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INTRODUCTION

The first part is a brief description of the development of the
theoretical framework from the discovery of B-decay to charm. This is
necessarily incomplete [1], but should show the interplay between experi-
ment and theory to arrive at the main ideas and most popular models used
in the analysis of present neutrino physics data. Some concepts, like
form factors, structure functions, conserved vector current, will be

treated along with cross section analyses in part 3.

The aim of the second part is to familiarize the reader with the
technological aspects of accelerator neutrino experiments. It should show
what the technical requirements are to obtain reasonable .numbers of

analysable neutrino interactions.

In the third part, the main numerical results of the recent neutrino
experiments will be derived and analyzed in some detail in the context

of part 1.
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1. v-EPISTEMOLOGY (from R-decay to charm)

1.1 Invention and discovery of the neutrino

On Sunday aftermoon, 1 March 1896, Becquerel discovered that uranium
salt had blackened a photographic plate. Many experiments — even under-
ground - were necessary to prove that this effect was independent of
external conditions and due to electron (discovered 1897) emission by
nuclei (N - N' + e). ©Neutrino physics started when Pauli [2] proposed
in 1930 "a desperate remedy to save the laws of conservation of energy
and statistics, which were in serious danger because of the results of
three decades of experiments with the P-decay electrons'. These had led

‘to the conclusions:

(a) the electrons are emitted by nuclei, hence are in the nucleps, SO e.g.
the nitrogen nucleus 14N would consist of 21 fermions (l4 protons and

. , , 14
7 electrons) which. is statistically impossible (the =~ 'N-band spectrum

showed Bose-Einstein statistics);

(b) the electrons emitted in the (two~body) decay are not always mono-—
energetic which is energetically impossible.
* .
The remedy was a fourth elementary particle, the neutrino( ) (in
addition to p, e, Yy) which should exist in the nucleus,‘have spin %, a

‘mass of the order of the electron mass, and be emitted during B-decay

together with an electron.

Taking up this neutrino hypothesis, Fermi [3] described R-decay as

the emission of an (ev)-pair by a nucleus analogous to <y emission by an

excited atom in radiation theory (fig. 1).

e

Fig. 1

(*) which Pauli called neutron, and Fermi neutrino after Chadwick's
neutren discovery- ’
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with the matrix element as we would write it tocday [4] for a vector

current X vector current interaction

S

Oy Ty V) Gy Yy ) (1)

M =
. . . -49 3
where G is the Fermi coupling constant (G = 1.4 x 10 erg cm oY

107 m‘z).
D

The neutrino was detected on a cloud chamber picture in 1938 [5]
by the observation of a non-collinear configuration of a B-ray and its
recoil nucleus and in 1953 [6] by the observation of the inverse B-decay

induced by nuclear reactor emitted antineutrinos

VAEN>N +e . (2)

1.2 TUniversality of weak interactions

Many different decay interactions like

T (sec)
n>p+e +V 918
14O6 - 14N7 + e+ + Vv 71.4
8 7
T >u + v (1947) 2.6 x 10~8
H>V+e+V 2.2 x 107°

- -1
and also muon capture (U + p > n + Vv, capture rate v 270 Z°= sec ) were
found to have nearly the same coupling constant, the difference in life-
time coming only from phase space:
G2 2
T Vv 5 X |M| X phase space .
This led to the hypothesis of the universal Fermi interaction pictured
usually by an equilateral triangle [7]
(fig. 2).

(ev)

Fig. 2 Universal Fermi interactions




%

Each corner is called a (charged) current( )
J = (ev), (uv) lepton currents, JL (3a)
J = (NP) hadron current, JH (3b)

each connection line represents a current-current interaction with the

(%*)
(

1&J> <35> + herm. conj.} (4)

matrix element

M

V2
The whole weak current (in 1949) is the sum of all cormers

J

(ev) + (uv) + (WP)

and

=
It

{(e\)) (UV) + (eVv) (PN) + (uv) (PR) + (ev)(ev) + (PN)(PN)} >

:hl“’

&)

where term one describes u-decay, term two: P=decay of the neutron
n->p+e+ Vor e capture by nuclei e +p ~>n+v or scattering of neutrinos
off nucleons, e.g. V +p->n+ e+, etc. Also each corner (current) can
interact with itself: (ev) (ev) describes neutrino—eléctron scattering

V + eV + e (still unobserved, but see sect. 3.3.1) and (NP)(WP) is the
weak neutron proton interaction which in principle could be detectable in

certain nuclear transitions by circularly polarized photon emission [8].

1.3 V-A: 1In weak interactions parity is not conserved

Since particle states are described by four-component spinors, the
matrix element for an interaction between four particles, like p > n + e + v,
would involve 256 coupling constants:

e ES
= ) .. 1 6)
M o= ar [iju e, o) Ve, M)] (

(*) Current means here just transition from initial state of a particle
to its final state: e =+ v, see eq. (1). ’

(%%) 1//§ histofical, to keep G at its original numerical value after
© parity violation discovery.



Lorentz invariance (interactions do not depend on orientation or speed
of the laboratory) requires that the currents (= bilinear spinor combina-

tions) are either
scalars (@w, @st (pseudoscalar)) or
vectors (@Yaw"iYaYSw pseudo (axial, polar) vector) or

tensors (ﬁyaysw, ﬁYaYsst (pseudo tensor)),

since the products (contractions) of these give scalars, and thus reduces
the 256 to 12 basic coupling constants, or rather 10 (pseudo tensor can be
expressed by the other couplings): for instance for neutrino scattering

V+n+yu+p
W v )W )
Wy vs ¥ Wy vs b))

W Yy U@y Yy b)) (Fermi's proposal eq. (1)) ()

W, Yy Y5 V)W v, Y ¥
Wy Yo Yg Vs V) Wy Y Vg V5 )
or any linear combination thereof.

In 1956 Lee and Yang [9] questioned Mach's principle, i.e. that no
physical process can distinguish between right-handed and left-handed coordi-
nate systems, i.e. all physical processes conserve parity. The experimental
reason for this question was the T-0 puzzle: one and the same particle
(m.T = me) decays once in 21's (parity +1), once in 37n's (parity -1). The
crucial experiment to test whether parity is violated in weak interactions
was to measure the correlation between spin (axial vector) of B-active
nuclei and momentum direction (vector) of the decay electrons, i.e. a
pseudoscalar term (which changes sign under space reflection). The experi~
ment [10(a)] done with polarized 60Co nuclel k+ 60N? + e + 5) showed clearly

parity violation: backward emission of electrons is favoured.

The idea of Lee and Yang (and Salam; Landdu) was then that the

lack of parity conservation was due to the neutrino spinning only in one
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direction, and to describe the neutrino by 2-component spinors satisfying
Weyl equations rather than by the 4-component spinors and the Dirac equation.

Starting from the Dirac equation

o
Ya Bx - mlp ] . (83.)
o
and defining the chiral projections wi = L1 % YS)’ one obtains
s 8b
Yo 3 T T ™o &0

and for m = 0 and in momentum space' the Weyl equation

Q

s -> ->
(1 + —T%TE-> b, =0, —T%TB- = H = helicity, (8c)
i.e. ¢+ describes a massless particle with negative helicity @ ++ ;) or

an antiparticle with positive helicity CEY ?); and for Y _ the correspon-
dence is reversed. "The neutrino spinning only in one direction' means, it
participates in interactions only as b, = (1 + Ys)w or as P_ = %(1 - Ys)wy
corresponding to maximum parity violation. Charge conjugation is also
violated (particle and antiparticle solutions are not symmetric) but the
combined operation CP = (charge conjugation) X (spatial inversion) is well
defined (CP violation - observed in Ko-decays - is not described by this
theory!).

N NThe cif;ﬁiaf.phbton polariiatioh from thé.e Cépture procéss

152Eu + e +"152§m* + V> 1528m + Y + v [10(b)] fixed the neutrino helicity:
neutrinos (all leptons) are left handédu(w+), antineutrines (all.antileptons)
are right handed (Y_).

The next step was to extend this idea to all, also massive (bare)
fermions. This was done first by postulating chirality invariance [11]
(four fermion interaction invariant if § is transformed into w - P = Y5W),
then by reformulating the Dirac equation as Klein-Gordon equations also
for massive particles [8], then by applying mass reversal invariance [12].

So, all bare fermions are left-handed skrews

b 51+ vy

and the only remaining (non gradient) coupling was



M= i%— (% 1+ YS)U Y, #(1+ YS)wn> (%(l+ Y)W, Y, (1+ v5>wv>
2

b1+ vo) ) (3.a ) ©
Py A ve) Yy U ) B v vy by )

Eﬁlﬂ

i.e. vector—axial vector (V-A).

This was for some time in disagreement with some experiments, es-

. . . . . 6
pecially with the electron neutrino angular correlation measured in He,
which favoured scalar-tensor coupling. But the experiments were re-done

and the corrected results agreed with the V-A picture.

Now cross sections for scattering of two point like fermions via
the weak interaction can be derived from eq. (9). Using the rules for
Feynman graphs [4] and y-matrix trace calculations,
Py P3  e.g. for v+ e+ Vv + e and V+e->v+e (aprocess not

yet detected, ' see however sect..l.8 and 3.3.1) one finds:

dg 1 2
~ = . N =
o > dTcost " 3ams [M] (/s = total center of mass energy)
2 4 with:
ve > ve (s-wave) Ve + ve (p-wave)
o> <= = +=
v e v e
left-handed left-handed right~handed  left-handed
2 2 22 2 2%)
| 4] 64 G (pyp,)) (pyp,) = 16 G's | 64 c? (pipy) (pyp,) =16 Gu
doc 32_ EE < (l + cose)Z
d cosb S 1 2
2 2 (7‘<)
do G : G 2
o = = - 10
iy — s — s 1 -y (10a)
2 2G2m
g G ' -41 2 1  ve ~» ve
Z_ 5 = = = - 10b
total S - Ev 1.6 x 1Q Ev(GeV) cm 3 o ( )
" y "1 - cosd _‘pzq ) energy transfer (El—E3) = pp.is= (o +p )2 )
= = = > 4= ; 17 P2
.2 PPy El 1°3
2.2 2 v p 2 2 =
4 (m +k7) & 4kT =~ 2mE1,»u = \pl+p3) = =2k” (l+cosB), k = c.o.m. mom. of V.
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1.4 Weak interactions are mediated by intermediate vector bosons (W's)

In order to prevent the cross section eq. (10) from becoming infinite
with increasing Ev’ the exchange of a weak interaction quantum W of charge
*1 (charged current interaction, v turns into e_),spin 1 (weak interactions
change spin), large mass (weak interactions have short range) and vector

type (it has to couple 4-component currents) has been postulated [13] in

complete analogy to QED:

, However, 2-boson exchange still leads to quadratic divergences due
to the longitudinal nolarization of the massive W [14], which is not the

case in QED:

[a*
s -+ ] —-23 + infinite (11)
q
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In neutrino experiments the intermediate vector boson W could in
principle be discovered by direct production of W's through a process
similar to electromagnetic Bremsstrahlung. From the fact that no such
production has been observed so far, one concludes that the W mass must

2
be greater than 4 GeV/c .

1.5 v v (1962)

The most important result of the first accelerator neutrino experi-—
ment (performed at Brookhaven [15]) was the fact that a beam of neutrinos
from 7w -+ pv decay produced only events with u_, and not equal numbers of
events with e and u—. This proved the existence of muonic neutrinos,

Vn (coupled to muons, e.g. in m - uvu, K-> ﬂuvu) as distinct from electro-
nic neutrinos, Vg (coupled to electrons, e.g. inn > p ev s K> ﬂeve),

described by different lepton numbers LU’ Le:

LY " * o | had

e, v, | e v, T vu T vu adrons
I, 0 o 1 -1 0
L, 1 -1 0 0 0

which are separately conserved [16].

1.6 Cabibbo angle (1963)

From comparison of the decay rates

A—»Pe\)é-. K=+ uv

N > Peve T UVu , and others,

it was clear that the effective coupling constants in strangeness changing
(AS # 0) weak interactions were " Y20 smaller than in AS = 0 weak inter-
actions, thus breaking the weak interaction universality eq. (1) and (2).
The universality was rescued by redefining [17] the weak hadron current

eq. (3b):
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g% = cose . JH’AS=O + sinf . JH’AS=1
c c (12)
= fﬁy (L + vy, )N} . cosB_ + /Ey (1 +vy )A) sin® .
\ o 5 c \ o 5 c
The universality triangle now becomes: (ev )
Ve
v (N'P)
)
with N' = N cosf, + Asinec (6 = "Cabibbo angle'). The cross section
ratio dAS:l /6AS=O = tan? GC = 0.056 and the empirical selection rules
As =1, AL =%,
AS =0, AL =1,

and AQ = AS, AS < 1 have been confirmed in many decay interactions. The
test of this scheme in neutrino experiments is difficult, since existing
neutrino detectors (sect. 2.3) can identify strange particles only with
small efficiency: Ki are undistinguishable from ﬂi, K; and the Kz and
A-decays into neutrals are rarely visible. In addition, the AQ = AS rule,

which forbids e.g.

\)+n+u_+A+1T+(Qn-QAﬂ+=—1,Sn-S = +1),

Am¥

is expected to be apparently violated in the charm model (sect. 1.9).
However, single A-production by antineutrinos, vV +op > u+ + A t18], has

been observed (sect. 3.1.2).

1.7 Quarks (1964), partons (1968) and quark partons

Similarities between strange and non-—strange particles in strong
interactions had been raised to a symmetry principle: strong interactions
are invariant under strangeness change, and in the same way as isospin
invariance puts hadrons into isomultiplets ((p,n), (ﬂ+,ﬂo,ﬂ—), (Z+,ZO,Z_), cee)s

strangeness invariance puts hadrons into SU_ -multiplets (with B = baryon

3

number, S = strangeness, I, = 3. Isospin component), two of which are shown

3
in fig. 3.



_13...

+ N*E

=90
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Fig. 3 SU3 - 1/2_ - octet . SU3 - 3/2+ - decuplet

All physical particles are postulated [19] to be built from three

X
hypothetical fundamental constituents(,) - called quarks (spin %) - being

the basic representation of the SU3

symmetry group- (fig. 4).
A proton is then:

»

n

o]
ft

> a neutron

o]

a lambda

=

If .
TN
>80
N—

Weak interactions violate strangeness; a p-~quark does not know a priori
whether it should turn into an n-quark or into a A-quark. Hence, for

weak interactions we may define '"Cabibbo rotated" quarks

n' =n cosec'* Asinec (13a)

and, by analogy

(*) However, a 3-quark state is anti-symmetric, whereas baryon wave func-—
tions are symmetric; hence at least for spin statistics reasons,one
more degree of freedom is needed [20]: each quark in three colours,
and hadrons mix the colours such that they are colour singlets.
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A' = -n sineC + Acosec, ‘ (13b)

but X' does not seem to participate in weak interactioms. All weak inter-
actions (fig. 5), seem to happen really between 4 leptons and 3 quarks,

for example, A-production by GU - P-scattering might be pictured as in

fig. 6: ‘

(e )

n | (n'p)

Fig. 5 Fig. 6
When it became evident in 1968 that electrons [21] and neutrinos [22]
scatter off nucleons - in high energy and momentum transfer collisions -
as if the nucleon was made of points — partons [21] - namely by the large
(*)

cross section for high momentum transfers , the idea suggested itself

that these partons are the above quarks (quark-parton model). Then, total
neutrino cross sections should just be the sum of neutrino quark cross
sections and hence have the same behaviour as Ve scattering cross sections

eq. (10a,b). That this is nearly so, will be seen in sect. 3.1.3.

1.8 ©Neutral currents (discovery 1973)

The electromagnetic current is a neutral current, the electromagnetic

interaction being due to (neutral) photon exchange

e €

P P

(*) A situation similar to Rutherford's a—ééattéfing experiments showing
that atoms have hard nuclei.
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The weak current was, prior to 1973, supposed to be charged, the

weak interaction being due to (charged) W exchange:

14

e

0 p

This was experimentally confirmed by the absence (< 10—6) of neutral
current interactions like K - muu, = mvv, and others.

%
In 1973, however, on the Gargamelle( ) neutrino film tracks of single
electrons were discovered which could not be interpreted other than by

muonic v scattering off atomic electrons [23]

'

e . e

. : . o
assumed to happen via the exchange of a neutral massive vector-boson Z .

On the same film [24] and also in counter experiments [25] neutrino
interactions were discovered which had only hadrons in the final state and
which could - with high probability - only be interpreted as due to muonic

neutrinos scattering off unucleons without turning into-muons (sect, 3.2.3)

v + N = v + hadrons,
H 2
i.e. by a neutral current interaction

Vlu ’Z/IU,

‘ }'h;o»drons

(*) Heavy liquid bubble chamber, see sect. 2.3.2.
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The z° allowed two things highly desired by theorists:

(a) renormalization of the weak interaction theory, i.e. overcoming the

difficulty of infinite cross sections eq. (11) and simultanéously

(b) wunification of electromagnetic and weak interactioms.

There is extensive [26] and didactic [27] literature showing this

in detail. Here, only the main steps will be enumerated.

The non-renormalizability of weak interaction theory comes from the
longitudinal polarization of the massive W. The renormalizability of the

electromagnetic theory (QED) is due to gauge invariance (cf. table I (A)).

TABLE I

Local gauge invariance

A B
Electromagnetic field Yang-Mills field
Lagrangian of a free fermion field L, = @(x) (i¥ - m)V(x) is invariant if
ieql Lig(T . B)

B(x) » ™ Yx) Px) > e B 1 P y(x)
which is a phase transformation, (T = Pauli matrix), which is isospin
same rotation everywhere in space. rotation, same everywhere in space.
—> Lorentz invariance -—> Isospin invariance

(+ charge conservation)

If rotation different in every space| If rotation different in every space

point (fixed locally): point: N
. L .
b + X000 Ve > 2B - B iy
then L still invariant, if then L still invariant, if
> >
9 > D =13 = ieA 3 =D =3 - %igT .

T TR TR T TR TR Bu.
(covariant derivative, A is mass- and if the isospin carrying B field
less gauge field) and is transformed like

> > > > >
A > A + B B + g(B x + 3 X)
. . Buoc(X) _ LT By g(u B8) uB(

Yang and Mills have (already in 1954) shown that by introducing
isospin multiplets of vector-bosons local gauge invariance can be generalized
to isospin rotation (table I (B)). However, invariance requires, as in

the photon case, massless bosons, and one fact which is certainly known
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. . , 2
about the intermediate vector bosons is that they are heavy (m > 4 GeV/c™,

from the short range, even pointlike behaviour, of the weak interactions).

The next step is then to generate masses by the Higgs-—mechanism (1964) of

-~ - .
= .

ENERGY

spontaneous gauge symmetry breaking.

Appendix A, following closely the lectures of Iliopoulos.

How this is done is outlined in

In order to

demonstrate the concept of spontaneous symmetry breaking the phenomenon

6f.ferromagnetism is often used as an example (e.g. S. Weinberg, Sci. Am.
July 1974):

3]
- « « The equations governing the electrons

and iron nuclei in a bar ot iron obey ro-
tational symmetry, w0 that the iree ener-

gy of the bar is the same whether one end.
is made the north pole by magnetization’

or the south. At high temperatures the
curve of energy versus magnetization
has & simple U shape that has the sawe
rotational symmetry as the underlying
equations [see illustration below]. The
equilibrium state, the state of lowest
energy at the bottom of the U, is also a

: -state of zero magnetization, which shares
-this symmetry. On the other hand, when -

‘the temperature is lowered, the lowest
point on the U-shaped curve humps up-
ward so that the curve resembles'a W

with rounded comers. The curve still has

the same rotational symmetry as-the un-
derlying equations, but now the equilib-
rium state has a definite nonzero mag-
netization, which can be either north or
south but which in ¢ither case no longer-

* exhibits the rotational symmetry of the
_equations, We say in such cases that the
© symmetry is spontaneously broken, A -

imy physicist hvmg inside the magnet
xmgnt not even know that the cq"at&ons

‘of the system have an underlying rota-

tional symmetry, -although ‘we, with our
superior perspective, find this easy to,

- IELOgME- Reasonm'y bV ar'aloo‘v we see

that a symmetry prmc:ple mlght thus be
exactly true in a fundamental sense and

‘yet fict be- visible at all in a table of

elementary-particle masses. . ... "'

- MAGNETIZATION-- . N

MAGNETIZATION

EXAMPLE OF “BROKEN” SYMMETRY c¢an be found in the two
different curves that result when one plots the free energy v. mag- -
netization for a bar magnet at high témperature (left) or at low
temperature (right). The maguet naturally-seeks a state of mini-
mum free energy. At high temperature this is a state of zero mag-
netization, a state that exhxhus perfect e.vmmctry between north

and south. At low temperature the equilibrium state shifts to one
of nonzero magnetization, which can be either north or south, even’
zhouz,h the fme-energy curve is sull perfectly symimetrical between
north and south. In this case physicists say that the symmetry

" is spoataneously broken. The author invokes a similar breaking

of symmelry to.unify the electromaghetic and weak interactions.
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Weinberg (and independently Salam) suggested [28] such a broken
symmetry group which contains the unbroken gauge symmetry group of electro-
magnetism with the massless photon and - as the photon's relatives - the
massive charged (Wi) and neutral (Zo) vector bosons associated with broken

symmetries. And in 1971 t'Hooft [29] demonstrated that this theory is

renormalizable,

This model consists of (with A = photon field, ZU = z° field)

Vv

1 doublet of Ieft~handed leptons 4(1+ YS)( f)= : ?})L

: e

1 singlet of a right-handed lepton %(1 - Yé) e =: Yy

. . . > + - .

1 isospin triplet W = {W s W, Z cosh + A 51n9}
TR TR u

1 isospin singlet B = { - =Z sinf + A cose}

u H H

with the following interaction between leptons and vector bosons:

L = wL Yy (g .T. ﬁ - g Bu)wL - g"

U B 14
" L VR(Yu by L (14)

From the condition that the electromagnetic interaction for electromns
- - . - of — (e n ag
) (eL YU eL) AU (~g 81nQ | gvcose) (eR‘Y].l eR)AU g" cos |
must be equal to e(eL'yu ep + eRAYu eR)Ap s
"

follows: g sinf + g' cosB = g" cosB = -e.

From the condition that the neutrino makes (in 1. order) no electro-

magnetic interactions
g sin® - g' cos® = O
follows: g'/g = tand

and hence e = -2g sinf = - —22_— =~ . (15)

The Weinberg angle O is the only free parameter in this model and
can be determined from the observed rate of Gue scattering (sect. 3.2.1)
and after extension of the model to hadrons (implying further assumptions)

also from Vu + N ~» vu + hadrons (sect. 3.2.2).
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1.9 Charm (1974)

Now we have weak neutral currents (and a nice model describing them),
. - +_
so in addition to the charged hadron currents eq. (3b) J = (pn'),
- - +
J = (n'p) with W exchange, we also have

5% - (pp) - (u'n")

with z° exchange; however, the current
S
@'n") = (m) + W) + @) + ()P

contains also transitions between neutron and A-quarks (eq. (13a)) which

are strangeness changing (AS = 1) neutral (AQ = 0) currents, and these do

not exist in nature (cf. page 15). The way out of this dilemna is the
introduction of a fourth quark, c,

(e ) called charmed quark [30] and to com-

fran

plete the universality triangle to a
square (fig. 7) in which also the some-

what lost A'-quark eq. (13b) finds

3
.fé
gl
b3
£
(#»%u) £ (n'p) its place. 1In this model the pro-
% 2 duction of charmed particles by
E neutrinos is predicted which would
% be observable by the leptonic and/or
%, hadronic decay of these particles
Fig., 7 . . .
218 L O into strange particles (AC = AS).

Now, the neutral current has still the terms (pp), (n'n'), but in

addition (cc) and (A'A")

(*) J+ = (En') is short for the isospin raising current (see eq. (12))
+ - - .
Jg = P Y, 1+ Ys)n cos@C + P Y, (1 + YS)K's1nec
and
J° = 5 Y (1 +v)p - c0328 n Yy (L +v.)n - sinze Ay (1 +vy)A
o o 5 c o 5 c o 5

- sin g cosGC (n Yy, 1 + YS)A + A Yq (1 + YS)H)-
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o
[}

(pp) + (cc) - ('n") = (A'A")

(nn) + (A\) - (@\) - (On)

(16)
(on) + (AXN) + (od) + (An)

it

(pp) + (ecc) + 2(on) + 2(A\)

with the effect that the strangeness changing transitions (nA) cancel

(because of the minus sign in_k', see eq. (13b)).

As we know, in 1974 in a Brookhaven experiment studying p + Be -~
et re 4 anything and in a SLAC experiment studying e+ e - e e +
anything, peaks were discovered (Koch and Krammer lectures of this School)
interpreted as (cE) states (J/¢), and in 1976 at SLAC and DESY K_ﬂ+ﬂ+
and R peaks were interpreted as the charmed mesons D" and D°. Also in
1974, the FNAL neutrino expériment reported di-muon events (sect. 3.3.1)

interpreted as the production and subsequent leptonic decay of charmed

particles
V+FN>U +C+ ...
L u+ + V + ..

and bubble chamber neutrino experiments observed interactions (sect. 3.3.2)

compatible with the same scheme but the charmed particle decaying into

+
e +V + ...

The four quarks have the following quaritum numbers- for charge, baryon
number, isospin, strangeness and charm — all quarks appearing in three

colours (cf. footnote p. 13) -

Q B I S c
el 2/3 173 0 0 1
pl 2/3 1/3 1/2. 0 0
nl-1/3 1/3 1/2 0 0
A -1/3  1/3 0 -1 0

and the production of a charmed baryon by neutrinos might be pictured

as shown in fig. 8.
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Production of a charmed
baryon.

with the subsequent decay (immediately, T < 10—12 sec) of the charmed

particle into a strange particle (AC = AS) and (% ve) or hadroms.

In Appendix B a list of possible charmed particles is given, copied

from ref. [31].

V-TECHNOLOGY _

2.1 Principle of neutrino experiments

. . -38 2
Because of the small neutrino cross section OV ~ BGv ~ 10 E(GeV) cm

(page 9 and sect. 2.3.2) neutrino beams of high intensity and neutrino de-
tectors of large mass are necessary to obtain reasonable event rates. For
. . 29

instance, in a detector of 1 ton (NN =6 x 10 nucleons) traversed per

accelerator pulse by 1010 neutrinos (v 106 v's/cmz) of 1 GeV energy

N =g .N .N_= 10"38 . 106 . 6. 1029 = ,006 events,
ev Y, N

i.e. every 170 pulses, a neutrino interaction would occur.

The source of neutrinos in accelerator neutrino beams is the weak
decay of pions and kaons (m - U + vu, K > u + vu, T+ pe) + Vu(ve)) pro—
duced by protons in external targets (sect. 2.2.1) and focused by magnetic
fields (sect. 2.2.2). The neutrinos are separated from the other particles
produced in the target, from the parents which have not decayed and from
the muons by means of several 1000 t of absorber material (shielding,

sect. 2.2.4). The neutrino interactions are observed in large bubble

chambers (sect. 2.3.2), counter arrangements and spark chambers (sect. 2.3.3),
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or in nuclear emulsions (sect. 2.3.4), depending on the aim of the experi-
ment. In addition, neutrino experiments require a good knowledge of the
neutrino spectrum (absolute intensity as a function of energy) since the

incident neutrino is unobservable.

In so called wide-band neutrino beams,essentially all parents produced
in the target are used requiring special focusing devices with large mo-
mentum and angle acceptance (magnetic horn) and yielding neutrino spectra
from lowest (several 100 MeV) to highest energy (close to proton energy).
In so-called narrow-band "dichromatic' neutrino beams the parents are
momentum selected (Ap/p v 5%) by quadrupole lenses yielding a neutrino
spectrum of two peaks, one from pions, the other one from kaons, as will

become clear in sect. 2.2.3.

A schematical layout of neutrino experiments is shown in fig. 9.

Decay channel |SmudMQ
' //////////Z////////////(j -’ ]E ?//
E jection ﬁ\ H _
= - g - - i . — —_—
4’ ' /%\ L // 7% 7 v
accelerator XV LA o
Proton beam  Target Focusing . Muon flux Neutrino

0 measurement detectors
neutrino parents channeis. . . ... .. .

Fig. 9 Principle of neutrino experiments.

2.2 ©Neutrino beams

2.2.1 Production of neutrino parents

Pions and kaons are produced - along with other particles - in proton
nucleus collisions in external targets onto which the ejected proton beam

is focused, with nearly exponential distribution in momentum and angle.
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Extensive measurements were done at 24 GeV proton energy [32] (and will
have to be done at 400 GeV) in order to determine this distribution as

accurately as possible.

In order to obtain maximum particle output, target shape and material
must be optimized. It must be two to three proton absorption lengths long
and its diameter must be fitted to the proton beam shape (accounting for
multiple scattering of the protons), in order to keep m and K reabsorption
small. Intra-nuclear absorption can be reduced by using material with
small nuclei. 1In the CERN wide~band neutrino experiments 90 to 130 cm
long boron carbide (B4C) and beryllium targets of 3-8 mm diameter were

used.

2.2.2 Focusing of v-parents

(a) Wide-band beams

Mesons are produced with a mean transverse momentum of about
P~ 0.3 GeV/c. Hence the matural divergence of a beam of 4-15 GeV pions
(from 26 GeV protons) is 75 to 20 mrad and the parent beam width after
about 100 m (length necessary for decay and shielding) is 2-8 m; in addi-
tion, the neutrino intensity is further reduced by the decay angle distrib-
ution. Since neutrino detectors - for practical reasons - cannot be much
bigger than 1 or 2 m in radius, it is necessary to focus the particles
produced in the target. This is achieved with'rotationally'syﬁmetric

magnetic fields [33], "magnetic horns", (prinéiple shown in fig. 10) the

D e e

protons

target |

Fig. 10 Principle of magnetic horn
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inner conductor of which can be shaped such that most of the production
‘angles and momenta over the entire target length are accepted and bent
towards the detector. Focusing efficiency is increased by using a second

‘f(and sometimes a third) lens of this type [34].

Since transverse momenta up to v 800 MeV/c must be focused, and

B&

4

0.033 P> (B in kG, & in m, P, = in MeV/c),

[o=]
]

0.2 I/r, (I in kA, r in cm),

currents of several 100 kA are required. Hence these devices must be
pulsed (fig. 11) and mechanically strong {(pressure between end plates

2 . .
= 6.3 (I/d)" ~ 13 t/mz). Figs 12(a) and (b) show one of the CERN magnetic

-horns.

|~B
|
Io =2 340 kA

Beam
passage
I

0 100 200

P

t/psec
Fig. 11 Typical horn current form

(b) Narrow-band beams

In principle, magnetic herns can also be shaped such that they focus
only a small momentum band, but a cleaner selection and better adjustable
angular divergence is achieved by using quadrupole beams. If the ejected
proton beam is not pointing towards the detector (fig. 13) - as in the
present narrow-band beam at the CERN SPS, wide-band beam background flux

from parents decaying before the momentum selection is further reduced.
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Fig. 12(b) Horn in neutrino tunnel, target and itsmounting on
the righthand side.
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shielding

N decay tunnel
vV

W,
, ' : neutrino’
— detector

momentum slit

©

Fig. 13 Principlé of narrow-band neutrino beam

2.2.3 Decay of y-parents and v-spectra

The exponential drop of neutrino spectra with energy is caused by

the energy distribution of the parents of the target. The "fine structure"

~ of neutrino spectra is given by the decay kinematics (fig. 14) and the

dN

relative abundance of parents and their decay branching ratios. Pions have
a Q-value of 29 MeV and populate the lower energy region, kaons (Q-value
239 MeV) the higher energy region (whereas muons from both decays have

energies up to the parent energy)

14

T (100%) m2 - mi 6\) +~ 0 (E/2, for w
K (64 %) ) 91/ , E\) - 2(E-p cos 6\)) E>>m ( E, for K
.'m;E,pw 2
fl. Eu = 7 (E-p cos eu) E for w and K
—
v || p
o 43 .57 | 0.05 95 |

Fig. 14 Two~body decay kinematics of T and K



- 28 -
: 9
The three-body decay of the kaon, K;B, is the high-energy source
of electronic neutrinos in the neutrino beam, whereas the decay of muons
+ +(=) (-
from 7 (and K) decay, u~ - e“(vi (vg, contributes the low energy electro-

nic neutrinos. The neutrino spectra due to these decays are calculated,

. i‘ * . - )
using the measured centre of mass energy (E ) distribution for electromns

* * 2 %2 2 2
dNe (EmaX -E) E * m - m o
x v ' * s B T T for K, decay
dE 1-2E /m max 4
dN

e 2 * *2 v
— "V Bm -4m E ) E , for u-decay
dE U H

as the neutrino energy distribution and transforming it - properly weighted

with the parent momentum distribution - into the laboratory system.

The composition of all components in wide—band v and v-beams is shown
in table II. Resulting neutrino spectra for experiments at three proton
accelerators (Argonne National Laboratory, CERN and FNAL) are represented

in fig. 15.

From fig. 14,follows that the neutrino spectrum from momentum (and
sign) selected parent beams (sect. 2.2.2 (b)) of energy E, consists of
two peaks, one close to E (from Ku2
ﬂuz decay), for neutrinos which traverse the detector around the beam

~decay, the other close to E/2 (from
axis (ev s 0). Further away from the axis the two peaks shift towards
lower ehergy (Gv finite). Their width depends on Ap/p and angular diver-

gence of the parent beam.

2.2.4 Neutfino shielding

In order to shield the neutrino detector from all particles other
than neutrinos, large amounts of absorber material must be placed between
the end of the decay region and the detector. Hadrons (protons not ab-
sorbed in the target, pions, kaons not decayed, and other hadrons produced
in the target) are absorbed sufficiently in 15-20 absorption lengths
(e.g. 2-3 m steel). The ranges of the muons — being attenuated mainly by

ionization loss (8-ray and pair production contribute only above v 100 GeV)
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TABLE 1II

Composition of wideband Vv beam

Positive particles focused

Negative particles focused

* Branch. (*
Parent Z( ) Decay ratio Parent Z( ) Decay
+ + - - - ~
m80p+vu 100 m83p+u =
| n o
+ + - - - 9
S| K SR AR, 63.6 I U g9
9 o, . ; ) -, = W
@ ™ o+ pt ey 3.2 T+ U+ Y 4;':
g o + s o - A LTINS
e T te +V, 4.8 T +e + V g
+ + - - : - - =
\ v10te + V0 4+ 0V 100 n10f e UtV g
H i e H 1'l\)' e .2‘0?
w
° - + z° + TR o @
K v 3 T + e -+ ve 39.0 K N7 mT + e -+ Ve 5 O
: : . o %
o T o+ o+ 0V 27.1 T +u o+ v £
: ! v
3 :
glizo + - = o - + -
2 V3 T O+ + Y K N7 BT .
=} + - ..u - + ]J' 8%”
= T +e +V +e +V g
e e 5e
o
- - = + L+ 8=
WOtV BtV Fog
- LT + + o o
K Tu + vu K wo+ vy &0
O - - O ] .
b T o+ U+ v T +ut + v =+
© Is) - M (o) + H %D-t-)
3 T +e +V T te +V Y
o] — — __e + + —_ e §8
Slu e + VvV +V u e + VvV + Vv = B
[l H e H e ~r

(*) Varying with energy.
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- determine the thickness of the shielding in beam directiom, e.g. in steel
about 0.7 m/GeV to which 10-15% have to be added to account for straggling

(= fluctuations in energy loss).

Because of the finite divergence of neutrino beams it is necessary
to use high density material (dE/dx ~ @), in order to maximise the neu-
trino flux intensity at the detector. This is illustrated in fig. 16,
where total event rates above various neutrino energies (assuming the
V cross section to rise linearly with energy) are plotted as a function

of shielding thickness for three different decay lengths.

The shielding width transverse to the beam direction is dictated by
multiple scattering: multiply scattered muons must not escape by the
side and back scatter into the neutrino detector. By keeping the decay
tunnel diameter small (e.g. 1.2 m at the CERN SPS) - iust big enough not
to lose parent particles - and lining it with heavy shielding material,
(steel), many muons are absorbed in the decay tunmel wall and the main

shield need not be wider than 2 to 2.5 times the decay tunnel diameter.

2.2.5 VNeutrino beam monitoring and spectrum determination

For neutrino experiments it is important to maximize the flux and
to know its quantity and energy spectrum. Both require continuous moni-
toring of the beam. The proton beam intensity is usually monitored by

so called beam current transformers (fig. 17).

» proton beam (intensity Ip)-

' l——w—» inducéd voltage ~ I

Fig. 17 Principle of beam current transformer.
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The proton beam position at the target can be monitored by the
signals from secondary emission of split foils (or from thermocouples)

arranged symmetrically to the target.

Knowing the 7 and K-production by protons and the focusing proper-—
ties of the parent beam, one can then predict in prineciple the neutrino
spectrum in the detector plane. However, experimental factors like un-—
observed deficiencies in the focusing system, mismatch between proton
beam and target, nuclear éascade effects in the target, w and K absorp-

tion and production in the decay tunnel make these predictions uncertain.

A more direct way to obtain the absolute neutrino spectrum is to
measure continuously, throughout the whole neutrino experiment, the flux
- of muons produced along with the neutrinos by the focused 7 and K parents
[35].  These muon fluxes are measured in the shielding - after the hadrons
have been absorbed ~ using ionization detectors (gas ionization chambers
or surface barrier solid state detectors) in several depths and radii.
The muon flux relative to the incident proton beam monitors the real
target efficiency, its spatial distribution monitor beam symmetry, its
distribution in depth yields via the momentum range relation, the neutrino
energy spectrum and its quantity measures the absolute'neutrino spectrum.
However, due to the Q-values of 7 and K decay (fig. 14), about 907 of the
measurable muons come from T—-decay only, and precise information on the
K/m production ratio is necessary to obtain the high energy part of the
neutrino spectrum (above v 207 of the proton beam energy) which is entire-
ly due‘to Vg (fig. 14). 1In fig. 18 the distribution of such muon fluxes
measured and calculated is shown. The calculated muon flux distribution
is then fitted to the measured muon fluxes by varying the input pion
spectrum (keeping the K/T ratio constant). The best estimate for the
neutrino spectrum is obtained from the modified m and K spectra which

make the best-fit between measured-and calculated muon fluxes.
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Neutrino detectors

2.3.1 The ideal neutrino detector

A neutrino detector should fulfill the following requirements:

Large mass because of the small Vv cross section, especially for

rare processes.

Fig. 19 T: D2(H2) Bubble chamber

for event production

vertex observation

detection of A, Kg, L”, and spectator nucleon in D
measurement of low momentum large angle secondaries.

I: Charged hadrgn identifier
for ﬂ“/Ki/p separation.

C: Total absorption calorimeter
for detecting and measuring gammas, neutrons and K
identifying and measuring electrons
identifying muons.

0
L

M: Magnetic field
for identifying and measuring Kg, A, low momentum
electrons and hadrons in T
measuring hadron momenta in T and T
measuring muon momentum in T, T and C.
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(b) Free nucleons (HZ) in order to avoid nuclear effects (secondary
interaction of neutrino produced particles, binding energy, unknown

state of motion of target nucleon due to Fermi momentum).

(c¢) Complete reconstruction of event since the incident neutrino energy
and direction are unknown (even in narrow-band beams); this requires
good vertex visibility (detection of A, KZ decay vertices, and to
decide whether particles produced were primary or secqndary) and
detection, identification and measurement of all particles produced

in the event.

Since no single detector technique fulfills all these requirements,
such a detector would have to be a separate function hybrid system [36]

according to the scheme shown in fig. 19.

2,3.2 Bubble chambers in magnetic fields (table ITI) [37]

They represent the closest approach to meet above requirements (b)
and (c)ﬂ Large hydrogen -(and deuterium) bubble chambers have free (quasi-
free) nucleons and good measurability (particle momentum determination
from track curvature) but in general cannot distinguish between fast e,

U, T, K, have small Y and n detection probability and relatively small

mass (max. 1 t). Possible extensions (partial hybridisation) are:

(i) External Muon Identification (EMI) by e.g. large area multi-
wire proportional chambers placed at the downstream end of
the bubble chamber after sufficient absorption material to

absorb hadrons by strong interactions (fig. 26(a)).

A(ii) Track Sensitive Target technique (TST) [38], essentially a
H2 (or D2) bubble chamber inside a neon bubble chamber
(fig. 20(b)), where the neon (due to the short radiation
length (table III(b)) allows electron identification, A
some gamma detection and (due to the larger density) some

neutron detection.

Heavy liquid bubble chambers (freom, neon,.propane) have larger

event rates (proportional to density), good electron identification,
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TABLE III

(a) Bubble chambers as v-detectors
. Magn. . .
. d
Name Laboratory | Dimensions Volume (fid.) | field l1quids
3 used
m kG
v - freon
1.2 HLB CERN 63-65| 1.15 ¢ x .5 deep 0.5 (0.27) 27 (CF3Br)
CERN 67 1.15 ¢ x 1 deep | 1.13 (0.66) | 27 | PLoPeDe
(C,H,)
378
7 foot BNL 70 2.1 ¢ x 2.5 high 8 ) 18 Hy» D2
12 foot ANL 72 3.8 ¢ x 1.9 high 20 (11) 18 HZ’ D2
CERN 71-75 ffeon
. . r 3
Gargamelle (SPS 1977) 1.9 ¢ x 4.8 long 12 (6 o 20 propane
15 foot FNAL 74 3.8 @ sphere 30 (19) 30 H,, Ne/H2
Serpukhov : 0 freon
SKAT 1975 4.5x1.5x 1 6.5 (7) 25 propane
CERN/SPS .
BEBC 1976 3.7 @ x 2 high 30 (18) 35 Ne,HZ,D2
(b) Properties of bubble chamber liquids
density radiation length | nuclear collision
g/cm3 cm length (cm)
H, 0.063 1000 N 690
DZ 0.14 900 n 322
Ne (21% at.’)/H2 0.27 115 v 100
C3H8 (propane) 0.41 111 N 134
Ne 1.2 24 N 54
CF3Fr (freon) 1.5 11 ~ o 50
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gamma conversion and neutron detection, some muon/hadron distinction

due to the shorter hadron interaction length (but EMI also needed) and

up to about 1 GeV pion/proton distinction due to the difference in ioniza-
tion loss, but the neutrinos interact with nucleons bound in nuclei and

hence the kinematics of the interaction is obscured.

+ - . . . . fatd

K , K detection is only possible in case of characteristic decays
and hence restricted to low energy kaons. The kinematics of neutrino
interactions remain- largely undetermined in case of outgoing neutrals

(like in neutral current interactions with outgoing neutrinos).

2.3.3 Spark chambers, counter arrangements, calorimeters [39]

Spark chambers (for photographic track registration) or drift or
multiwire proportional chambers (for electronic track registration and
event analysis on-line) are sandwiched with high density material (iron
plates, sometimes magnetized) to form large mass neutrino detectors
(30-100 t, c.f. table IV, in the present counter experiment at the CERN
SPS 1400 t). These detectors (example in fig. 21) allow - depending on
their design and trigger logic - large event ratzs, good muon/hadron
distinction, good total energy méasurement (calorimeter principle), but
poor vertex visibility, no gamma-electron distinction and neutrino inter-

actions only on bound nuclei.

ANTICOINCIDENCE OPTICAL SPARK CHAMBERS

e COUNTER - T i T T 1
¢ . ' TOROIDAL IRON-CORE MAGNETS
. [N T i 1 .

NEUTRINO
BEAM

i

CALGRIMETERS .

PHOTOMULTIPLIER . HADRON TRIGGER COUNTERS
TUBES . FILTER )

r m— T —r-

1 2 3
DISTANCE (METERS}

Fig. 21 FNAL-experiment 1A detector.
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2.3.4 Nuclear emulsions [40]

Nuclear emulsions have highest spatial resolution (several microns,
compared to 100-300 p in bubble chambers) and can be used for the detec—
tion of short lived neutral particles (T & 10--13 s). Only small masses

can be processed and scanning for events is tedious.

2.4 List of neutrino experiments 1961-1976

Table IV lists the neutrino experiments at the accelerators of
Argonne National Laboratory (ANL) (12 GeV), CERN (26 GeV), Brookhaven
National Laboratory (BNL) (30 GeV), Serpukhov (70 GeV) and Fermi Natio~-
nal Accelerator Laboraboratory (FNAL) (400 GeV) since 1961, indicating
the main beam features, the detector type (B = bubble chamber, S = spark
chamber-counter set-up) and the main topics studied (which will be treated

in sect. 3).

Fig. 22 shows the layout of the CERN SPS and the location of the

next series of v—experiments at 400 GeV having just started.



Table IV

‘Accelerator v-experiments until 1976 ‘i

Accele- | Year Primary proton beam Neutrino beam Detector TOTAL
energy intensity total Nr . spectrum mass . NUMBER OF | Main results
t . . .
rator (GeV) (lOllppp) (in 1017) ™K focusing determin. type (t) material EVENTS
BNL 61 15 3 3.5 - from m,K S 10 Al v 50 v \)u * Ve
63 30 3 1.2 1 horn " S 67 Al 1
CERN 63/4] 25 3-6 7.6 " " B .75 freon |~ 450 v o(vn > u'p), M,
CERN 63-4| 25 36 3.9/3.7 " " S  65/90 AL, brass| v 10 v m > 2 Gev
CERN 65 25 7 3 " " B 1.8 freon no25 cAs=l é GCablbbo
ANL 65 12 10 3 " " S 33 Al, FC o(vn » 4 p), M,
h + f o(vp -+ _N*++)
CERN 67 | 21 7 7 orn rom B .5  C.H N 450 v L
2 refl. u flux 378
g v E
tot
L conservation
67 ! 21 7 7 " " s 13 DAL et ;
? o’ = £(A)
ANL 71 112 11 8 1 horn fromm,k | B L0 o ., NC
’ 3.2 D, el’
1 horn + from 4 -+
CERN 71-751 26 10-70 ~ 20 1 refl. L flux B 12 freon N 10T v Oror? NC, u e
o0 4,10 o NC, Vv e -
ARt v tot’ >y
CERN 74/5 | 26 40-70 " " B 4 C3H8 v,v | in progress
74/5 | 26 40-70 " " S 30 Al nG.10° v, | NC T°, Ve
FNAL-WB [72-75[300-400 20-130 1 horn from m,K S A 90 1liqu. scin. v,V 2u, NC, o .
and steel _
FNAL-NB |72-75 " quadrupoles " S ~n 30 steel Vv,V 2y, NC, Yot
FNAL-I5'|74-75{ " 1 & 2 horns " B 1 H, 1500 wv,v | NC
— + .
FNAL-15'] 75 300 ~ 10 ~vo10 1 horn " B 5 Ne/H2 5000 v B e , in progress
FNAL-15"| 76 ] 409 2 horms " B 12 Ne v in progress
SERP. 75-76: 70 10 v in progress
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3. v-NUMEROLOGY

Any event induced by neutral (non visible) pafticles in-a detector
exposed to a neutrino beam is a candidate for a neutrino interaction.
There is strong evidence for these events to be neutrino events from their
spatial and (in time recording electronic detectors) time distribution:
the radial distribution is as expected from beam calculations, the flat
longitudinal distribution corresponds to an infinitely long interaction

length, the time distribution reflects the proton beam time structure.

From counting the neutrino events of certain topologies found on
the bubble chamber or spark chamber film as a function of the event energy

and knowing the neutrino spectrum one obtains cross sections for various

interaction types (table V):

TABLE V.
v-beam V-beam
k
leptons|hadrons |leptons hadrons Numbers to measure, hypotheses to chec
- + . . . .
M P U n Quasi-elastic v-scattering v + N > y + N',
nucleon is not a point as assumed in eq. 9,
but has a structure measured as a form
factor.
- + + .
W Am u A IASI = 1 process. Cross section measures
Cabbibo angle (spect. 1.6).
W AT¥ checks AS = AQ rule (p. 12)
- +
H any u any | Total cross section, checks quark parton
’ model (p. 14)
- +
e any e any Excess over beam expected rate (table II)
checks lepton number conservation (p. 11)
e 0 e 0 Elastic v-scattering v 'e »—vue_, neutral
current interaction (p. 15), measures
Weinberg angle (p. 18)
0 o {0 P Elastic neutral current interaction with
" Jnucleon vp + vp, Vo =+ vn
0 any 0 any | Inelastic neutral current interactiomn
VN -+ uN'
M_M, any M H any | | Checks presence of charmed quark (sectf
U e any U e any 1.9, p. 20) or of new leptonic particles
> 2 any > 2 any More quarks? Heavy leptons?
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How to single out the various types of interactions from other inter-—
actions and from background and how to extract the numbers necessary for

the development of theory, is the subject of this section.

. +
3.1 Charged current interactioms (v > 27)

3.1.1 Quasi-elastic interactions v + N+ u + N'
Events are supposed to correspond to

vV + - u— + p in v beams,

- + . -
V+p>u +1n in v beams,

if they have the following topology:

v v
- . + .
one |t candidate : one Y candidate
one ''fast" proton one ''fast" neutron
(kinetic energy T > 30 MeV)

any number of low energy nucleons, T < 30 MeV, if
the target nucleon is bound in heavy nuclei.

A muon candidate is a particle leaving the detector without having
undergone a visible strong interaction. Neutrino energy and four-momentum
transfer q (fig. 23) are determined from the energy of all final state

particles (from curvature or range measurement).

= T + .
E L+ Eg

N <

2
q = (pv - pu)

I

2
2(EE =~ cosO-m )
(BB, 7 PPy 1

N LE E sin®(6/2)
v u

Fig. 23 Kinematics of neutrino interaction, if Fermi
motion of the target nucleon is neglected.
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In order to reduce background events in the selected sample, cuts
are applied: the events must be inside a well measurable (fiducial) vo-
lume, have more than a certain minimum energy (also because of larger
spectrum uncertainty at low energy), and more than a minimum total forward
momentum p_ (charged hadrons entering the detector from the side simulating
V~events have usually small P, (fig. 24). Other background sources like
VN > vﬂ—p, where T leaves the detector without interaction or VN - uN'm,
where the T is absorbed in the nucleus, must be statistically corrected
for (few per cent). Fermi motion of the target nucleon and the Pauli
ekclusion principle in the target nucleus complicate further the analysis
of this interaction in heavy liquid bubble chambers [41] or in spark
chambers [42]. 1In the 12" bubble chamber at ANL the quasi-elastic inter-

actions were analysed in H, and D, [43]. The resulting cross section as a

2
function of neutrino energy EV is shown in fig. 25.

Fig. 24 (a) Quasi-elastic neutrino event.

(b) Incoming mt scattering, direction of flight signed
by delta rays.

. + . . .
(¢) Incoming T , direction not signed.

396 events
- I aw wvo, et
- v FREON events
(103acmzl nucleon i CERN .
of treon) § CERN VFREON 241 events

A N A ) —— My =0-9GeV
Fig. 25 Elastic cross sections 081
o(v +n > u; + p) and ,
o(v+p=>u +n) as }

determined at ANL and 061

I I arTan
o I{/ﬁq—{? %’%’ % %

o 1 2 £

£~

-
R
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The fact that it does not show the linear increase with energy as

N~

given by eq. (10) is due to the nucleon structure.

In order to calculate the theoretical cross section for this process,
the (V-A)-matrix element (9) has to be extended to its most general Lorentz

invariant expression, which might be written like this [44]:

G P -— .
M - v {u YOL(1+Y5)\)U} {P(Voc * Y Aa)n} , (17(a))
where
VOL = YQ‘ gy +i(pp+pn) £y * iqu b, (17(v))
Ay, = Yy 8a +i(pp+pn) £y ¢ iqa h, (17(c))

are the vector and axial vector part of the weak hadronic current and the

six form—factors 8y A fV A and h contain the dynamics of strong inter-—
b4 ? |

V,A
actions. We can now use some hypotheses about the hadronic weak current

to reduce the number of form factors to be measured to one: (i) assuming
time reversal invariance they must be all real; (ii) G-parity conservation

(invariance under G = CelﬂIz, C = charge conjugation operator and 1, =

rotation by 180° around second axis of isospin) implies existence of so-

called first class currents only, namely those parts of Vd transforming
. -1 . . - . .

like GVd ¢~ =V and of Aa transforming like G Aa G 1. —AQ, which in

turn implies f

A= hV = 03 (iii) hypothesis of conserved isévector

current. In sect. 1.2 we saw that weak interactions are universal, i.e. have

the same coupling constant; consider especially the coupling comstant for

140 L 14

the pure vector transition N which is equal to that of uy-decay;

this reminds of the remarkable fact that the absolute value of the proton
charge is equal to the electron charge which corresponds to the conserva-
tion of the electromagnetic current and leads to the hypothesis that the

weak hadronic vector .current V' is conserved. And since'Va does nothing

else but turn a proton into a neutron (120 > 1§N, AT = 1), it must be an
>
S g€ P T3
VOLZ’ Va3) with V = VOL1 +1V0L2' Then, VOL3

is a conserved isovector neutral current connecting p with p and n with

. >
I =1 object: Va = (Vul’

n, which is the well known electromagnetic current. So, having the electro-

magnetic current and the weak hadronic :current as members of the same
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isotriplet, allows one to assume that also the form factors of the weak
hadron current are the same as those of the electromagnetic hadron current
and hence, are related to the electric and magnetic form factors FQ and

FM in the Rosenbluth-formula by

2 2
F (q7) +(up - K ) Fyg)

gy = F
I T (18)
£y = Zm_—. M(q s
whence the term "weak magnetism'" for fVQ B = 1.52 and u_ = -1.79 are the
n

magnetic moments of proton and neutron, respectively, in Bohr magnetons.

(iv) hypothesis of Partially Comserved Axial vector Current (PCAC). The
axial vector current Aa’ cannot be conserved (otherwise the 7 .could not
decay: GAa/Sxa = 0), but partially, i.e. the form factor hA is dominated
by m exchange, which leads to a negligible contribution (2-3%) to the
neutrino cross section, i.e. hA = 0 (however, in W capture it is measu-

rable!).
So, eqg. (I7) reduces to
G ([ _
A 7 (u Yo, (1 * YS)Y><p[Ya gy *(p, + ) £+ Y Ys gA]n), (19)

which leads to [45]

Vv,V 2 2
do_ zﬂ [A + B - g—z-] : (20)

dq

with
2 2 2 2. .2
A=2(g, +gy) * bm +q) £, - 8mg, £,
1 _ 2 1 2 2 2
B = - (gA ¥ gv) -~ (4m” + q7) fV + 4 8y fv
2

1.2 2 q 2 1 2

C E‘(gA gV) + Z;E (gA + gV) E‘(4m + g ) f + 2m gV fV ’

where the only unknown quantity is the axial vector form factor gA(q ).

It is usually parametrized in the same way as F_ and F. F(q ) =

- Q
1+ qz/mé) 2, namely
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g, () = g, (0 . A+

N (21)

and gA(O) = 1.23 is obtained from neutron-f-decay. The interference term
¥ 8, 8y describes the difference between V and V cross section (parity

violation, corresponding to the pseudo-scalar of eq. (7)).

From fitting eq. (20) to the experimental cross sections (fig. 25)

one obtains for MA

)
from o(E) from do/dq” (flux independent)

CERN-Gargamelle | 0.88 + .19 |0.69 .16 [0.94 + .17

+

L4411 0.96

+

GeV/c2

ANL - 12 °'ft 0.97 = .16 1 0.94 £ .18 '}

0.84 GeV/c.

which might be compared to the eN value for MV

Eq. (20) shows that at q2 = 0 and for Ev + o the v and v elastic

cross sections are equal

2
do 2 _ . _G (2 2 2 2 _
ac (¢© = 0) = 5 (gA(O) + gV(O) + 4m fV 4m gv fV> - (22)
c? (2, 2 ~38 2 2
= o (gA(O) + 1> = 0.4 G ~2x 10 cm/ (GeV/e) ™,

using eq. (18) at ¢~ =0

gy(0) =1 + Au, £,(0) = Au/2m.
and gA(O) = 1.23.
v,V 2 ) .
do”’"/dt (E > @) = (G"/2m)A and, integrated, assuming the above
. . - 2
parametrization for the form factor, o(wN » uN', E > =) &~ ,7 x 10 38 cm

a constant value, of which about 30% is due to weak magnetism.

. . . - ¢ )
A similar analysis of events selected for the topology U m p yields

. . . . et .
information about the weak transition p + Nc +(A1232)
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- Xt
Vv+p->u + N

+
p+
. . . Kt .
which is the inverse N B-decay. It is a SUg.decuplet—SU3 octet
transition (fig. 3) and involves eight form factors. For details of the

analysis and theoretical interpretation of the data (fig. 26) the reader

is referred to the literature [45].

1.2
O
.
_ .. Eoaf
Fig. 26 v+ p->nu +A o
cross section. o 085
04
b
02—
0]
©.0

3.1.2 Strangeness_changing processes

Some neutrino interactions (a few percent, increasing with energy)
show a strange particle in the final state, i.e. a decay of a A ~ pT ,
or a KZ > W+W-, which are easily recognisable by their V shape topology.
Many of these are due to associated production of two strange particles
of opposite strangeness (AS = 0 process), one of which is not detected
(K_, K’ which look like W—, ﬂ+,or Kz which escapes). In the Gargamelle

experiment [18] it has been tried to study the quasi-elastic process

- +
V+p->u + A

considering the following topologies:

+ + + +
LAy +A+p (<30MeV) u++A+y U +A+T,p o +Y+K
Number obs. 10 3 2 5 8
?OSt Likely  AS =1 AS =1 a?d AS =1 . AS =.1 associated
interpreta- evaporation Ny = ZO) inelastic or Sroduction
tion proton ¥ assoc. prod. P .
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Taking the first two columns as quasi-elastic A-production, estima-
ting from the last column the associated production background
(1.5 + 1.5 events), correcting for losses due to scanning (v 10%), short
lifetimes (v 20% decay too close to vertex), unseen decay mode (33%
A~ ﬂon) one obtains 23f§2 single A-events. From these and the v flux a
cross section of

+ .9 ~40

g(v + P +‘u+ + A) = (1.3 = 10 cmz/proton

. . . . o . .
is estimated assuming A-absorption and I =-A conversion in the nucleus to

cancel.

This is not in comtradiction to the Cabibbo theory (sect. 1.6) [46].
An analysis using more statistics is in progress. In order to test the
selection rules underlying the Cabibbo scheme eq. (12), more detailed .

experiments will have to be done.

3.1.3 Total neutrino cross sections: Vu + N + | + anything

These have been measured so far in three experiments (cf. table IV):
in Gargamelle at CERN [22,47] from about 4000 v and 13000V events (between
1 and 15 GeV) and V spectra measured via muon fluxes (sect. 2.2.5), in the
15 ft bubble chamber at FNAL [48] from about 1000 v and 500 v évents bet-

ween 10 and 200 GeV and v spectra

T T T T T T
. 1000]- . 7
calculated from predicted u and K coof Total Cross-sections § .
production data, and in spark : 4“? . /]
chamber~calorimeter experiments 200 1
- [49-50] at FNAL. 1In order to <+~ 028 7
€ 60[ .
arrive at the final result (October ﬁ’qo;
5
(o] - 4
1975 status is compiled in fig. 27), S20f ]
. & ,?
several corrections have to be ol o, - Cern-Gargamelies
t B o, = Coltech~ Fermilab?
1 1 — 061~ 1 h
applied depending on the type of ex o ¢ g Bk
periment. ' ]
o2} .
In the Gargamelle experiment, ol NI ey
1 2 4 6 10 20 40 60 100 200
i v
for example, where the event energy  Neutrino Energy (GeV)
is obtained from measuring the Fig. 27 Total cross sections

for neutrinos and
antineutrinos
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momentum (by curvature or range) of all tracks, it has to be corrected

for missing energy, the final event sample has to be corrected for back-

ground events from opposite sign neutrinos and neutral current interac-—

tions; in addition, the true energy distribution of events is distorted:

due to the neutrino spectrum shape and the energy measurement error (Vv 15%)

events are piled into the region of the spectrum bend from lower energies

(fig. 28).

Vis/mt. GeV, profon

H i1

1

1 i
2 4 6 8

Fig. 28

10

I2

14 GeV

.4

l.2
1.0

0.8
0.6

T

This effect has to be folded out.

NObSETVed / N"ue

T

{ |1

T G S
2 4 6 8 10 12 (4 GeV

Effect of neutrino spectrum shape and energy

measurement error (v 15%) on the event distribution.

Cross sections from the Gargamelle experiment are still being analyzed,

and new experiments (200 GeV narrow-band neutrino beam into neon filled BEBC

and 1400 ton iron-scintillator calorimeter at CERN) are under way. Good

evidence, however, from published results is that

v,V

o rise linearly with energy

tot
and

o = (.8 %

R = ov/cv = ,37.

.1) x 107

38

What can be learnt from these numbers?

E(GeV) cm2

(23)

g’ = (.3 £ .05) x 10738 E(GeV) cm?

The most general expression for the total cross section is
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AR Z [CRRCERBOREE lN)l 8 (b By Py P)

spins

(24)

[

Lept tenso Had tensor H
(Lepton tensor LaB)( adron ten aB)

with the kinematical quantities defined in fig. 29.

2 2 . 2
= - =4 EE sin ©
q (py pu) 5 .
v =g-g§ =224
U m
m = nucleon mass

Fig. 29 Kinematics of inelastic v-scattering

LuB is known (eq. (9))

]
™
[

[

Tr B Y, (1+v) (B + m )vg (L+yg)

]

1 T 1 . 1
8(pa Pg* PgPy ~P - P SaB * 1ppo pp pc)

H is unknown, and its most general Lorentz invariant form is [44(a) and 51]

apf

8up 1(q,v) * Py Pg Wz(q,v) 7 €48p0 3(q,v)

+ terms which after contraction with L are of

o

order m .
H

Both tensors contracted yields

E+E

ng,v 2 E 9 2
cos 8/2 + Inu sin 6/2 . W3] .

- _H . 2
= T [Wi . 2 .s5in06/2 + W2

(25)
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Wl 9 3 are structure functions and depend of the only two Lorentz
b 3

scalars q2 and V. Their relation to the (real) form factors defined in

the hadron current (before squaring) in the quasi-elastic case are

2
2 q 2 2
Vpmey g (g gy
4m
2 2 2 2
= - 26
Wy =gy + (g, = m £)7 + ¢ £ (26)
= - 1 !
W3 2‘_gA 8y (VA interference term!)

Charge symmetry requires
(27)

Deep inelastic (large q2, V) scattering of electrons off nucleons

has shown that VW, does not depend on q2 and v separately, but only on

2
their ratio; that is scaling invariance (predicted by Bjorken). Defining
q2 N ZEU 9
_ em— _ ‘. . = —_— 1 28
X=5=,9¥ =5, i.e. xy —— sin 8/2 (28)

and

LRCRROIS I EY

2 (29)
W, 3(q V)
T T ™
one can re-write eq. (25)
2 v,V 2 2
d o’ _ G ME y_ _ _ v
=dy -7 [2 (2x Fl(X))+(1 v) FZ(X) * y(1 2)(x F3(X))] s (30)

which yields by integration a total cross section rising linearly with E

- 2
v,v _ EME [1 [ 1 1 }
o = — {6 | ZxFl(x)dx + 5 J Fz(x)dx + 3 XF3(X)dX (31)
c2uE ‘
_6—'I_T——J FZ(X)dX [3 + A+ 2 B8] .

Using the numerical results of eq. (23) one finds
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- 2
vV_GmE 2
from o - o = - 5 | XF3(x)dx
J xF3(x)dx 0.5 £ .03 =B J[. FZdX (32)
and from
- 2
¥ o+ oY = SmE <§-J 2P, J F2>
y (33)
szE
= ————~J F.,(x)dx <l + = A)
T 2
together with
05 3+ A-2B
R=-—=_"""" "= = 37, i.e. (34)

(.9 + .04) ¢ A < 1, which means

s Fz(x)dx ~ [ 2xF1(x)dx, (35)
the following bounds for [ Fz(x)dx

(.54 £ .03) < f Fz(x)dx < (.56 £ .03). (36)

The structure functions obtain a descriptive interpretation in the

quark parton model (p. 14), which in its '"maive" form states that the

nucleon consists of quasi~free point-like constituents of a defined small

mass with momentum x . Py which have the quark properties (p. 20). The

scaling variable x is then the frac—
tion of the nucleon momentum carried
by one quark and V scattering happens

‘on the quarks Qi (fig. 30).

o)’ = (@ + xpp)”

2 2
q + ZXPN . q+ (xpN)

which yields with vm = pq (fig. 28)

X = qz/sz Fig. 30 Interpretation of x in
quark parton model.
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For these interactions the cross section formulae for point-like

fermion (p. 9) apply

vQ 2 2 2
do” = _ g__st _ G < VP o 2G mE %
dy T T T
- (37)
vQ 2 - 2 = 2
do _G vQ,.,_ 2 G VP q_ 2 _ 2G mE N2
Frealifin s  (l-y)~ = X s (1-y) x (I-y)
ant the cross sections for v-scattering off nucleons (p,mn) :become
a"? _ . ac™ 00 & T acVd - -
dxdy . dy it . dy Qi X
i i
2G2mE 2
2o + QA -] (38)
. - i
i

AY;
ac’®  2c%uE y

dxdy T

OG0 + 0 AT,

i

where Qi(x),(ai(x)) are the probabilities to find quarks (antiquarks) of

type i with momentum XPy and mass xm.

On the other hand, eq. (30) becomes with eq. (35)

2 v,y 2
d7o7? G mE - 2
Ixdy =5 [(F2 + XFB) + (F2 + XF3)(1 V) ] (39)

and by comparison with eq. (38), F2 and xF. can be interpreted as

3
Fo(x) =2 % Q(x) + 2 % fzi(x)
XFa(x) =2 x0Q;(x) - 2x 51<X> ,

i.e., as the sum and the difference of parton and antiparton densities.

Without going into further detail the following conclusions can be

drawn from the numbers (23) within the context of this picture



- 56 —

(a) From the near equality of eqs (32) and (36)

i.e. there is nearly no antimatter in the nucleon.

(b) From comparing a + 6" ~ 1.1 with S dex =[x (Q+ Qdx =~ .55, it
follows that only half of the nucleon momentum is carried by charged
partons. The other half is usually ascribed to quark binding neutral

gluons.

(¢) TFrom the facts that the equivalent analysis for eN scattering shows
the same result (i.e. that only half of the nucleon momentum is
carried by active quarks), and electrons should also scatter off
strange and charmed quarks (no sinzec—suppression), it can be con-

cluded that there are also less than 10% X and ¢ quarks in matter.

(d) From eqs (37) and (38) and (a), it is expected that

const for v
do {

dy (1—y)2 for v .

However, a recent counter experiment at FNAL indicates deviations
. s , . vV, vV
from this simple model: the total cross section ratio ¢ /0 seems to

become significantly larger than 1/3

at higher energy (fig. 31 :(a)) and the 13 wm+mmmwu{~ﬁmommmcmm?$%%
. B R=o( Moy
" 1E newe new DATAY external flux

measweinents

distribution in energy transfer from
08

anti-neutrino to hadron does not seem 4
to follow the simple law do/dy ~ (1—y)2 " L l
at higher energies (fig. 31 (b) and i f%— ’
(£)). See, however, ref. [52]. i ' .“%_. '
LN SR

0.2 1

Fig. 31 (&) Total cross section ratio
obtained in one of the _

counter experiments at 0 ot w0 o

FNAL (El1A). S o Ee—
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Fig. 31 (b) y-distributions (for x < .6) from
experiment EIA.

3.1.4 Electron neutrino interactions:__\)e + N > e + anything

From table II and fig. 15 it is expected that of the order of 17 of
the interactions in a neutrino experiment should be induced by electron
neutrinos and - according to sect. 1.5 ~ lead to electrons (ve) or posi-
trons (Ge) in the final state. At present, electrons are best identified
in heavy liquid bubble chambers (sect. 2.3.2). In the Gargamelle (freon)
neutrino experiments events with electrons (positrons) have been observed
and analysed in terms of total cross sections. The first results [53]
from about 50 e-events indicate that the total cross section for Vo is
the same as for vu (in agreement with y—e-universality). The number of
events also agrees with muon number conservation (sect. 1.5), i.e, vU do
not turn into e. In addition, the e-events at low energy which are mainly
induced by Ve's from muon decay can be used to check whether the lepton
number is conserved additively (allowing only u+ > e+ GD + Vo» hence
only e -events in neutrino beam) or multiplicatively (allowing also
U+ - e+ + vu + ;e, hence 507 e and 50% e+ events at low energy). From . -

the small number of eévents obtained so far complete multiplicativity can

be excluded (but not a small admixture).
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3.2 Neutral current interactions (v + v)

3.2.1 V +e +v +e
u U ,
Two million pictures obtained with the CERN heavy liquid bubble

. . . 18
chamber Gargamelle exposed to an antineutrino beam (using 4.7 . 107 pro-

‘tons) were double scanned for events showing nothing but a single electron.

Three events were found [23], ome of which is shown in fig. 32 (a).

Fig. 32 (a) Single electron corresponding probably
toVv +e +V +e .
H H
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Processes known so far which could produce single electroms, like

Vo * N+ e +.p, p .not visible

+_
Y + e e very asymmetrically (e+ invisible)

Y o+ e - Y + e (Compton electron)

can at most account for 0.44 events. Therefore, and because the lepton
nuniber is conserved, it is concluded that the three events are due to the

neutral current process (Z0 exchange, p. 15)

The three events, after background subtraction and correction for

losses (e.g. electrons radiating so early that they look like converted

=41

gammas) correspond to a cross section (.1i 'é;) EG (GeV) .10 cmz/electron.

.This can be analyzed in terms of the Weinberg model (p. 18), which predicts

the following matrix element
W< By asyovt {Ev.(e, )}
and hence

2 2 2
Iy T T [(gV - gA) + (1-y) (gv + gA) ]

. . 2 .
with gy = ~X + 2s5in’0, 8y = ~%. TFor the parameter 6 (Weinberg angle)

the following result is found: 0.1 < sin26 < 0.4.

3.2.2 v + N> v + hadrons

In order to search for this process events have to be selected which
have no charged lepton in the final state. Then, it has to be shown that
these events are not induced by incoming neutral hadrons. This was done
for the first time in 1973 in the Gargamelle neutrino experiment [24] at

the CERN 26 GeV accelerator, and confirmed in a_counter-spark

chamber experiments [25] at the FNAL 300-400 GeV accelerator.
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In heavy liquid bubble chamber the relatively short hadron interaction
length (table III, Gargamelle was filled with freon) aliows good muon/hadron
distinction. About 207 of the interactions observed in the neutrino beam
and about 407 in the antineutrino beam had no muon candidates (example in

fig. 32 (b). How can one prove that these events are not induced by incoming

]
-
P
el e o+ a2

[P

Fig. 32 (b) Example of hadronic neutral current
interaction.
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(NC/CCYy

(NCICC)y

T

[S (Re radial coordinate) 0.26m?

Secondly, by the energy distribution of the events.

Neutron induced

events would mainly come from neutrino produced neutrons, i.e. tertiary

particles having .a softer energy spectrum than neutrino induced events.
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Fig. 34 Distributions of visible energy of the neutral current
events and of the hadronic energy of the charged current

events.
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Fig. 34 demonstrates the similarity between the distribution of
total visible energy of events without lepton candidate and that of
hadronic energy (= total visible energy minus muon energy) of events with
muon candidate. Fig. 34 suggests that in the events without a muon candi-
date the incoming neutrino transfers about the same energy to the hadronic
system as in the events with a muon candidate and that in the first case
it comes out of the interaction as a neutrino, in the second case as a

muon.

Thirdly, by Monte-Carlo calculations of background from neutrons
produced by neutrinos in the material around the bubble chamber, the only
possible source of neutrons, since the beam region is well shielded.
These calculations show that such background cannot account for more than

15-20% of the events with (hadronic) energy of more than 1 GeV.

The resulting ratios of neutral
current (NC) to charged current (CC)
georr. ‘ ' e interaction rates in neutrino (Rv)

v
and antineutrino (RG) beams can be

Weinberg - Salam

analyzed in terms of the Weinberg-
Salam model (p. 18) which describes
the neutral current interaction by

the matrix element

M = }% O v, (1 + Y)HVE)

J - 25in26 . Jel'm' =
W o

o
oo

1t
Q W

w

|

. 2 3
AT +(1 2sin ew)vu .

Q

Fig. 35 Comparison of the NC/CC
~ production ratios in v and
V interactions (upper cross
without lower cross with
g corr. correction for Ey cut at

1 2 3 % 5 5 7 Ry 1 GeV) with Weinberg-Salam
model. :
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In order to compare the experimental NC/CC ratios‘Rv = 0.25 £ 0.04
for neutrinos and 0.56 * 0.10 for antineutrinos with this theory, correc-
tions must be made for the 1 GeV cut in hadronic energy, and that is
model dependent. Assuming scaling, V-A theory for CC, and neutrino
scattering off point like, spin—% quarks and using the results of
sect. 3.2.3, the ratios become 0.26 = 0.04 (v) and 0.39 = 0.06 (v), with-
out cut in hadronic energy. Table VI shows these results together with
those of the two FNAL experiments. From a fit to the theoretical predie-
tion (fig. 35), one obtains for the mixing parameter sinzew v 1/3, in

agreement with the Gue - Gue:result,

TABLE VI

NC/CG:tates;fremivariousiexperimentsnin.June'1976 [53]

Experimeﬁﬁs ] R’ RY Remarks
Gargamelle 0.26 £ 0.04 | 0.39 + 0.06 | <E> ~ 2 GeV, Eh 2 1 GeV
HPWF 0.29 £ 0.04 0.39 £+ 0.10 | <E > = 53 GeV,
v Ey > 4 GeV
<E5> N 11 GeV,
CITF 0.24 £ 0.04 0.35 = 0.11 <E> v 50 GeV, Eh 2 12 GeV

3.3 Two lepton events

3.3.1 Di-muon events in counter experiments

In the counter spark chamber arrangements of the FNAL-neutrino ex-
periments in wide-band [55] and narrow-band [56] beams events with two
- muong in the final state were observed. The muons were identified by

their penetration through many meters of iron (fig. 36).

The rate of these events is about 1% of the normal charged current

events,




(a)

(b)
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Fig. 36 Di-muon event from the "Harvard-Pemnsylvania-
Wisconsin-Fermilab Apparatus.(fig. 21)

Processes simulating events with direct production of two-muons:

Normal charged current events with one muon and one pion (or kaon)
decaying into a muon without visible kink. By comparing the rate of
2-u-events from regions of the detector with different density (i.e.
different relative decay and interaction probabilities) this back-

ground can be estimated to be less than 25%.

Neutral current interactions with one of the hadrons being a meson

which decays into two muons (e.g. po > u+p_). This can be excluded

‘because the rate of such process would be much smaller and the

invariant mass of the observed two-muon system is varying over

several GeV.
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Processes with direct production of two muons at the neutrino vertex

could be:

(a) Production and leptonic decay of an intermediate vector boson

(sect. 1.4):

} hadrons

N

Fig. 37 (a) Production and decay of an intermediate
vector boson.

Then, the u_ and W+ would be produced with small relative velocity
(in their centre of momentum system) and have mean momenta (in the
laboratory system) in the ratio of their masses, i.e. <PU—> s <PU+>’
whereas the experimentally observed ratio is <pu_>/<Pu+> "~ 6.

(b) Production and leptonic decay of a heavy lepton L’ (spin %):

Fig. 37 (b) Production and decay of a heavy lepton.
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In that case the average ratio of momenta must be between % and 2

[57], also in disagreement with the observation.

(c) Production and leptonic decay of a new hadron (Y) with a new hadromic
quantum number (charm), in agreement with the scheme outlined in

sect. 1.9:

Y Pprte
/ X
N }hodrons

Fig. 38 Production and decay of a charmed hadron.
This interpretation is for the time being the most probable one and
. + - . .
explains also the recent phenomena observed at e e storage ring experi-

ment (J/Y and D production at SLAC and DESY).

3.3.2 u_e+ events in heavy liquid bubble chambers

Dilepton events have also been searched for in heavy liquid bubble
chambers: in Gargamelle at CERN and in the 15' chamber at FNAL. 1In these
experiments the second lepton which is searched for is a positron * , since
the short radiation length of heavy liquids allows good electron recogni-

tion already at the scanning stage:

(a) bremsstrahlung (b) spiraling (c) direct pair-production

Fig. 39 Electron (positron) identification criteria.

(*) Di-muon search in the 15' chamber which has an EMI (sect. 2.3.2,
fig. 20(a)) is in progress.
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The other advantage of buBble chambers is to search also for strange
particles which are expected if the dilepton events are due to charmed
particle decay (sect. 1.9). The first event of this type was seen in
Gargamelle [58(a)], the final sample [58(b)] is shown in table VII, to-
gether with the observations of the two 15' bubble chamber experiments

[59]. Fig. 40 shows an example, where the particle X of fig. 38 is a KZ;

TABLE VII

Ue events in 3 heavy liquid bubble chamber V experiments (March 1977)

Gargamelle 15' bubble chamber
freon Ne (21%)/H2 Ne (64%)/Hgy

No. of photos 2 000 000 70 000 46 000
Chagzgt:“”ent 41 000 5400 30 000
u_e+ events . 20 17 71
Ee+' cut (GeV) .2 0.8 0.3
background 7 <1 12 £ 9
losses due to cuts <1 <1 7 £ 3.5
e detection efficiencyj{ 0.97 = 0.02 0.36 = 0.1 .64+ 0.1
et (@ 0.3 + 0.1 0.77 + 0.3 0.5 £ 0.2
we v’ 3/20 11/17 | u/mn

In order to arrive at the rates quoted in table VII, detection
efficiencies for electrons, background and loss rates have to be estimated.
The main background source for u—e+ events are Dalitz pairs (ﬂo -> e+efy,
l.lSZ‘branching ratio) with one electron branch being so small that single

electron production is simulated. Other sources are Ke decays and Ge

3
interactions. 1In all these experiments background interactions can only

account for a few percent of the pe—events.

As in the case of the di-muon events the pe-events are most likely

. . . +
explained in terms of leptonic decay of charmed hadrons ¢ +~ s + £ + V.
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The pe-events support further evidence for this hypothesis since they

show strange particles at a higher rate than the 'mormal' charged current
events. The only strange particles which are easily identifiable in bubble
chambers are KZ and A by their neutral decay mode (Vo, p. 49). The dis~
crepancy in V° rates of the two 15' bubble chamber experiments is not

fully understood and must be due to experimental biases and statistics.

The GIM [30] model (p. 19) predicts the production of one charmed

particle off valence quarks according to fig. 8 (p. 21)

VHEan e+ P
From the matrix element (fig. 7, p. 19)

M= (u)@A'c)

) [(-n . sin@C + Kcosec) cl

it is also predicted that the rate of charmed particle production is

. 2 . ..
suppressed by sin 6c with respect to the "normal" transition

M= (u)(n'p)

1

wv) [(n coseC + Asinec) pl

The leptonic decay of a charmed particle is described by

M

(W) (A'c) or (ev)(A'c)

(ev) [(-n sin@C + Kcosec) cl ,

. . . 2 .
i.e. a charmed particle decays preferentially (v cos ec) into a strange

particle.

Hence — in this model - from the observed di~lepton rates of table
VII and p. 68, it can be concluded that the leptonic branching ratio of
charmed particles (produced at a rate of sin26 & 5%) is somewhere between

10 and 207.

However, further studies are necessary - especially of strange par-
ticle production in di-lepton events — before conclusions can be drawn

about the extent of validity of this model.
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CONCLUSIONS AND OUTLOOK

The concept of the lefthanded neutrino existing in two types (ve, vu)
and interacting via wlL and/or z° exchange with pointlike quasi-free three-
coloured four-flavoured (p,n,A,c) constituents of (colourless) hadrons
allows to describe nearly all phenomena classed as weak interactions,
especially high energy neutrino interactions, the subject of these lec-
tures. However, deviations from exact scaling - the structure function
Fi’ equ. (29), are not functions of x only but depend also on q2 [60] -
require extension of the theory. The existence of a third lepton type
(called U or, now, T) and lepton-hadron symmetry arguments suggest intro-
duction of more quarks. Also CP violation cannot be accounted for by

only four quarks. How many more quarks? One, two or three?

"Wo das Verstehen aufhort, fangt das Zzhlen an..."

Schopenhauer

(Where understanding ceases, counting starts)



.APPENDIX A
MASS GENERATION BY SPONTANEOUS BREAKING OF GAUGE SYMMETRY
(main steps, following the lectures of Iliopoulos [16(b)])
A.l We start from the Lagrangian density
1.2 2
:5%7- % Fuv + (DH¢) - V()
F__=3A - 23A D =29 - ieA V(¢)=M2|¢l2+)\|¢!4
Hv v Vi U u H ' ’
electromagnetic field covariant derivative classical potential (complex)
;E§7is invariant under gauge transformation ¢ - et (X)¢, AU - Au + Bue(x)
2
(@) ¥° 3 0 () M%< 0
4 describes QED L V() _ perturbation v(¢)
for charged scalar theory around
particle. ¢ = 0 yields
unstable solution.
Reach stable
) solution by 1 ) > ¢
stable at ¢ = 0 ¢ = a is classical ground state

transforming

6 to ¢' =1//2[a + 9, () + i, (0]

¢ 2 2
A,ZQZ-»Z,(Z:_-l -
4 Tuv

1 2 2.2 1 2
7 A vee F E{(au¢l) 2\a ¢1] + 2(8U¢2) eaAuaﬁbz + ...

photon massive vector massive scalar massless scalar

;géyis still gauge invariant (and is the form used to demonstrate renormalizability).

The Au term makes the gauge transformation more complicated

¢1(x) > {a + ¢l(x)]cose(x) - ¢2(x)sin6(x) - a, ¢2(x) + [a + ¢1(x)]sin6(x) + ¢2(x)cose(x),

A + A + 06 6(x)
TR T

and implies a shift of the field.
In order to make the massless, unphysical field ¢2 (Goldstone boson) disappear, yet

another transformation has to be chosen

T l i)((x)/a _ l
¢ _/5 [a + p(x)]e , A“(x) =B, + 3 8 X ()

Z
1.2 _ 222, 1 2 220 A 4 1 22 2
A.BCEZTZ 3=~ 3 [Buv e‘a Bu] + 5 [(aup 222 p“1 7P tge BU(Zao +p7)

massive vector Bu massive scalar p

;§§7is no longer gauge invariant, but it contains only physical particles and their

mass spectrum.

The original model of Welnberg (p 18) needs at least four vector bosons,

+ - . . . o .
W , W for ordinary weak interactions, Z for the weak neutral currents and one (massless)

for the photon (AU)'



APPENDIX B

‘CHARMED PARTICLE STATES IN THE G.I.M. MODEL (from ref. [31])

TABLE 1. Charmed 1/2* baryon states.

¢
Label  Quark content Isospin Strangeness
C=1G++* ctiae { 1
Crt £(2d) oy T=1,7;== 10 S=0
e ‘cdd . -1
Co* c(1@) anut T=0 0
St C,(Su) aym . ] '}
: T=37T, = —1
A C(Sd)aym _.'%
At c{s1) suti %
r=3%7= —1
4° c(sd) anet —% ;
7° (A% T =0 -2
C=2 X, % 12223 . » 3
T =347, = 0
X4t ccd —%
Xt ces I'=0 —1

TABLE 1. Charmed 0~ mesons.

Label  Quark content Isospin Strangeness
C=1D o ot
: Ir'=4%T,= ) S=0
Do ol ~1
Ft s = 0; S =41 c
C=02y = O wa+dd T =0; S = v
— 2s8), _
v o~ j(ud - dd + 8 T =0; S=0
+ ¢}, . .
nd o (1) (wid -+ dd T=0 S=
+ 5§ — 3¢c)
C= 17 &1 b
r=4T.= ’ S= 0
D~ &d —3%
F- &s T=0; S=-1

- TABLE IIL Charmed 1~ mesoﬁs.

C= D
D*O
F&'+
C=0 o2 ()71 (yd — 4d)
’ : ¢ =~ 5§

e FIG. 1. Weight diagrams for SU(4). Shaded planes denote

F . multiplets of SU(3) & U(1)¢. (a) The four quarks of SU(4):
the conventional SU(3) triplet consisting of » (“up”), d
(“down”) and s (“strange”) with C =0, and an SU(3)
singlet ¢ (“charied”) with C = 1. (b) The threequark 1/2+
baryons which form a 20-plet of SU(4). The SU(3) multiplets
are 8 (C=0),6+3 (C=1) and 3 (C =2). (c) The 15-
plet + singlet pseudoscalars. The SU(3) multiplets are
3(C=~1),84+1(C=0)and3 (C=-1),
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