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tion is then given by

xexp(- b
I t;, I ), (2)

whereP, and kz are the momenta of the m and
the photon, respectively, in the ~P and yP center-
of-mass systems (evaluated at the same s). Here
y~' is the y-cu coupling constant, and the factor
exp(-b I t;„I) allows for the minimum I t I in ~
photoproduction. Equation (2) is plotted in Fig. 4
with use of smoothed nP elastic-scattering data. '
The curve is normalized to the ~ cross section
of this experiment. The value of the coupling
constant resulting from the normalization is

y '/4s =5.4+0.4,

and compares with 4.6 + 0.5 from colliding-beam
measurements" and 7.5 + 1.3 from photoproduc-
tion on complex nuclei. " The deviation of the
lower-energy & cross section from the VMD-
quark-model prediction is attributed to unnatural-
parity (pion) exchange in the f channel, which de-
creases with increasing photon energy approx-
imately as 1/E'. The cross section which is due
to natural-parity exchange only has been m.ea-
sured by Ballam et a/. 4 and is also shown in Fig.
4. There is good agreement with the VMD-quark-
model prediction.
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It is shown that calculability of the mixing angles in a class of n-generation, left-
right —symmetric SU(2)1.S SU(2)s 13 U(1) models restricts the fermion mass matrix to
be of the form 2 -0" +I & with the constraint Z 0" ml„=n, whereA is a nonsin-
gular m && m Hermitian or complex symmetric block containing 2m —1 elements and
I is the number of such blocks. Such a mass matrix cannot supply GP-invariance-
violatirg phases.

There have been, in the last few years, many
attempts to derive expressions for the Cabibbo
mixing angles, 0, , as a function of quark masses
only. These results were obtained by requiring
the Lagrangian to be invariant under additional
symmetries —Abelian' or non-Abelian discrete
models only slightly distort the initial spectrum

tries —above and beyond the specific gauge group
employed. The motivation for these works has
been "calculability. " Flavor mixing from the
standpoint of natural flavor conservation is dis-
cussed elsewhere. ' In some of these models' a
mechanism combining the CI -invariance-violat-
ing phases and mixing angles was generated by
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diagonalizing the fermion mass matrices.
The most natural attempts to date are built

within the framework of a left-right-symmetric
gauge group SU(2) i 8SU(2) „SU(1). We would like
to offer, in this Letter, some general conclu-
sions that result from requiring the following:

[1]calculability of the mixing angles, |),= 9, (m„),
where the m,.'s are the masses of the quark
fields; [2] nonsingularity of the fermion mass
matrices, M(detM&0), so that all the quarks
are massive. %e will also assume throughout
that the coupling constants are distinct and that
we have no charge-conjugate Higgs scalars, y
= T,y*T„coupling to the fermions. '

The principal results are as follows: (A) The
nontrivial mass matrices will be, up to the inter-
change of quarks, block diagonal, each block A,.
being of the form

A =t

a,-, a

0 a,,'
0 0

0

a,, 0

0 a,,

(2)

The Yukawa couplings of quarks with Higgs

scalars will be

gv —— Q g, , " pi, 9'"P~, +H c. .
i, j, k

(3)

(B) It is impossible to gener-
ate CP-invariance-violating phases from the
Yukawa c'ouplings. The above form of M enables
us to extract all of the arbitrary phases in the
diagonalizing unitary matrices. (I) The mass
matrix. —Vfe begin the derivation of these results
by considering an n-generation SU(2)~ SSU(2)„
U(1) gauge model of the weak and electromag-
netic interactions. The quark fields will have the
assignments

(4"

transforming as (-,', 0, 1) [(0, —,', 1)]. We employ

an arbitrary number, m, of Higgs scalar yk

transforming as ( —,', —,', 0), where the vacuum ex-

pectation values are diagonal:

After spontaneous symmetry breaking, we obtain
the quark mass matrices M" " for the up (down)
sector:

(M (d)) P g 0 ~ 1(2) (4)

These mass matrices can be diagonalized with a
bilinear transfor mation

UiM U~ = M~,

where (M~),„=5,, m, . Equivalently,

UiKt'Ji =SR~, U@t' D~ =K~,

where

(&it, ),,=~,, lm, l', ~-=MM', m =MM.

The generalized Cabibbo mixing angles, 0, , will
be defined through the unitary matrices Ui = U~"
U~" ~. Since the coupling constants are distinct,
%"~" carries the same number of parameters as
M"("). Given these arbitrary n xn mass matrices,
%"", determined by np" parameters, we pro-
ceed to show that a necessary condition for cal-
culability is pl p pl.

Invariance of the nth-order characteristic equa-
tions of %" and 5R" under unitary transformations
will yield 2n invariant quantities corresponding
to the coefficients of the characteristic poly-
nomials. Thus, in diagonalization we obtain 2n
equations relating the np" complex parameters
of %" and the np" complex parameters of %" to
the 2n diagonal

l m, l' terms. Since we construct
U~" from the eigenvectors of 9R" ", calculabil-
ity [t), = |),(m, ) or Ui= Ui(m, )] will imply that
%"'")be functions of lm, 'l only. This then neces-
sitates np" +np' (2n. If we use our condition of
no Q coupling, then the up and down sectors will
be disconnected, np" - n and np" n, and we can
speak of calculability in the up and down sectors
separately. Calculability also limits the num-
bers of mixing angles in U~" ") to be ~n. Because
our coupling constants are distinct, the only mix-
ing angles that can be generated by the np ~n pa-
rameter mass matrices M" ", assuming condi-
tion [2], will be trivial.

If we want nontrivial 0,.'s then we must require
that the Lagrangian be invariant under some addi-
tional symmetries which relate the coupling con-
stants g;, . The most natural additional sym-
metry will be an extension of SU(2)i @SU(2)z
8U(1) gauge theories —left-right symmetry (I.p):

Q"- y't. Then it follows that

(7)
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If the g; - 's and e~'s are both complex, then we
will again induce only trivial 6) s. Otherwise we
have the relation

Specifically, if the g;,"s are real (complex)
[real] and the n„'s are real (real) [complex],
then M will be real symmetric (Hermitian) [com-
plex symmetric]. For these cases, conditions
[1]and [2] prohibit n~&n and thus we must have'
Plp fL ~

It is then easy to show that, up to an interchange
of quarks that leaves the characteristic equation
invariant, such a mass matrix, defined by dis-
tinct coupling constants, will be block diagonal
with between n and 2n. —I nonzero elements. We
reiterate that n~ =e is a sec'8&+«y condition.
The sufficient condition will be that every m xm
block must be characterized by m parameters.
The fermion mass matrix M must then be of the
form stated in result {A).

We can classify the mass matrices according
to the number and dimension of the blocks using
direct-sum notation. For example, any n &n
mass matrix M can be written in the form'

m=o

where A is an m~m block and I is the number
of m xm blocks, with the constraint

(1O)

where X;, Y, , and Z „are diagonal unitary opera-
tors. Under K the mass matrix transforms as

(M);, (M);, '=P„g;, Z+; (y")X,.
The invariance of 2 under K implies that

(12)

for all nonzero couplings. LR requires that X,
We can always find a K symmetry of the

above form to generate an allowed mass matrix.
{II) Cp-invariance violation. —We now apply the

results of the previous section to the question of

The above result is a statement of the allowed
forms of the mass matrices if we require condi-
tions [1]and [2]. It does not state hoto that form
might be generated or what the specific form will
be. In order to do this we can employ an addition-
al discrete symmetry, K:

X, = Q R,
' exp(ir„)e „, (14)

where R, ' depends only on the real eigenvalue A,
and the magnitudes of the parameters in 8, r, is
a real constant parameter indePendent of A. „and
e, is the jth unit vector.

The unitary matrix, U~(Un), that diagonalizes
8 (8') will be constructed from these y; as col-
umns. Since ~, is not a function of the eigenval-
ues, each &0 will carry a common phase which
can be absorbed into the quark fields. The CP-
invariance-violating phases will thus disappear
from the generalized Cabibbo rotations. "
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Data from a new muon-nucleon scattering experiment includes 518 events, of which
449 are dimuons and 64 are trimuons. Conventional hadronic and electromagnetic pro-
cesses account for less than 15% of these events. Model calculations suggest that the
majority of the dimuons result from associated charm production with a total cross sec-
tion of about 3 nb.

Events with two (or more) final-state muons
have been observed in experiments using muons, '
neutrinos, ' or hadrons' as incident particles.
Possible interpretations of these events in the
lepton-scattering experiments include such proc-
esses as the production (and semileptonic decay)
of charmed mesons, heavy-lepton production and

decay, ' and more conventional hadronic and elec-
tromagnetic mechanisms. ' This Letter describes
the characteristics of a large sample of dimuon
events from a new muon-scattering experiment.
The improved acceptance and increased statistics

of these data have reduced previous uncertainty
about the origin of these events.

The experimental apparatus (Fig. 1) consisted
of four major parts: the beam, target/calorim-
eter, final-state muon spectrometer, and trigger/
veto counters. The Fermilab muon (p") beam
energy was 270 GeV (with a mean spread of 5

GeV) and the intensity within the beam telescope
averaged 6x 10' muons/spill with an almost equal
number of halo muons outside the beam. This
halo was prevented from triggering the apparatus
by a large bank of scintillation counters at the

1979 The American Physical Society 1551


