agree well with each other. However, they also
do not agree particularly well with the Weinberg-Salam model, irrespective of

2

whether sin = 0.38 (which is their favoured value) or sin? 8, = 0.25.

ew
The over-all discrepancy with the Weinberg-Salam model with sin?® Gw = 0,25
is about three standard deviations, and it is up to everyone to reach his own
conclusion. However, given the statistical problems of a very small data sample
together with a large background, one should content oneself with seeing the

(Gi—e scattering process experimentally established, and wait for forthcoming ex-

periments with hopefully larger statistics.

5.2 Elastic neutrine scattering off protons

Elastic neutrino scattering off protons is a unique tool for studying the
hadronie NC, analogous in its importance to neutron B-decay. Various NC models
give definite predictions for the NC to CC ratio at Q* = 0, Hence a precise
measurement of this quantity puts restrictions on both the space-time and isospin

8)

2
structure of the weak NC .

Unfortunately, measurements are only possible above a minimum Q° since the
outgoing proton must have a minimum energy in order to be detected. As a conse-
quence, the Q°-dependence of the form factors involved complicates the situation.
In addition, the problem of a severe neutron background present in all experiments,

in particular at low Q°, has made the analysis very difficult.

Several experiments have been carried out to detect elastic vu and GU scatter—
ing off protons. The basic outcome is that both processes can be considered
establigshed experimentally, although the evidence is better for UU than for GU°
The measured NC/CC ratios are consistent with the Weinberg—S5alam model with

sin® Sw " 0,25, However, the large errors on the resuits do net allow a crucial
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test. The experimental results are summarized in Table 6. To indicate the ex-—
perimental diffieculties, the total number of observed events is given as well as
the background estimate.
Table 6
Results_for the_ratios Ry(vp) = o(vy + p > v, + p)/o(vy + n > + p)

and Rg(Vp) = oly, + p~* GU + p)/o(Vy, + p > ut + n). The Q? interval
is in all experiments nearly the same: 0.3 < Q¥ < 1.0 Gev?.

Rv(vp) No. of events Background Experiment

0.17 + 0.05%) 30 7 Hpw?”)

29

0.23 + 0.09%) 38 19 cr >’

. 29)

0.12 = 0.06 100 62 GGM

0.10 * 0.04 155 69 ap®?
RG(Gp) No., of events Background Experiment

0.2 0.1 % 22 8 upw’”)

%) Uncorrected for (G) +n > (G) + n, where np charge exchange

occurs in the target nucleus.

The results of the Harvard-Pennsylvania-Wisconsin (HPW) and Columbia-—
I1lincis—Rockefeller (CIR) Collaboratiens, in contrast to the quoted GGM and
Aachen-Padova results, are not corrected for the NC reaction G; + n -+ (Gi + n,
where np charge exchange occurs in the target nucleus. This correction may lower

the HPW and CIR results by 10-20%. The over-all agreement between the experiments
is then quite good.

A direct comparison of the v and Gu elastic gscattering rates is obtained
from the measured ratios Rv(Up) and RG(GP) from the HPW experiment if the ratio
of the CC quasi~elastic cross-sections is known. Taking this as

- - 27
g(vp +p > U+ + n)/g(vu +n->u +p)=0.,3% ), we obtain

oV +p+v + o(v +p+v + = 0.4 0.2
(u Py, 1:')/(U P 5 p) R
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where the error is statistical only. This ratio is not in favour of a parity~
conserving pure V or A structure where the ratio is expected to be unity. However,

this conclusion is only valid if one and only one Z boson mediates the weak NC

interaction.

The results of the HPW Collaboration are shown in Fig. 23a for vu scattering

and in Fig. 23b for Gu scattering.

5.3 Inclusive inelastic neutrino scattering off protons

The measurement of the v and V inclusive inelastic NC/CC cross-section ratio
on protons, in contrast to the same measurement on isoscalar targets, enables a
further check on the validity of the Weinberg-Salam model, extended by the Glashow-
)

. 3l . . ]
Iliopoulos-Maiani (GIM) scheme to include the weak interaction between the u-,

d-, s~, and c~quarks. In this model, the effective Lagrangian of the interaction

of muon-neutrinos with quarks is given as

L = 1°C 4 LNC
with
cC _ 6 J- Y .
L =75 {UYK(l + yYs)V [uY (1 + vsg) [d cos BC + 5 sin GCJ
+ EYk(l + ¥s) [—d sin 8, + s cos © ]]
C C ’
and (21)
NC _ G |- — A _ A
L = % {vyk(l + y5)v [uy (cv + CAYSJU + Ty (CV + CAY5)c

_ T A Fi ] _ = A ! J ]
dy [Cv + CAY5 d sY [Cv + CAYs 5 '
where BC denotes the Cabibbo angle. With the NC as defined in Eq. (19), we get

the coupling constants

= 1 4 . 2 = ]-
CV 5 - 3 5in Sw C vl
(22)
! L o e 2 + a2 L .:!'_
CV + 3 sin GW C! 5 .
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Using Eqs. (22), taking BC = 0, and for the sake of simplicity neglecting the
small contributions from the sea, we calculate in the framework of the gquark-parton

model and for a proton target the ratios of NC to CC cross—sections to be
p=§—2'2 i int o
Rv 7 3 sio Gw + 7 sin ew = (.42
for sin? Gw = 0,25

Rp=-§-—%sin°'8 + 2 sin* 8. = 0.29

= 6

V W W
in contrast with the same ratios on an isoscalar target, with the same simplifica-
tions:

0.30

fan}
=
-+
]
e
[=]
s
R

2

for sin = 0.25 .,

S|
R- = 1. sin? g _ + 20 sin® 8 = 0.39 ¥
v o2 W9 wo

The differences of the cross~section ratios between isoscalar and proton targets

are blg enough to be tested in experiments even with moderate statistical pre-
cision.

Recently, a first measurement of RE and R% has been reported by two groups,
The experiments have been performed in the FNAL 15' chamber filled with hydrogen
and exposed to a2 v and Y horn-focused WBB.
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The Fermilab-Berkeley-Hawaii-Michigan Collaboration ) has measured, at
typical neutrino energies of v 25 GeV, a ratio RE = 0.48 £ 0.17, where the quoted
error does not include the uncertainty of various corrections. The Argonne-

. . 33 , .. =
Carnegie Mellon-Purdue Collaboration ) has determined the same ratio in a Vv beam,

with the result R% = 0,42 * 0.13 where the error includes both statistical and

systematic errors.

Unfortunately, while the results are consistent with the expectation from

the Weinberg~S8alam model, the error bars are too large to allow further conclusions,

In this context it is worth mentioning that the CDHS counter experiment will

record events originating in a hydrogen tank in front of the iron target, and

will make an attempt to measure both RE and Rg with good precisiomn.
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5.4 Measurement of R, and Rg in inclusive neutrino
scattering on isoscalar tarpgets

. . 20} ., . . .
Neutral current reactions have been discovered ) in the inclusive scattering
process. After a periocd of confirmation and first exploration, inclusive NC experi-

ments have now entered the stage of detailed analysis.

Two things are of crucial importance for high-precision NC experiments:
large statistics and good acceptance for final-state muons, if there are any. If
also differential cross—sections are to be studied, NBB kinematics, with the ad-
vantage of the known energy-radius relation, is almost indispensable, However,
the over—all cross—gsection ratios R, = (NCKCC)v and Rv = (NC/CC)G can be determined

without major problems alse in WBB.

The experiment which has so far given the most precise information is that
of the CDHS Collaborationah). The basic eriterion for separating NC from CC events
is the "event length", i.e. the distance measured in centimetres of iron, between
the start and the end of the event as given by the scintillator pattern, projected
onto the axis of the detector. This method has already been used successfully
in an early experiment of the CITF Collaborationas) demonstrating unambiguously
an excess of events at short event lengths, which is ascribed to NC events. The

advantage of the method is that no reconstruction of the muon track {if any) is

involved, and therefore problems of reconstruction inefficiency are a priort

avoided,

Neutral current events are only detectable if a minimum amount of hadronic

energy E. is dissipated. Different cut—offs at low E, are applied in different

H

experiments in order to ensure that the detection efficiency for By above the
cut-off is unity. The effect of the cut-off is more severe for the low-energy

GGM data compared to data taken in the 100 GeV domain.

The resulting event-length distributions for v and ¥V events are shown in
Fig. 24 for CITF and Fig. 25 for CDHS. The general features are the gsame. How-
ever, the CDHS data sample is larger by one order of magnitude, and the background
of CC events with stopping low-energetic muons or with muons escaping at the side

is greatly reduced, thanks to the large lateral dimensions of the CDHS detector.
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A major source of systematic uncertainty comes from the WBB background which
is unavoidably present in NBB., It has been determined empirically in both experi-
ments in special runs with the momentum~defining collimator closed. The CC sub-
traction in the NC signal region has been performed in the CDHS experiment by
means of a Monte Carlc extrapolation on the basis of the number of events found
in the "monitor region' (see Fig. 25). Note that this means virtually an extra-
polation of CC events from large v to y = 1, since large—-y CC events constitute
the bulk of the events in the monitor region after the subtraction of WBB events.
The GC y-distribution is essentially flat at large y, both for v and v, in the
latter case as a conseguence of the finite amount of antiguark séattering showing
up as a flat component in the y—distribution. This is the reason why the CC sub-
traction is insensitive to the actual amount of antiquarks, since the subtracticn
is based on the observed number of events in the monitor regiom, with very little

uncertainty in the extrapolation,

Another feature of the analysis is equally important, both for CDHS and CITF:
any contribution from 'prompt" new phenomena originating possibly in the target
and giving rise to "false" muonless events (see Section 7) is avoided when sub-

tracting the properly scaled event numbers recorded in closed-cellimator runs.

The results ¢f the most recent experiments on Rv and RG are summarized in
Table 7, and shown in Fig. 26 together with the expectation from the Weinberg-
Salam model. The graphical comparison of Fig. 26 is not completely fair, since
the EH cut—off corrections are applied for only part of the experiments, and the
Weinberg-Salam prediction depends slightly on the amount of antiquarks as well as
on small deviations from isoscalarity of the tarpgets used. The curve in Fig. 26
is drawn for the conditions of the CDHS experiment, Note that a small change of
®, the relative amount of antiquarks, has very little effect on the determination
of sin?® Gw from Rv. In fact, RU mainly determines sin? Sw and its precision. The
value of o which has béen used in the CDHS analysis was o = 0.10. As discussed
in Section 4, o = 0.17 seems to be more appropriate for high energies, However,
the quoted error of 0.02 on sin® 8 _ covers the range 0,05 < o < 0,20 (the statis-

W

tical error on sin” ew is only one third of the quoted over-all error),
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Table 7

Summary of most recent experiments results on
Rys Ry, and sin? BW from inclusive neutrino
scattering on isoscalar targets

. 2
Experiment Beam | {Energy) R, and RG E, cut-off sin BW
(GeV)
cau’®) WBB 2 R, = 0.26 * 0,04 [Corrected [0.32 * 0.05
" ~ = 0.39 + 0.06
HpwE® ) WBB 85 R, = 0.29 £ 0.04 |E > 4 GeV 10.23 £ 0.06
40 Rg = 0.39 * 0.10
cIte’®’ NBB 90 R, = 0.28 * 0.03 [E, > 12 Gev|0.33 & 0.07 *)
70 Rg = 0.35  0.11
cpas’*’ NBB 100 R = 0,293%0,010(E > 12 GeV|0,24 ¢ 0,02
90 RS = 0.35 £ 0.03
BEBC NBB 100 R, = 0.32 * 0.04 {E. > 15 GeV[0.21 * 0.04
(preliminary) 90 R- = 0.38 *+ 0.07 {statistical error
d only)

*) Determined from an over—all fit including normalized EH spectra.

As can be seen from Table 7 and Fig. 26, all recent experiments are in rea-
sonable agreement. They point to a value of sin? Bw near to 0.25, which is just
the singular value for pure leptonic interactions as discussed in Section 5.1.

2

The most precise value for sin comes from the CDHS experiment, and is

Oy

sin® ew = 0,24 * 0,02 .

A graphical comparison of the results of different experiments for sin? Bw is

shown in Fig. 27.

The apparent difference in the result for sin® Bw between CDHS and CITF
(although the ratios R\J and R appear to be almost identical) is due to the fact
that CITF has determined sin? ew in an over-all fit which has included the observed

distributions in EH (this offers additicnal information on sin? see Section 5.5)

Bw,
from CC and NC, with an external flux normalization of Vv and v events. Determining

sin? Bw directly from R\J and Rﬁ would of course give a sin? ew closer to the CDHS

value.



- 346 -

The striking feature in Table 7 is that the Rv and RU values from GGM show
no significant difference from the high-energy values, although determined with
low-energy neutrinos. Note, however, that sin® Gw has been determined from the

GCM data assuming the energy to be below the charm threshold, in contrast to the

analyses of the high-energy experiments.

5.5 Hadron energy distributions of
inclusive neutral current events

The EH—distribution of neutral current events reflects the NC y-distribution,
folded with the neutrino energy spectrum. Hence, the y~distribution can be in—

ferred from the EH—distribution.

In practice, the best study of EH—distributions can be done in a NBB because
for a given radius slice the incident neutrino emergy is dichromatic (owing to the
®/K ambiguity), and the y-distribution is transparent in the observed EH—distribution.
In a WBB, however, owing to the lack of an energy-radius correlation, the neutrino
energy spectrum is unavoidably folded into the observed E, spectrum, thus making
the interplay between a possible energy dependence of the NC cross-section and
the form of the y-distribution irresclvable. However, assuming Rv and RG to be
energy independent, the parameters of the NC y~distribution can be determined by

an unfolding procedure also in WBB.

So far, the only experiment which has reported statistically meaningful re-
sults on the separate study of v and v NC y-distributions is the CDHS experimentL+ ).
The results have been obtained in a NBB, The EH-distributions of NC and CC events
are shown in Figs, 28a and 28b. To avoid a direct comparison with Monte Carlo
events for which a very good understanding of the hadron energy calibration and
of all resolution effects is necessary, the ratio of the NC and CC EH—distributions
in each radial bin, as a function of EH’ has been studied. This has the advantage
that systematic errors are greatly reduced, and the primary aim of the study --
to look for a difference of the NC y-distribution with respect to the CC y-

distribution ~- is more transparent, As can be seen from Fig. 28, the NC EH—

distribution follows very closely the CC EH-distribution. It can immediately
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be concluded that the NC and CC y-distributions do not differ greatly and that

there is no substantial energy dependence of Rv and RG'

The ratios of the NC and CC EH-distributions are shown in Figs. 29a and 29b.
If R\‘J and Rﬁ are independent of energy, and the NC and CC y-distributions are the
same, all ratios must be compatible with being constant in all radius bins. This
is nearly the case, but there is a visible trend towards a gentle deviation from

the constant, The v and v data have been fitted independently, with a functional

form for the y-distribution as follows:

_ 2
1+ aNC(l v)

'g'g (y) = Rg for v
1+a,(l-y?
cC
, - (23)
_ Q=9 +a _
= Ry NC for v .
_ 2
(1 -v)° + Qo

This particular parametrization comes from the prejudice that the NC has a V,A
structure, together with the assumption of approximate scaling behaviour. It

finds its a posteriori justification from the close similarity of the NC and CC

EH—distributions.

The input CC y-distribution consists only of components with flat y and
(1 - y)z, which is a reasonahle parametrization of the data (see Section 4.2%. The
parameter O.. has been chosen to be 0.10, independent of energy. However, as long
as conclusions are based on the difference between NC and CC EH—distributions,

the results are almost independent of the chosen walue of %ec

The first result which can be obtained is R“ and RG without cut—off in EH.
This means, in practice, that the parametrization [Eq. (23)] is taken to be wvalid
also for the undetected NC events with EH < 12 GeV, Integrating Eq. (23} with the

best=fit values for Ry (Ry) and Cee (aNC)’ the result ig
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1
1l +=-uo
R, = Ko f NC . 0.295 + 0.010
1+ 3 Yoc r EH > 0 GeV,
. G = 010 .
- 3% ¢
I = 0.34 + 0.03
3 % /

The corrected values for Rv and R.G peint to & steeper NC y-distribution for v

and a flatter distribution for v, compared to the CC y—distribution.

In 2 NBB with its radius-energy correlation it is possible to study the
energy—dependence of Rv and Rﬁ' For this purpose, the parameters R, and Ry are
split into two energy bins, Ev < 100 GeV and Ev > 100 GeV, but with an energy-

independent y—distribution. The result is

0.99 z 0.07

1

Rv(Ev > 100 GEV)/Rv(Ev < 100 GeV)

1.03 £ 0,18 .,

R\_)(EG > 100 GeV)fRG(EG < 100 GeV)

This result does not favour a substantial energy dependence of Rv (RG)' The aver-—

age neutrino energy is 60 GeV below and 150 GeV above 100 GeV. The result is

illustrated in Fig. 30.

The shape of the NC y-distribution is characterized by e (aNC)' Note,
however, that the absolute value of Ce (aNC) is meaningless since it depends
strongly on the input assumption for_uéc. The result is therefore quoted as the
difference between Cye (aNC) and Q..

aNC - acc = (.09 + 0.18

with Cop = 0.10 .

= 0.10 = 0.07

1
[
|

NC cC

Hence, the best fit favours a NC y-distribution which is steeper for v and
flatter for v, compated to the CC y-distribution, although the difference is of
course statistically not significant. The result is illustrated in Fig. 31. It

is a great challenge to experimenters to reduce the experimental error so that

}_,—I .
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the indicated difference becomes significant. For this it is of prime importance
to further increase the statistics of NC events, in particular for v where a

flatter y-distribution can more easily be established.

In NC reactions the outgoing neutrino is unobserved, and it is not a prionrs
clear that the incoming and outgoing neutrinos are identical. If both neutrinos
are identical, the effective Lagrangian is proportional to Gyk(l + Ys)v'jg, where
the space and time components of the hadronic current are required to he Hermitian
since the Lagrangian is believed to be Hermitian on very general grounds, Hence
the differential cross-sections must be the same for v and v wherever the va
interference term vanishes, e.g. at vy = 0. On the other hand, with two different
neutrinos it is possible to consider non-Hermitian hadronic neutral currents, with

the result that the v and V cross-sections at ¥y = 0 are not necessarily the same.

. , b ,
The argument is due teo Wolfenstein 1). The experimental result for the forward
cross-section ratios at y = § is:
1 + ¢
Ro N - 0.313 + 0.033
1+ uCC
1+ _1
Ro ——XC _ 4 297 + 0.0 ,
1+ aCC
or
R-/R = 0.95 * 0,15
[ kY v]y=0

on an irom target. This result, together with the experimentally established
charge symmetry for CC interactions, is in agreement with the concept of '"neu-

trino identity" (but does not necessarily prove it).

5.6 The space-time structure of neutral currents

The space-time structure can be explored via the NC y-distribution. However,
this is strictly true only irn the scaling limit, because in the general case
[see Eq, (1)] the y-distribution does not factorize. But if scaling holds at

least approximately, which has been demonstrated in CC scattering results, the
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y-dependence of the differential NC cross-secticon becomes explicit and indicative

of the NC space-time structure. On general grounds it can then be at most a
second-order polynomial in y.

In order to get statistically meaningful results on the NC space-time struc-
ture, the CDHS group“o) has performed a common fit of the v and ; data sets, with
only two fit parameters which interchange their place when changing from v to v,
Thus the errors on the fit parameters are greatly reduced compared to all fits
discussed in the previous section, where v and Vv data have been independently
fitted, each data set with two fit parameters. Since the simple parametrization
[Eq. (23)] ig not adequate for the statistical accuracy of the total data sample,
the parametrization ig refined by taking into account the small effects of the

strange sea and the deviation of iron from an isoscalar target:

g + g, (1~ 97 [+g.,5%]
LR A SP for v

cc 2
i £,(1 -
Lt R( y) (24)

2
g, (1= 97+ gy [vegpy®] .
= for v ,

-
£L(L-y?+

where 8L and Br dencte the effective contributions from left— and right—handed
NC for a target of iron nucleij g and gp are the same for v and v NC interac-

tions, whereas the equivalent CC parameters are slightly different for v and v:

£ =1+ 3+ £, =1.,05

L

fR = gud = 0.07

fL =1-3 = 0,98

fo =64 *5&s =0.10

with
s =18-Z_ 4 023 for iron (non-i 1 tion)
3 N + z . D 1ron non=1soscalar correcrLlion

Eud = %f%ﬁ—f—g%%ﬁ- taken to be 0.07 (non-strange sea)
E = _Jx2sdx taken to be 0.03 (strange sea) .

5 fx(u + d)dx

o
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The such defined parameters fL’ fR, EL’ and ER have been used as input parameters
in the fit, for the description of the y-distribution of CC interactions on iron
nuclei. The relative amount of strange plus non-strange sea is assumed to be

gs + Eud = 0.03 + 0.07 = 0,10,

The S or P couplings, in the presence of V,A terms, would show up as a y°
term in the NC y-distribution, with same strength for v and v. In Eq. (24}, the

best fit for Bsp yvields the result

&sp

——=— =0.02 + 0.07 ,.
g, T 8y

which does not favour the presence of S or P terms in the NC structure. However,
this interpretation is only valid if there is no intrinsic (1 - y) term present
(a longitudinal contribution analogous to the one discussed for CC in Section 3.
A y* term could also be indicative of a (1 - y) term, although the coefficient

*)

of the y* term is then negative”™’ .
In the quark-parton model, 8y, is to be interpreted as the sum of the contribu-
tions of the V-A current from quarks, and the V+A cutrent from antiquarks, with

the reverse true for g_ . The result for and is
R 8L Ep

g = 0.300 = 0,012
withEd+'c', = 0,10 .
gp = 0.050 * 0.005 e s
It should be stressed, however, that these wvalues of gL and -- in particular --

gp are dependent on the input assumption on Eud + ES, and are subject toc small
changes if a higher input value for the sea is used. For this reason, the in-
tensities of the V-A and V+A couplings have not been quoted since they are meaning-

ful only once the amount of sea is known with very good precision.

*) I thank Prof. M. Gourdin for having pointed this out to me.



- 47 -

Nevertheless, to demonstrate a significant contribution of V+A coupling
besides the dominant V-A contribution, the ratio gR/gL = 0,167 £ 0,018 is compared

with the one which can be expected for pure V-A coupling of the NC, namely

V-A _ fx(u + d + s)dx 0.03
/g PUEE = = 0.07 + = 0.085
ENEN Tx{u + d)dx 2

with the assumptions stated above (which entered also into the results for g
and gR:). This result is in disagreement with a pure V-A structure of the NC,
and requires a V+A admixture with a significance of 4 standard deviations (6 stapn-
dard deviationms statistical error only). This significance is fairly independent

of the assumption for gud + gs in the range 0.05 < Sud + gs < 0,20.

A graphical illustration of this result is given in Fig. 32, It shows
clearly the significance of the result in discriminating between different hypo-
theses for the NC space-time structure. The hypotheses of V+A and pure V or A

36—38)

are completely ruled out, confirming earlier but less precise results . The

question today is to establish firmly the small V+A contribution of the weak NC,

Figure 33 shows the analogous CITF result, The experiments agree on their

conclusicns although CITF tends to a higher relative contribution of the right-

handed NC component,

As can be seen in both Figs. 31 and 32, the data are in good agreement with
the Weinberg-Salam model. The value of sin? Bw = 0.24 £ 0.02 derived from the
CDHS values of Rv and RG describes very well also the observed EH distributions,

both for v and v, as can be seen in Fig. 29. Performing a fit in the framework

2

of the Weinberg—Salam model with both sin and the sea Eud + Es as unknowns,

BW
the best fit yields Eud + Es = 0.16 + 0.05, with sin? Bw unchanged. This result
for the sea, although obtained in the framework of a very specific model, is well

consistent with o = 0.17 * 0.06 obtained from CITF CC data (see Section 4.2).
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5.7 Upper limits for strangeness— and
charm—-changing neutral currents

In the Weinberg-Salam model, extended by the GIM model to incerporate the
weak CC and NC interactions of quarks, the weak hadronic current is, by construc—
tion [see Eqg. (21)], strangeness— and charm-conserving. Experimental tests of

this conjecture have been reported.

The conservation of strangeness by neutral weak currents has been verified
experimentally with very good precision in the decay of strange particles. For
neutrine reactions, the GGM grouphz) has examined a sample of about 10,000 v KNG
eventg for single strange particle production. No signal has been found for A

or I° production, yielding an upper limit
P » ¥ P

of[v + N+ v + A(or £®) + non-strange hadrons] < 5.4 x 10~
olv + N=> v + X) :

at the 907 confidence level.

At neutrino energies in the 100 GeV domain, where the production of massive
charmed particles is not kinematically suppressed, the CDHS experimentha) has
reported an upper limit for charm production by NC by examining "wrong-sign"
events in a v NBB. Suppose a charm-changing NC converts a u-quark into a c-quark,
V+u~>v + ¢, which in turn decays semileptonically, ¢ =+ s + u+ + v, resulting
in a wrong-sign muon. All the events found ean be attributed to known sources
of background, mainly WBB background. A cut at a visible energy greater than
100 GeV leaves one event which is most likely due to background, giving an upper
limit for charm-changing NC,

g(NC with AC = 1)

-2
S(NC with ¢ =0y - 26 x 10

at the 90% confidence level. This limit can also be interpreted as an upper limit

to the fraction of the charmed sea in the nucleon.
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5.8 The isospin structure of the
weak neutral current

Starting with the prejudice that the weak NC does not change isospin by more
than one unit (|AI| < 1) ~- motivated by analogy to the isospin structure of both
the CC weak current and the electromagnetic current —-— the NC can contain only
isoscalar {AI = 0) and isovector (AT = 1) terms; The single-pion production in
neutrino interactions is one of the simplest reactions for investigating the iso-

spin structure.

The GGM grouphq) has recently reported measurements of all four possible NC-
induced exclusive single-7 channels. They are listed in Table 8 together with the
respective transition amplitudes and the measured cross-sections given in arbitrary
units,

Table 8

Transition amplitudes and cross—sections for all
four neutral current single-T production channels

Reaction Transition Cross—section

channel amplitude (arbitrary units)
V+p+ru+p+ |24, +A -8 297 t 37
ven>v+n+1' |24 + A +8 177 + 43
VEn Y+ p ot T ] V2(Ay - Ay - 8) 237 * 59
Vieprvta+m | VI(A; - AL +S){ | 180 % 31

]

5 isoscalar amplitude
A7 = isovector HE amplitude
As = isovector /, amplitude

Three iscspin amplitudes can contribute to exclusive single-m production:
the amplitudes S {(iscscalar) and A; (isovector '%) lead to a final-state T-nucleon
system with I = Y. The amplitude A; (isovector %) leads to a final state with
I =%, Five real quantities (one over—all phase can be arbitrary) cannot be
determined from the measured cross—sections since the system is under—-determined.

However, extreme hypotheses can be tested:
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a) The weak hadronic current is pure isoscalar (A, = A3 = 0) or pure isovec-
tor % (S = A; = 0): then one expects the ratio of cross-sections
- + , .. . ,
(pn®)t (nn®) 2 (pm }:(um ) = 1:1:2:2, This expectation is incompatible with

the observed cross-sections and is ruled out with a confidence level < 10 %,

b) The weak hadronic current is pure isovector % (S = A; = 0): then one ex-
. . - + .

pects the ratic of cross-sections (pr°):(nm®):{pw ):(nm ) = 2:2:1:1. This
expectation is, although not incompatible, still very unlikely: the con-

fidence level is only 0.02.

Moreover, a survey of the T-nucleon mass spectra exhibits a peak in the (p7r’)
channel which is due to A production (see Fig. 34). This observation makes an A,
component necessary and favours its dominance in a mixture of isoscalar and iso-

vector components.

The main conclusion of the analysis {(which is very difficult, since a detailed
understanding of nuclear re-interactions is crucial), i.e. that the weak hadronic
NC is composed of an isoscalar and an isovector term, is supported by other meas-—
urements of the GGM group: the exclusive single-7 production in v NC interactions,

5)

and the semi-inclusive single-T production in NC v and v interactions .

Finally, the experimental results on the iscspin structure of the weak
hadronic current are in agreement with the expectation from the Weinberg-Salam
model. However, the experimental error bars are unfortunately too large to enable

a critical test to be made.

MULTILEPTON EVENTS

The discovery of neutrino-induced 2Uu events has been one of the most interesting
developments in neutrino physics in the past few years, They have provided direct
experimental evidence for the excitation of a new hadronic degree of freedom, which
was subsequently identified with charm. Recently, the discovery of neutrino-
induced events with evén higher muon multiplicity has again caused considerable

efforts to be made to understand the origin of these events.
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6.1 Opposite-sign 2u events

Events with 2u in the final state were first reported by the HPWF groupqs)

and have been confirmed by the CITF grouph7}. Both groups have made a big effort
to explore the nature of both opposite-sign and like-sign 2u eventsqs’qg). This
early work demonstrated that the opposite—sign 21 events are mainly due to the

production and subsequent semileptonic decay of charmed particles., However, the

nature of like-sign and v-induced opposite-sign 2| events has remained unclear

owing to lack of statistics.

The CDHS groupsu) has reported a study of v~ and v-induced opposite-sign 2u
events, where the statistics of events with all relevant kinematical parameters
measured has been increased by an order of magnitude. Since the data have been
recorded in a NBB, the total visible energy can be compared to the incident v
energy reconstructed from the known radial positicn of the event. Thus a check

for missing energy carried away by unobserved final-state neutrinos is possible.

The conclusion from the characteristics of a sample of 257 v- and 58 v-induced
opposite-sign 2y events is, in line with the earlier work, that these events are
predominantly due to charm production, with properties just as expected from the
GIM charm modelal). Within the statistical accuracy of the data sample, no other

mechanism is needed in order to explain the events,

In the GIM charm model, the production and subsequent gsemileptonic decay of
charmed quarks can cccur in different reaction channels. They are listed in
Table 9 together with the resulting expectations for the rate and for the x— and

y-distributions. One therefore expects the data to exhibit the following proper-
ties:
a) The 2u events occur in v and v interactions, with a comparable strength.

b) For v, the scattering takes place both on valence- and sea-quarks. The x-
digtribution should be slightly compressed towards smaller x compared to
normal CC interactions. For v, the scattering takes place exclusively from
sea-quarks, and almost only from the strange-quark component. The x-

distribution then represents the structure function of the (strange) sea.
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Table 9

Possible processes for opposite-~sign dilepton production for v and v

_ Sx(u + ddx | _ [x2sdx

= ; L= oTr e
€Ud Jx(u + d)dx ! 5 Jx(u + d)dx ’ H

Scattering occurs

Process Relative rate off: y—distribution
v+d>pu +c sin? GC " 0.05 Valence—-quarks Flat
Vv o+ 5 > u_ + c Es cog? GC v 0,04 Sea—-quarks Flat

Eud sin? GC v 0 Sea—quarks Flat

<1
+
=Ny
¥
=
+
]

-— + -
V+sHFu +c & cos? B v 0.04 Sea—quarks Flat

(with ¢ + s + £ + V)

¢) The y-distribution is also flat for v interactions. Hence on the average,
half of the v energy ig transferred to the hadron system. The second muon
comes from the decay of a particle which is only part of the shower. As a
conseguence, one typically expects a high-energy "leading” muon from the
lepton vertex opposed to a low-energy second muon, with a strong anti-
correlation in the azimuthal angle difference A¢ of the momentum projections

on the plane perpendicular to the direction of the incident neutrino.

d) The transverse momentum of the second muon is limited with respect to the
shower direction, calculated from the difference of the vector momenta of

the incident neutrino and the leading muon.

e} Owing to the unobserved neutrino from the semileptonic decay of the charmed
particle, the visible energy is smaller than the reconstructed incident
energy.

All these features are well reproduced by the data. Figure 35 shows the

scatter plot of the energies of the leading and second mucns. The average energy

of the leading muon is three times larger than the average energy of the second
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muon, well outside the Pais-Treiman boundsl) D.48 < (Eul)f(Eu?> < 2,10 for the
creation of a neutral heavy lepton with spin Y», which could be an alternative
explanation of opposite-sign 2u events. Note that the momentum of the muons is
required to be > 4.5 GeV on the avérage, to enable an unambiguous muon identifica-

tion and the reconstruction of the vector momentum. Thus the "true" ratio without

cut-off will be even higher.

Figure 36 shows the anticorrelation of the two muons in a scatter plot of
AP and the energy of the second muon. This plot demonstrates clearly the associa~
tion of the second muon with the ghower direction. This association becomes even

more pronounced with the increasing energy of the second muon,

Figure 37 shows clearly the limited transverse momentum Pr of the second

muon with respect to the direction of the hadron shower, independent of the energy
of the second muon. Figure 38 demonstrates the behaviour expected from GIM charm
in the distributions of the scaling variables x and y. The y-distributions are
consistent with a flat distribution, the x-distributions are compressed towards
small x, in particular for v events. The observed x—distribution for V events is
compatible with the one observed in antineutrinoe CC single-muon events for large y
{see Section 4.3), strongly supporting the notion that the antiquarks are concen—

trated at small x, with a distribution as given in Fig, 38b,

A gignificant difference between the observed energy and the incoming energy
is measured: for v, 8 £ 4% (for v, 10 + 5%) of the total energy is carried away

by unobserved neutrinos.

Figure 39 shows the rate of the opposite-sign 2u events [after correction
for (K} » u background] as function of the incident v energy, normalized to the
rate of single-muon CC events. The increase of the rate with energy reflects the
improving acceptance to observe the events in a charm model. The acceptance is
essentially the probability that the muon from charm decay exceeds the cut of
4.5 GeV. Above 100 GeV, the observed rate is

+ -
~GWB) 5% 1073 (B > 100 GeV)
g(single W) v
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with a 2u acceptance of about 50%7. The observed rates are smoothly dependent on
energy, with no significant indication for a threshold effect because of a sub-

stantial production of a new sort of hadronic matter beyond charm.

The observed v and V rates can be used to calculate the magnitude of the

strange sea on the basis of the relations given in Table 9:

- v
- JxQs)dx  _ 2 . EU — 1 5 v
S fx(u + d)dx o [R(z1)/R(2w)] - (0770™)

With tan? BC = 0,057, R(2u)fﬁ(2p) = 1.05, and lecv = 0.48 (see Section 4.1), we

get for the momentum fraction of the gquarks of the strange sea 53 = 0.05. Taking
the present world average for the semileptonic branching ratio for charmed mesons5
BU = 97, and a rate o{2u)/o(y) = 5 x 10~% with an acceptance of 50%, we arrive at

the result that v 117 of the total CC cross-section is accounted for by charm

production at high energies, both for v and v,

When comparing the opposite—sign 2u sample with models of charm production,
information can be extracted about the fragmentation functiom D{(z) of the charmed

quark, where

&
ZpD

Z =

M2 - M+ MD)2

is the function of the available centre~of-mass momentum carried by the charmed

D meson [W denotes the invariant hadron mass, M is the nucleon mass, and MD ig

the mass of the D(1870) meson]. The choice of a flat or slightly increasing func~
tion of z, which can be motivated by leading-particle effects, vields a good des-—

53
cription of the data ) as shown in Fig. 40.

6.2 Ue events

The detection of ue events is so far only possible in bubble chambers because
of their excellent capability to detect electrons, whereas counter experiments are

in general blind in this respect,
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A . - . s . +
The first events with a 1 in asscciation with an e have been observed by
54) . ; 55—58)
the GGM group and have subsequently been confirmed by the FNAL 15° chamber .
59

Recently, the BEBC group ) has alsoc recorded a number of 2u and ue events {and
even one 3y event). The characteristics of the pe events are fully compatible
with the characteristics of the opposite-sign 2u events and need not be discussed

again. The difference between 2} and le events is that the semileptonic decay

of the charmed particle yields in one case a muon, in the other case an electron,

Moreover, the bubble chambers found a particularly nice confirmation of the
GIM charm picture: there is a strong correlation of pe events with the production
of strange particles. This is expected in the GIM model, where the charmed quark ‘
couples with a strength of cos® BC A 0,95 to the s—quark and with sin® SC W 0,05

to the d-quark,

The charm model can accommodate " 1.5 strange particles per ue event for v,

and " 2 for v, since two strange particles must be created when producing charm
0)

PP . & .
off the sea. Then the expected K’ multiplicity is about 0.8 per event in the

GIM charm model. Unfortunately, different experimental results have not yet

yielded a consistent picture, since the reported K® multiplicities are not in
agreement:

+ 0,63
(n.Kg) 1.84 _ 0. 53 (Refs. 55, 56) .

(mge) = 0.5 £ 0.2 (Ref. 57)
(nKu) =1.7 £ 0,7 (Ref. 59) .

This discrepancy is not yet understood. It might be an experimental problem, or
it might be due to the energy dependence of the associated strange-particle pro-
duction. Hence, there is no good reason to give up the GIM charm model, which

describes all other features of dilepton events remarkably well.

6.3 Like-sign 2 events

The existence of like-sign 2u events and their characteristics are of par-

ticular interest in connection with models other than charm production, which
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have been proposed to explain the origin of at least part of the opposite-sign 2u
events, and of 3U events. In particular, some models, constructed to explain cer-
tain features of 3u events, have postulated the existence of heavy lepton cascades,
Such a model, for example, would predict a substantial number of like-sign 2u
events with the characteristic property that both muons would be energetic and

not associated with the hadron shower. With less speculation, it can be argued
that in any case, the 3u events, whatever their origin might be, must have their
reflections in the 2y events also, most simply when one of the muons is too slow
to be detected. Another source which must contribute to like-sign 2) events at a

certain level is associated charm production, with one of the charmed-particle
pair decaying semileptonically.

The only statistically meaningful result on like-sign 2p events has been
reported by the CDHS groupsl). It is based on 47 (=-) events and zerc {++) events
recorded in a v exposure, and on 9 (++) events and zero {(--) events in a v exposure.
The data are shown in Fig. 41. The average energy of the second muon (the more
energetic muon is chosen as the leading muon) is significantly lower than in the
opposite-sign data (compare to Fig. 35). The relative rate of like-sign to
opposite-sign 2u events is about 15%, measured in the very dense (> 5 g/cm’) CDHS
detector. At this level, the problem of trivial background of n(K) + u decay from
shower particles is severe. This background has been calculated on the basis of
the known mean free path of pions and kaons in iren, and the properties of w-
induced showers and their subsequent development in matter. The main qualitative
features of this ﬁackground are in agreement with the observed properties of the
like-sign 2u events. One interesting feature is displayed in Fig. 42: the Pr
distribution of like—sign 2p events, where Py denotes the transverse momentum of
the second muon with respect to the plane defined by the leading muon and the in-
cident neutrino (this P is on the average smaller by a factor of v2 than the Pp
with respect to the shower direction, if the second muon is associated with the
shower), Figure 42 demonstrates, although with limited statistics, that the
second muon is indeed confined to very small pys thus pointing clearly to the

association of the second muon with the hadron shower.
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The Monte Carlo calculated m(K) - J background can only account for v 60% of
the observed signal, although the systematic uncertainty of such a calculation is
difficult to estimate. If the excess of observed events over background is con-
sidered significant, then the like-sign 2 rate which remains after the background
subtraction is of the order of (3 = 2) x 107" of the CC single~u rate, and of the
order of {0.05 * 0.03) of the opposite~sign 2p rate, both for v and V. Much more

statistics are needed to pin down a genuine like-sign 2u signal.

6.4 3u events
Neutrino-induced 3p events were first observed by the CITFR group62). They
. 63
have beer. confirmed by the HPWFR group’ >, and later by the CDHS®") and the BEBC
59)
group .

3,65)

&
A sample of 13 31 events recorded by the HPWFR group (for a long time
the largest sample) has caused considerable interest. Some aspects of these early
3: events have been interpreted by the HPWFR pgroup to be inexplicable by conven-

. 66) , . ,
tional processes . New production mechanisms such as new lepton production and

decay cascades have been suggested as the origin of 3p events,

The data of the HPWFR group have been obtained at FNAL in three different
beam types, which are listed in Table 10 together with the observed number of
events and the effective number of protons on the target. In the same table are
also included the equivalent numbers of the CDHS experiment, which has recorded
a substantially larger sample of 3u eventss7). It seems appropriate to study the

dynamics of 3| events first with the high statistics data sample and then to com-

pare them with the earlier HPWFR results.

The possible sources of 3u events may be listed as follows:

i} Trivial sources such as
a) accidental space-time coincidences of a 21 event and a CC single—u

event, This is estimated to account for at most a few percent of the

events observed by CDHS.
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Table 10

Comparison of the beams (see also Fig. 2) and event numbers of
the HPWFR and CDHS 3u-event studies

. Effactive
Sign No. of
. Protan No. of .
Beam selection ener rotons (-=+) Experiment
of flux 8y P 31 events
on target
Quadrupole v+2s 5.8 x 107 6
triplet beam 3
Bare target |, (4107 9y | 400 cev | 3.3 x 10!7 6 HPWFR
v beam
Bare target |35 (4107 v) 18.8 x 10'7 1
v beam
Horn focused - 17
WEBB + plug v (+3Z V) 350 GeV | 17.0 x 10 63
CDHS
Horn focused | 39 4y {400 gev | 2.3 x 1017 13
WBB + plug ’ l ¢
1

b) w(K) » W decay in addition to 2y events. This is estimated for the
dense CDHS detector to yield of the .order of 6 u-u_u+ and 6 u“u+u+
events {note that this source is about symmetric in the u_u-u+ and
u_u+u+ signature). The numbers actually cbserved were 76 u“u_u+ events
and 4 u‘u+u+ events. The oﬁserved 4 events of the latter type are con-
sistent with this background, and will not be discussed further. However,

- -+
H

it is clear that a genuine u Y sipgnal exists above trivial background.

1i) Non—-trivial but conventional sources such as
- . + - .
a) production and subsequent decay of vector mesons into Y U pairs;
. + - . . .

b) electromagnetic u | -pair production both from the final~state U at the
lepton vertex and from the quarks at the hadron vertex;

¢) associated production and subsequent semileptonic decay of charmed par-
ticles;

+ = . . - i .
d) internal U U -pair creation after qq annihilation (Drell-Yan process).
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iii) Exotic sources such as production and subsequent cascade decay of new heavy

leptons, or heavy quarks, or both together.

Apparently, the bulk of the listed conventional processes yields an additional
u+u_ pair which is associated with the hadron vertex, To explore this possibility,
the CDHS group has defined a "leading" negative muon {u1) such that the sum of the
absolute values of the transverse momenta of the second negative muon (1,} and of
the positive muon (U3) with respect to the direction of the hadron shower (G - al)
is minimal.

The momentum distribution of the three muons exhibits a clear distinction
between the leading and the non-leading muons (Fig. 43). The average energy of
the leading muon is a factor of 2 higher than the average energies of the nen~
leading muons. On the other hand, the two non-leading muons appear to be rather

symmetric, as shown in Fig. 44.

The fact that for nearly all events the transverse momenta of the non-leading
. I3 - -+
muons with respect to the direction of the hadron shower (calculated as v - ﬁ,)
are confined to small values, is shown in Fig. 45. The observed (pT) is close to

the one observed for the second muon in opposite-sign 2y events (v 700 MeV).

At this stage the tendency of the non-leading muons to be dominantly associa-
ted with the shower is already clear. This notion is confirmed in Fig. 46, where
the difference Ad in the azimuthal angles of the projections of the muons om the
plane perpendicular te the incident neutrino is shown. To be less affected by
measurement errors, events are plotted only when all transverse momenta with re-
spect to the direction of the incident neutrinoc are greater than 200 MeV. The
distributions in A¢, for both combinations of a leading with a non-leading u, peak
at 180°, pointing clearly to a dominantly hadronic origin of the events. If both
non-leading u's have a common parent particle, it is meaningful to look for the

distribution of Ad between the leading U and the vectorial sum of the two non-

leading u's. This distribution (Fig. 46c) peaks even more sharply at 180°, However,

&
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a significant number of events cluster around 4¢ = 0°. This indicates that not

all the secondary muons are associated with the shower.

The mass plots (Figs. 47a-d) show rather smooth distributions, The non-
leading dimuon mags is significantly compressed to smaller values. Unfortunately,

the mass resolution is not good enough to clearly resclve peaks from, for example,

@ production.

The scatter plet of the three possible dimuon masses versus the 3 mass is
ghown in Fig. 48. Figure 4Ba shows the two possible u+u_—pair mass combinations.
As the 3u mass increases, the dimuon masses separate into two bands, one rising
linearly with the 3u mass, the other being confined to small values. WNote that
with the chosen definition of the leading muon, the non-leading dimuon mass is
always in the lower band. In centrast to that, the dimuon masses containing the
leading muon lie close to the kinematical upper bound which is given by the 3
mass. From this plot it can be concluded that the parent mass of the non-leading

dimucns must be rather small.

The distribution of the visible energy spectrum is given in Fig. 49 for
single-u CC, for opposite-sign 2y, and for 3y events. The distribution for 3p
events is smooth and does not exhibit a threshold effect. Figure 50 shows the
31 rate compared to the single—u CC rate, as function of vigible energy. The
raw rate {i.e. uncorrected for acceptance) of 3 events to single-p CC events is,

for visible energy above 30 GeV,

+

T{31) _ -5
EfETEgTE_ﬁT = (3.2t 0,4) x 10 {350 GeV WBB)

= (5.0 £ 1.5) x 10”% (400 GeV WBB) .

The rate increases from (1.2 % 0.3) x 107° at 50 GeV to (11.0 * 2.5) x 107° at
130 GeV. This increase is mainly due teo acceptance, since each of the three

muons is required to exceed a threshold of 4.3 GeV, on the average,
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The x— and y-distributions of 3y events are consistent with those for normal
single—-) CC events. This means that on the average, half of the incident v energy

goes into the hadron system (including the non-leading muons).

The CDHS data have been compared with four different models for the origin

of the 31 events:

i) Hadronic u-pair production

It has been assumed that the production of u+p_ pairs by 150 GeV ﬁ+ mesons
on beryllium has about the same features as does the production of U+U~ pairs by
virtual W' bosons on nucleons. The data have been taken from Anderson et al.as).
The Feymman x—distribution has been slightly modified to xF(l - xF) in order to
reproduce the 3u data better. As can be judged from Figs. 43-50, the hadronic

u-pair production describes the bulk of the data rather well. It contains basically

the production and decay of vector mesons and the lL-pair bremsstrahlung from the

quark sector.

i1i) Internal bremsstrahlung

This process can occur both in the lepton sector and in the hadron sector,
with interference between the two. The process has been calculatedsg) to occur
at a rate of " 1075 of the CC events, for the experimental conditions of the CDHS
experiment, A particular feature of this process is that the distribution in Ag¢
between the leading 1 and the vectorial sum of the non-leading u’s (Fig. 46c) is
roughly symmetric: it peaks at 0° and at 180°, and has a minimum at 90°. This
feature is well in line with the data. The following rates have been obtained

from a fit to the A¢ distribution in Fig. 46c:

g(3u) _ -5
SCsingle 1) [e.m. bremsstrahlung] (0.8 £ 0.4) x 1077 ,

in good agreement with the expectation.

iii} Heavy lepton cascade

A possible mechanism for 3y production might be the production and subsequent

cascade decay of heavy leptons:
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V+N+LT + X
L+ LY + ™+ 9
L+ pt Ty,

In order to resemble the observed data, 1  must have a large mass (taken as 9 GeVl),
and L® a small mass (1.5 GeV). The model has assumed a constant decay matrix
element, a flat cross—section above threshold, and the same x- and y-distributions
as found in v CC interactions. The transverse momenta vielded by this model are
substantially larger than those observed in the data (Fig. 45¢}. This allows us

to arrive at the conclusion that at most 17% (90Z c.1,) of the 3u events observed

by CDHS are due to this heavy lepton cascade.

iv)  Heavy quark model

The production and subsequent cascade decay of heavy quarks, for example

+ X (b = "bottom" quark) ,

is another possible source of 3u events. The model, computed with a b masg of
4.5 GeV, x- and y-distributions consistent with production off the sea, and a
Feymman x-distribution peaked at Xp = 1, alsc does not exhibit close similarity

with the data.

In conclusion, the 3u events recorded in the CDHS experiment can be explained
both in the kinematic distributions and in the observed cross-section by conven-
tional sources (hadronic muon pair and bremsstrahlung pair production). Exotic
sources can at mest account for % 20% of the chserved events, although there is
no apparent need to invoke such phenomena, The 3y production due to a new type
of neutrino is improbable, as shown in a beam dump experiment (see Section 7).
Associated charm production cannot contribute substantially since the expected
rate is too small (v 107° of the CC events). Finally, the Drell-Yan wechanism is

also expected to contribute at a much lower level than the observed tate of 3u events,
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At this stage, let us return to the 3J events reported by the HPWFR group.
Their conclusion that the origin of a substantial fraction of their 3p-event sample
may be in the lepton sector rather then in the hadron sector has been based in
part on the observed raw rate of & 5 X 107" per neutrino interaction above 10C GeV.
This rate has been found to be too high to be understood by conventional sources
of 3u events, in agreement with the rate estimates of the CDHS group, However,

70
the rate of 3l events quoted recently by the HPWFR group ),

a(3u) _ -5
ETETEETEﬁaT = (9 + 5) x 10 for Ev > 30 GeV

a(3u) _ -y
Sleingle 1) - (2.6 £ 1.5y x 10 for Ev > 100 GeV

is in good agreement with the rates reported by the CDHS group. Also the invariant
U+u‘—pair masses, for the 8 out of 13 events which satisfy about the same cut—off
(4.5 GeV) 1in muon energy as that applied to the CDHS data, fit without problems

into the CDHS mass—distribution scatter plot (Fig. 48a). Note that this mass compari-
son is independent of the choice of the leading muon, which has been defined in the
HPWFR analysis tec be the most energetic one. The over—all conclusion is that no
discrepancy between the HPWFR and CDHS data is exhibited either from the rate or
from the characteristics of the bulk of observed events. The dominantly hadrenic

origin of 31 events can therefore be considered to be established.

However, two events (Nos. 119-017991 and 281-147196} of the HPWFR 3p sample
seem not to fit into the picture of the hadronic origin. They are shown in
Fig. 51, superimposed on the HPWFR detector. Although the u+u_—pair mass combina-
tions do not appear to be extraordinary (see Fig. 48a), the events have the unusual

characteristics that

ay most of the energy of the incident Vv goes into the muons, and very little

energy to the hadron showers, and
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b) mno pair of opposite-sign muons is able to balance the transverse momentum
" 3 + - *
of the third (negative) muon as would be expected for a W 4 pair from the

hadronic vertex of the event (see Fig. 52),

65 .
The HFWFR group has concluded ) that these two events may have a combined weak-

electromagnetic origin.

Events with such characteristics have not been recorded by the CDHS group.
However, given the total energy of the two HPWFR events (> 200 GeV) there is no
discrepancy between the experiments. Despite the fact that the fluxes of the
beams used at FNAL and at CERN for the 3p search are largely different at low
energies, the beam energy spectra converge more or less at very high energies since
the difference in the focusing devices becomes unimportant. Given the fact that
the total number of 400 GeV protons on the target (see Table 10) is a factor of
4 higher for HPWFR, and is reduced to an effective factor of Z by the larger
fiducial target mass of the CDHS detector (v 670 tons for CDHS and ~ 290 tons for
HPWFR), the CDHS group would expect roughly one event -- always assumed that these
events have a very high production threshold somewhere around 200 GeV. Thus so

far the observations are compatible,

6.5 Four~lepton events

A v-induced event with four energetic muons, displayed in Fig. 53, has
recently been observed by the CDHS group?l) in the same exposure where the 76
u_u_u+ events were found. Thus the raw rate of 4p events is of the order of 107°
compared to single-u CC events. The main kinematical parameters are listed in

Table 11.

6
Anocther 4u event has been reported by the HPWFR group 5). It has a fast

negative muon with 25 GeV, and three additieonal muons with +10, +5, and -5 GeV,

respectively. In the same reference 65, there is mention of the observation of

another 4y event.

2)

- - . 7
Very recently, a ute ete” event has been found in the FNAL 15’ chamber .
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Tabhle 11

Main kinematical parameters of the CDHS 4u event

Total observed emergy 91.4 + 7,3 GeV

By 58 + 7 GeV

Momenta of the muons in GeV: P, py P,
Muon 1 (+) 0,50 0.20 11.1
Muon 2 (-) -1.52 ~1.69 8.4
Muon 3 {(+) -0.93 -1.12 S.0
Muon 4 (-) -0.24 -0.63 4,45

While it seems premature to reach conclusions about the nature of four-lepton
events (given the very low statistics), the world statistics of these four-leptom
events is already relatively high compared to that of 3y events. This is unex—
pected if cne has, for example, the notion that four-lepton events are basically

31l events, but with additional single-charmed-particle production as in opposite-

sign 2u events,

BEAM DUMP EXPERIMENTS

Recently, a beam dump experiment has been carried out at the SPS neutrino

facility at CERN. A total of 4.3 x 10'7 protons with an energy of 400 GeV have

been dumped into a solid copper block, in order to absorb the particles of the

hadron cascade as quickly as possible., This reduces the flux of ordinary vu from
T+ py+vand K>y + v decay by a factor of about 2000 compared to normal running

in a horn-focused WBB, and increases the sensitivity for new "prompt" phenomena
substantially.

Three neutrino detectors have been in operation during the beam dump running,
at an average distance of 900 m from the target: the electronic detector of the

CDHS group, and the bubble chambers BEBC and GGM, both filled with heavy liquids.
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The original motivation for the beam dump experiment was the search for a
new sort of penetrating particle produced either directly in the primary proton
interaction or by prompt decay of new particles ("prompt" means a lifetime
T < 107! gec, or conversely a decay distance which is small compared to the
nuclear absorption length in copper}. The new particles could, for example,
manifest themselves via an abnormal rate of multilepton events, an abnormal NC

to CC ratio, and anomalies in the kinematic distributiens of CC events,

The search for '"new'" particles has failed. But, unexpectedly, a new source

. . . 73-7
of "old" neutrinos has been found by all three experiments involved 5).

Thanks to the high target mass, the CDHS detector has recorded the largest
data sample. Table 12 summarizes the number of recorded events, together with

the numbers of events of BEBC and GGM.

Table 12

Numbers of events recorded in the CDHS, BEBC, and
GGM beam dump experiments

CDHS BEBC GGM
U events 727 29 12
N } + 2 ambiguous
U events 160 5 2
+ —

.> G
U p events 3] (EVls 30 GeV) 0 0
3y events G 0 G
NC events - 21 7
"Muonless" events 261 - -
e events - 11 }

9

e+ events - 4

, . . s .
Cut in visible energy Evis > 20 GeV Evls 10 Gev Evis > 10 GeV

Effective number 17 17 17
of protons on target 4.3 x 10 3.5 x 10 3.5 x 10
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An immediate conclusion can be reached on the basis of the number of multi-
muon events recorded by the CDHS experiment. The same experiment has previously
observed, in a WBB run with 2.3 x 10!7 protons of 400 GeV on the target, 13 3u
events and v 1500 2u events above 30 GeV visible energy. Normalizing to the same
number of incident protons and making a comparison with the observed 3u and 2u

event numbers in the beam dump experiment, it can be concluded that

< 107 of 3u events and

< 0.3% of 2y events

ocbserved in normal WBB running are due to the interaction of new particles, with
90% c.1. The six observed 2U events are consistent, beth in rate and characteris-

0)

. . 5
tics, with thoge observed previously in NBB .

The distributions of the scaling variables x and vy for the single-u CC events
observed by CDHS are in agreement with the expectation for normal vu— and Gu—
induced CC events. But the predicted ratioc of u+ to U_ events for Ev > 20 GeV,
i.e, 0.146 = 0.015, falls significantly below the measured ratio of 0.22 = 0.02,
This excess of U+ events (see Fig. 54) indicates a new source of GU' With the
asgumption (!) that the new source is symmetric in UU and GU’ we obtain for the

fraction f = u (new)/u {old), from

+ v, v
Mo (0,146 2 oioi5% * £@/9) L .22 + 0,02,

=

the result f = {28 * 11)%, where vacv = 0.48 has been used,

BEBC and GGM, thanks to their excellent electron detection capability, have
observed unambiguous events with energetic e+ and e in the final state. The ex-
pected rate of e’ and e  events from standard sources such as K and hyperon decays
cannot account for the observed number of events. The predicted ratio of e
events to U events of 0.06 is significantly exceeded. BEBC expects 1.8 e and
0.5 e" events, in contfast to 11 e and 4 e’ events observed. GGM is in agreement

with this cbservation. This excess of electron events indicates unambiguously

also a new source of ve and v .
e
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The CDHS experiment confirms this conclusion, but not by direct observation
of electron results. It uses the property that an electromagnetic shower develops
much faster in iron than does a hadron shower. From an analysis of the energy
deposition as a function of the depth in iron, it has been shown that an abnormal
amount of electromagnetic energy is present in "muonless events" (electron events
appear in the CDHS detector as muonless events, since the electromagnetic cascade
is masked by the hadron shower). The observed ratic of muonless events to CC
events, which is expected to be ™ 0.3 (see Section 5.4), is actually observed to
be 0.84 + 0.08, confirming the contribution of a new source of Vo and Ge' The

total visible energy spectrum of the new source is shown in Fig. 55.

The most plausible origin of the excess of Gu—, ve—, and Ge—induced events
(and possibly of vu—induced, too} is associated charm production in the tarpet.
Charmed particles are expected to have electronic and muonic semileptonic decays
of similar strength. The fluxes of Uu, GU’ ve, and Ge of this new source are

expected teo have the same intensity.

The calculation of the total cross—section for associated charm production
is very much model-dependent. Only a small fractiom of neutrinos, arising from
charmed particles produced in the very forward direction, can be detected. The

results are (assuming associated DD production)

9B {p—p) v 30 ub (CDHS)

95 (p-p) = 100-400 pb {BEBC)
' + 170

o5 (p=p) = 360 _ ;1o ub  (GGM)

where a semileptonic branching ratic of D mesons of 9% 52) has been assumed. All
experiments agree on the existence of a new source. However, the CDHS experiment
quotes a production cross—section which is lower than that from the bubble chambers,
mainly because there is a lower number of "muonless'" events than would be expected
on the basis of the electron event numbers observed in the two bubble chambers. The

discrepancy between the CDHS result and the bubble chamber results has a statis-

tical significance of v 30, and is as yet unexplained.
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In any case, the reported cross—sections seem fairly high compared to the

)

i . . 76
limit ODﬁ < 1.5 pub reported by an emulsion experiment at 300 GeV . The contra=~
diction is possibly avoided if the lifetime of the charmed particle is either
very short (< 107'* sec) or very long (> 107'2 sec). In either case the emulsion

experiment would not be fully efficient.

NEW PARTICLES

8.1 The W boson

No direct evidence for the production and decay of W bosons has been reported
so far, suggesting that the W-boson mass is too large to be produced at the centre—
of-mass energies at present available, (Note that the expectation of the Weinberg-—
Salam model with sin® 8, = 0.25 is M = 75 GeV and M,y = 87 GeV.) Only lower
limits for the W-boson mass can be given frem a fit of a propagator term to total
V cross—gection data,

The CITFR group??) concludes from its data that MW > 30 GeV (90% c.l.,), in
the absence of scale-breaking terms (see Fig. 56). If a scale-breaking Q°-
dependence is allowed, the sensitivity for the propagator effect is diminished.

—0s15
With (Q%*)/E « E » they then get Mw > 20 Gev,

8.2 New heavy leptons

* ’ 78 * 3 -
In gauge theories of the Georgi-Glashow type ) the existence of a positively
+ . . .
charged heavy lepton M with a muonic lepton guantum number is needed to cancel

divergent processes, It is produced and decays as follows:

v o+ N>M +x .
u

.
THAYARY

Vet

Hence, '"wrong-sign' muons are a signature for gauge-theory-type heavy leptons.

. . + . . .
The branching ratio Bu =t - u+)K(M -+ anything) is predicted to be a

\ + 79,80 + . .
function of the M mass ). The v=M coupling is expected to be the same as
- . 80)
the v-U coupling .
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The CDHS experiment has reported a search for single positive muons in a
v NBBHB) One event with a visible energy greater than 100 GeV has been found,

most likely due to background. The result for the lower limit on the M' mass is
12 GeV (90% c.1.).

. X 81 .
A similar search has been carried out by the CITF group ), with a lower

limit for the M' mass of 8.4 GeV (90% c.l.).

Upper limits on the production of heavy leptons Lt with a muonic lepton
quantum number have recently been reported by a Brookhaven-Columbia group82 from
a search for the decays L > e s v + v in the FNAL 15' chamber. The signature
ig an e  or e without any other charged leptons in the final state of vu—induced
events. The events found are most likely due to ve and Ge interactions from the
Voo Ge contamination of the horn-focused WBB. The results for the masses of

heavy leptons with muonic lepton quantum number are:

M(LT) > 7.5 GeV and ML) > 9 gev (207 c.1.) .

8.3 1 production by neutrinos

From the same result on the search for electrons in the final state of vu—
82
induced reactions cited in the preceding section, the Brookhaven—-Columbia group
X a3
concludes that the coupling strength of the heavy lepton T ) to vu must be less

than 2.5% (907 c.l.) of the (Uu—u) coupling strength,

. . 5 .
A similar result has recently been obtained by the BEBC group g). Again,
from a search for electron events (assumed to arise from the leptonic T decay
mode T e + Ge + vT) it is concluded that the (vu—T} coupling strength is less

than 6% (90% c¢.1l.) of the (vu—u) coupling strength, in agreement with the previous

result.,

8.4 The SKAT heavy-lepton candidate

In the heavy-liquid bubble chamber SKAT at Serpukhov, an interesting event
auy . .
has been observed ) in a WBB exposure (Ev v 2-30 GeV) among 500 v interactions,

- + s '
The event has one U and one & track, originating from a common vertex at a
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distance of 4.8 mm after the neutrino interaction point. The direction of the
-+ . . . .
total momentum of the W e pair does not coincide with the one that connects the

pair vertex and the neutrino interaction vertex. The observed event is consistent
with the topology

vyt e o+ et o+ 2mt 4 p .

The authors conclude that background processes are unlikely to explain the observed

event. It may be interpreted as the production and subsequent decay of a heavy

neutral lepton M’ with muonic lepton quantum number:

vt MO+ 21 4 p

wor et v
.

The mass of M° is in the range 1.4-2.1 GeV, and the lifetime ™~ 6 x 107!2 gec.

8.3 The Aachen-~Padova heavy-lepton candidates

In the Aachen-Padova group multiplate spark chamber experiment exposed to the
low-energy WBB at the CERN PS, a signal of events with le pairs has been observedss)
above background. The le pairs are not accompanied by other particles except re-
coil protons. The background is dominated by single-7° production in CC interac-
ticns, with one decay ¥ lost. TFor electron energies above 2 GeV the expected
background is 4 * 2 events, whereas 12 e events have been observed. The relative

rate normalized to single—u GC interactions is ~ 10™%. The absence of hadrons,

‘the large energy of the electron, and the small angles between the muon and the

electron make charm production and decay an unlikely source of the observed events.
However, the observed topology is consistent with the production and decay of a

neutral heavy lepton with a mass of & 2 GeV, in the same process which may explain

the SKAT event.

CONCLUSIONS AND QUTLOOK

In the recent past, good progress has been achieved in the understanding of
the physies of v scattering., On the other hand, it is fair to say that no dis-

covery has been made which has substantially changed our physics picture. One



...6?_

might entitle the recent outcome of neutrino experimentation "Back to the normal

world. But is it really so normal?",

a)

b)

c)

d)

The achievements may be summarized in more detail as follows:

The ﬁaive quark parton model degcribes the data reasonably well, Possible
deviations at the level of 10-20% are in agreement with the data. The
deviations are in line with the results of e/py scattering experiments and
with predictions of QCD. However, the only firm conclusion that can be
reached at present on the basis of the existing data is that things change
between the energy domains below 10 GeV and above 30 GeV. One may interpret
this as scaling viclation. But scaling violations have not been demonstrated
in v scattering on the basis of data above 30 GeV. The precise measurement
of structure functions and their scaling behaviour in a Q® range as wide as

possible is today's challenge in the physics of CC interactions.

In all aspects that have been tested, NC experiments have confirmed the
predictions of the Weinberg-Salam medel surprisingly well. The favoured
value of sin® Gw, with relatively good agreement of all experiments, is
sin? Bw % 0,250 It is hard to imagine that it is just a simple accident

that sin® Bw has adopted this singular value.

Despite the gocd over-all agreement of all NC phenomena in v scattering, we
should not forget that only inelastic scattering on isoscalar targets has
reached fairly good experimental precision. There is still a lot to be done:
in particular, to increase the statistics in vue scattering; to make pre-
cise measurements of Rv and Rﬁ on proton targets; to study all NC single-m
production channels also for incident V¥; to increase the statistics in
order to enable more precigse measurements of the NC y-distribution; and

last but not least, to measure the NC x-distribution.

. . . . . . s 88
The failutre to observe parity violation in atomic transitions ) at the
level predicted by the Weinberg-Salam model causes a considerable problem,

If the model is too simple, the choice of a larger gauge group while



e)

£)

g)

h)

1)

3)

- RE -

preserving the successful description of v-scattering phenomena may be
necessary. However, a lack of understanding of the effects of the atomic
shell in heavy atoms might alse cause the trouble, or -- less likely -- the
experiments may change their results, It is worth mentioning in this con-
text that none of the vV experiments has demonstrated parity violation in NC
by measuring a pseudoscalar quantity. Hence parity violation in Vv scattering

is not proved experimentally.

The physics of opposite-sign 2u events is understeod in terms of charm pro-
duction and decay. At the present level of accuracy, no further mechanigm

is needed to account for all observations. However, the existing data sample
has already been increased by a factor of 100, and high statistics results
will become available. Also, measurements of the polarization of the second

muon will be performed in due time.

Like-sign 2u events are mainly due to trivial m(K) + u decay background. A
genuine like-sign signal might exist at a lower level. Already available

high statistics data will answer this question.

The bulk of 3U events is understood, in terms of conventional sources, by

. . . + - . .
the hadronic and electromagnetic creationm of U p pairs. For events with
total energy below about 200 GeV, no further mechanism is needed to explain

the data; this, of course, only at the present level of statistical accuracy.

Two 3p events with visible energy above 200 GeV found by the HPWFR group
might indicate another physics origin. Only more statistics can help us

understand the gsource of the events.

Four—lepton events exist. Since several production mechanisms are con-
ceivable (conventional and new ones), only more statistics can help us to
understand them.

The beam dump experiments suggest associated charm preduction in pp collisions

with a larger cross—-section (> 10 ub)} than is commonly expected.
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k) No "new" particles beyond charm have been established in v scattering. The
T lepton has small coupling to the vu, if any. However, there are experi-
mental hints at the existence of a neutral heavy lepton with a mass of about
2 GeV. It may, if it exists, show up via its muonic decay mode in opposite-

sign 21 events. Why not look for it in a high statistics data sample?
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Fig., 9: Comparison of FgN(x) measured by GGM and CDHS. The
smooth line is FgN(x) as determined in SLAC ed scattering
experiments. The modification of FgN(x) due to Fermi
motion and experimental resolution is indicated for the GGM
experiment. The CDHS data are corrected for experimental
resolution, but not for Fermi motion. They are normalized

in area to FSN(X).
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Fig., 10: x-distribution for v and v, for different bins in y,
integrated over the energy range 30-190 GeV. The data
are corrected for experimental resolution, but not for
Fermi motion (CDHS data).
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Fig. 12: The structure function F, for (ep)-scattering data from
SLAC and for (up)-scattering data from FNAL, as a function
of Q® for different values of x., The dotted lines are
least~squares fits to the data.
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Fig. 13: The structure function F; (x) for (ep)-scattering data
(SLAC) and (pp)-scattering data (FNAL) as a function
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Fig. 14: Values of the rate of ch‘ange of In F2 with ln Q°
plotted versus x, for different e/u scattering experiments.
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NEUTRINO - ELECTRON SCATTERING
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Fig. 20: Total cross-sections for neutrino-electron elastic
scattering processes, in the Weinberg-Salam model,
as function of sinzew.
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Fig., 21: (v . e) and (v e) total cross—sections (Aachen—Padova
and GCM dat:a)l.J The straight lines denote V-4, V+A,and
pure V or A interactions; the curve represents the
prediction of the Weinberg=-Salam model.
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Fig, 26: Results for R\J and RS from different experiments.
The two curves give the Weinberg-Salam prediction
for the experimental conditions of the CDHS experi-
ment (Ey > 12 GeV, iron target), for 10 and 20%
relative amount of antiquark.
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The shaded area includes the *1g domain (CDHS data).

V and v data have been fitted separately.
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Fig. 32: Comparison of model predictions and the CDHS result on g
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Fig. 33: Comparison of model predictions and the CITF result on g
and gp (same as gy, and gy of Fig. 32). The relative amount
of the sea is 0,17 as measured by CITF,
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The predictions of a charm model



12—
.V
sV
10—
8_
N
L]
e
£ 6l
4
. ] .
2 . - * .. : L
- . o, ..
a . L
;“;d“é% %F o
Hne gi .o 3. O . ., .. . -
%o fxu 'J.D-E_’ Ly '. ' % o ¢ ’
£ A sl 1 | !
0 10 20 30 40 50 60 70

Ep, (Gev)

Fig. 37: Scatter plot of the pp of the second muon with respect to
the direction of the hadron shower, versus the energy of the
second muon {(CDHS data).



Events 1 Q0%

Evenls } 005

Events f 0.05

25—

20—

Events {005

3]

[oF | 10

ga 10
v
y
\\ r
\
hY
A
A\
\ e
5\
AN
\
N\
\
\
N
N
AN
~
"]
! \"“‘--_ ]I
Ol.Z Olf- 08 o8 10
¥
d)

Fig. 38: x~ and y-distribution for v and v opposite-sign 2y events.

The expectations for a flat v-distribution as predicted by
the charm model are shown (CDHS data).
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the 31 mass (CDHS data).
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Fig. 49: Spectrum of visible energy for single-y CC, opposite-sign

2p

and 3y events (CDHS data).
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Fig. 50: 3u rate compared to single-u CC rate as a function of visible energy. The
T(K) - U background is subtracted. The lines give the 3y detection efficiency
for various 3u production models (CDHS data).
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Fig, 51: Two 3u events with unusual characteristics superimposed
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Fig. 52: Transverse momentum components of the two 3t events
shown in Fig. 51, The z-axis is along the incident
neutrino direction. The dark arrow heads and central
lines indicate the measured values of pr. The shaded
areas indicate the measurement errors. The numbers
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