
VOLUME 4$, NUMBER 2 PHYSICAL RKVIKW LKTTKRS 9 JUr Y 1979

Now, we assume that space-time is asymptoti-
cally flat. This implies that the vacuum expecta-
tion value of g„, is the Minkowski metric q„„
that is, '3

(6)

where ~0) denotes the true vacuum. Of course,
b, c, and c~ have a vanishing vacuum expecta-
(ion value. Then from (4) we have

while (0~ [b~, M" „]~0) = 0, etc. Thus the GL(4) in-
variance is sjontaneously broken Of co.urse,
the Lorentz group, which is a subgroup of GL(4),
is not broken; indeed,

where

M~ —=gpgM —q„),M

Therefore, the degrees of freedom of the spon-
taneously broken symmetry are 16 —6 = 10. The
ten components of the gravitational field are the
corresponding Goldstone bosons. In particular,
we see that gravitons must be massless accord-

i.ng to the Goldstone theorem.
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explanation for the existence of several lepton
numbers. A number of attempts have already
been made in this direction, using discrete sym-
metries4 or alternatively continuous gauge groups.
However, one is still far away from a fundamen-
tal understanding of the repeated fermion struc-
tures.

In this Letter we propose to investigate the
simplest gauge symmetry, namely, that corre-
sponding to U'(1) in conjunction with the WS

SU(2)ADIEU(l) to classify fermion generations.
Our main assumptions are as follows:

A horizontal U'(1) gauge symmetry is proposed to distinguish two fermionic generations.
py extending the notion of generation structure to the Higgs system, and using anomaly-
free conditions with the requirements of lepton-number conservation and proper Cabibbo
structure, we determine 1"associated with U'(1), uniquely. The model can easily be gen-
eralized tc account for 2" (N =1,2, .. .) generations.

The standard left-handed Weinberg-Salam (WS)-
SU(2)~SU(1) model' has scored remarkable suc-
cesses in correlating electromagnetic- and weak-
interaction data. Nevertheless, there appear to
exist several sets of fermions, i.e. , generations,
which have one and the same WS substructure
and it is not yet clear what additional symmetry
distinguishes them. To the lowest level, one
would like the so-called horizontal symmetry to
account for the natural emergence of the Cabibbo
rotations' and the Glashow-Iliopoulos-Maiani
mechanism' as well as to provide a reasonable
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(a) The hypercharges Y and Y' associated with
the two U(1)'s factorize; that is, they are of the
form

y Yl —y /yt

where y and y' are sets of quantum numbers (QN)
for the fermions in a given generation and x,. and
~,.' are scale parameters or the so-called "seri-
ality" numbers' of the ith generation.

(b) The model be anomaly free. ' In the WS mod-
el, the anomalies are canceled separately within
each generation. The additional U'(1) leads to
the possibility that each generation contributes
a nonvanishing anomaly, but the over all anomaly
is zero.

(c) The Higgs system is minimal. We extend

the concept of generation to the Higgs system as
well. Associated with each fermionic generation,
we assume the presence of a Higgs doublet, the
vacuum expectation value (VEV) of the neutral
component of which sets the mass scale for that
generation. In addition we assume that there ex-
ists a Higgs singlet with zero %S hypercharge
whose VEV allows us to make the mass M(Z') of
the new gauge boson associated with U'(1) as
heavy as we please.

For the sake of definiteness, let us consider
the simplest but fundamental case of two genera-
tions both of which are expected to have one and
the same %S substructure. They have the usual
charge and weak left-handed isospin assignments.
In order to present a unified treatment of both the
hypercharges, let us write (1) more explicitly,
as follows:

X,(a, a, a';A, A, A', A") for (v~', er. , es, ul. , d'z, ,dz, us)
Yor Y'=

x,(a, a, ~';A, A, A', A") for (v~", p~, g~;c~, sL, , sg, c~).
(2)

The anomaly free constraints'for Y and Y' are
then given by

P Y~ = 0 —(x, +X,)(a + SA) = 0,

QQ (Y~ —Ys) =0- (X, +X2)[a -a'+ ~(5A -A' —4A")] =0,

QQ(YI, ' —Ys') =0-(x, +x2)(a -a"-A -A' +2A" ) =0,

Q (Y,'- Y„')= 0- (X,'+x, ')[2a'- a"+ 3(2A'-A '-A ")j= 0.

(3a)

(Sb)

(Sc)

(3d)

We note that two different sets (a, . . . ,A") may correspond to U(1) and U'(1). In addition, there are
two more independent anomaly constraints that involve both Y and Y' which we will discuss soon.
First note that Eqs. (3a)-(Sd) have exactly two types of solutions:

(i) A& +X& x 0.—In this case, we obtain a unique solution for the set (a, . . . ,A") up to a common scale,

(a, a, a';A, A, A', A")- (-1,—1, —2;3 3 3 x),

which are precisely the same set as in WS SU(2)~
SU(1) for Y of each generation. The anomalies
are canceled within each generation irrespective
of the values of X, and X,.

(ii) Xz+xz =0.—In this case Eqs. (Ss), (3b), and
(3d) are automatically satisfied leaving. one con-
straint

U(1). This leaves type (ii) for Y' if we want to
distinguish the generations. The coupled anom-
aly equations referred to earlier are

where

g g~ =.g +/~ 2g&~ (5) k = [a —a'+ ~(5A -A' —4A")1 —2(a+ 3A).

which can be satisfied in many ways different
from (4). It should be noted that the special prop-
erty of this type of solution is that the anomaly
of one generation cancels that of the other irre-
spective of the explicit values for (a, . . . ,A").

It is clear that if we want to retain the WS as-
signments, we have to choose type (i) for Y of

In (7), the set (a, . . . ,A") refers to Y'. We have
used (4) in determining k. Now we observe the
interesting fact that if km 0, for type-(ii) solution
(that is X,' = —x,'), the corresponding type-(i) so-
lution has the property A. ,=~„which implies uni-
versality in the WS model.

The Higgs doublets are degenerate with respect
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to WS QN. Thus if cp,. denote ith-generation Higgs
doublets, its QN are given by

(r, Y, Y)=(-.', I, ~, k), ~...=+I, (6)

where h is some nonzero number. We now re-
quire the following:

(i) Lepton num-ber conservation T.his leads to

(ii) Mixing only in the uP-quark sector

[(A"=0, A =+A) or (A" =+8, A =0)]

[(A -A' =k, A+A'4+8)

or (A+A'=k, A -A'e+k)].

(16a)

(16b)

a -a'=h, a+a'4+8, (9)

which implies (choosing a = 1 without any loss of

generality)

he0, 1. (10)

A -A' =A +A' =a h~ A' = 0 and A =+5

In deriving (9), we have required that y, and y,
couple in the standard manner to give rise to e

and p, masses, respectively. Since each genera-
tion of leptons is distinguished by Y' (a, a, a';
—a, —a, —a') are Y' QN of (v~', e~, e» vt, ",pz„, p&).
In deriving (10) we have required that there exist
no Higgs field which gives rise to a physical e-p,
transition. '

(ii) The quark sector. Here the im—portant con-
siderations concern the structures of the mass
matrices in different charge sectors which leads
to Cabibbo rotations. By examining the Y' quan-
tum numbers, it is straightforward to deduce the

following:
(a) Mixing in the d-s (or charge —~) sector,

either

A= —3 A' =0 A'f =~—1 2
3 3 p 3 j

a=1, a'=~4.
(16)

Note that prior to spontaneous symmetry break-
ing, in (17) u„and c„and in (18) d~ and s~ re-
main indistinguishable. Thus in both cases the
Cabibbo rotation mixes those quarks whose right-
handed partners have the same Q, Y, and Y'.

Since {y,') = V, and {y,') =-V, give rise to e and

p, masses, respectively, it is natural to assume
that V, «V, . It then follows that depending upon
whether we choose (17) or (18), we obtain

The restrictions in (16) involving A and A as-
sures that the mass matrix M is such that MM ~

is diagonal in the down-quark sector, and hence
no Cabibbo rotation occurs in the down-quark
sector. These conditions and (15) give

A 3 A + 3 A"=Oh1 2 1
3

(17)
a=1~ a

(iii) Mixing only in the down quar-k sector.—Then using (15), we obtain

or tan0c-Vl(m„/m, ) or tan9c- q(m„/m, ), (19)

A -A' = -A -A' =+k~A = 0 and A' =+ h; (12)

(b) 'mixing in the u-c (or charge &) sector, either

A -A" =A+A" =ah~A" = 0 and A =+5, (13)

or

A -A" =-A-A" =ah~A =0 and A" =wk. (14)

The condition (5) combined with (9) can be writ-
ten as

2A«2 =k (2 k) (15)

Now the physical Cabibbo rotation is a combined
result of both up- and down-quark sectors, and

hence we may have the following situations:
(i) Mixing in both quark sectors. If constraints—

(11)- (14) are used in (15), it follows that k = 0, 1
which contradicts (9). Thus the conservation of
lepton number does not permit within our model
Cabibbo-like rotations in both the quark sectors
simultaneously. Y' =v —,'[Y+ 2(B —L)], (20)

where g is independent of V„V, and depends only
on the Yukawa couplings.

We do not make any assumptions concerning
any of the coupling constants in the model except
that they are all roughly of the same order of
magnitude. From a close examination of the ex-
pressions for g we can see that its magnitude is
of order unity. If we believe the present informa-
tion concerning the quark masses, the Cabibbo
angle is best represented by tan0c -g{m„/m, ).
This leaves us with only the last alternative.
Then the hierarchy V, «V, correlates the small-
ness in m, with the smallness of m„, m&, and 6 c,
and more generally m, :nz„...=m„.'m~. .. , since
the relevant mass matrices MM are diagonal.
The corresponding quantum numbers are sum-
marized in Table I.

It is interesting to notice that for A" = —&, the
horizontal 7' generator cari be expressed as
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TABLE I. The fermion classification in a two-genera-
tion scheme.

e P

ea~~a
pg» cg
dg ySI
dx, s
"z~ z

—1/2
0
1/2

—1/2
0
0

—1
]

—2
1/8
1/8

—2/8
4/8

+ 1j 1
+1,-1

+4/8, -4/8
—1/8, + 1/8
—1/3, + &/8

0~0
w 2/3, +2/8

where (v) signs are assigned to the first and the
second generations, respectively, indicating also
that Y' is a linear combination of already known
physical quantum numbers. However, it turns
out this QN assignment leads to k = 0 in (6). Con-
sequently, the relation X, =~, does not follow and
hence must be imposed. On the other hand, the
Y' assignments with A" =+ 3 imply k = —~ W 0
which guarantees the WS universality. Equation
(20) can still hold even for the latter A" =+ —',

case provided u„e~ in the definition of fermion
generations. As mentioned before, A" =+ 3 and
A" = —3 lead to the same MM matrix in the up-
quark sector.

Horizontal gauge interactions introduce, in gen-
eral, several undesirable features in the weak
neutral-current sector. These include the follow-
ing: (a) Flavor-changing interactions; (b) viola-
tion of e- p. universality. One can suppress these
unwanted effects, however, by introducing mini-
mally a Higgs singlet' 4 with Y=0 whose large
VEV is expected to provide the heavy-mass scale
for Z' without affecting the fermion mass matrix.
The relevant small parameter e which character-
izes the magnitude of the above effects turns out
to be

M '(W') —cos'H„M'(Z) "'
cos 8~M (Z )

with

1 —cos'0~M (Z)/M'(W') = O(e),

M'(Z ')/M'(W') = O(1/~).
(21)

A single Z' exchange gives rise to a contribution
of order eGF cos'Hcsin'Oc to the K~-E~ mass dif-
ferences. " Thus an upper bound for e can be ob-
tained, namely,

e-O(~, 'GF)~e &10 '.
Correspondingly, we expect Z' mass to be at

least two to three orders of magnitude heavier
than that of the WS gauge bosons, and the stan-
dard WS model is fully recovered up to an ultra-
fine structure.

Finally, we discuss a simple generalization of
our model for n& 2 generations. Following a gen-
eralized version of Eq. (3a)- (3d), the U'(1) ser-
iality numbers must obey

(22)

For n& 3, (22) is not sufficient to determine A. , '

uniquely, and the model becomes somewhat arbi-
trary. For n=3, although, it leads to A, y 2 3

= I,
0, and —I and the coupled anomaly equations can-
not guarantee WS universality. Thus our conclu-
sion is that a generalized WS model of SU(2)

U(l)CSU'(1) type in which there exists a unique
solution for the seriality numbers can be real-
ized for two generations at most. Nevertheless,
the model can be easily generalized by introduc-
ing a minimal horizontal gauge symmetry [U'(1)]
to accomodate n = 2" generations. This does not
involve new physical quantities, and the distinc-
tion among various generations can be naturally
established by using N families of the discussed
seriality numbers. For n =4 (i.e. , N=2), for ex-
ample, we define Y, '=y&' (1, . . . , + 3) and Y,"=x,"
(1, . . . ,v —,') for ith generation, such that x. ..,'

I I I I and py 2 3 y I I I, —I. In this
example, the two-generation model simply re-
peats itself. Thus, from our point of view, the
existence of a third generation suggests the ex-
istence of the fourth one as well. The interest-
ing feature about such models are that (a) the
number of generations grow very fast, and (b) a
minimal number of additional gauge bosons is re-
quired. The asymptotic-freedom restriction' on
the number of flavors (N& & 17) as well as the cos-
mological limits" on the number of neutrinos
(N„&4) may then determine almost uniquely the
number of fermion generations.
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The weak-neutral-current reaction v, +d—n +P +v, has. been observed concurrently
with the charged-current process v, +d-n +n +e+ using an instrumented D20 target ex-
posed to an v, Qux of 2.5X10' cm sec . The measured neutral-current cross section,
(3.8+0.9) X10 45 cm2lv„ is consistent with the Weinberg-Salam model, dependent in this
case only on the axial-vector contribution. The charged-current reaction cross section
is (1.5+0.4) &&10 5 cm /v~, in fair agreement with expectation.

We report the detection of the weak-neutral-
current (NC) reaction v, +d-n+ p+'p, and a con-
current measurement of the charged-current re-
action (CC) P, + d-n +n +e'.

This experiment was conducted at the 2000-IVW
fission reactor at the Savannah River Plant in
the well-shielded environment used in the P, +e
experiment. ' The drastic background reduction
made possible by this shielding allowed the de-
tection of the NC reaction with use of only the
product neutron as a signature. The feasibility
of this method was demonstrated in 1974,' when
an upper limit for the weak-neutral-current re-
action was determined.

Weak neutral currents have been observed with
very high-energy muon-type neutrinos at CERN'
and at the Fermi National Accelerator Labora-
tory. 4 Until the present work the only P, reaction
involving neutral currents was T7, + e -P, + e .'

Theoretical analysis of other neutral-current
reactions by Hung and Sakurai' determines the

neutral-current couplings between neutrinos and
hadrons within a twofold "vector-axial ambigui-
ty.""More recently, a large number of results
on neutral-current interactions have been ana-
lyzed and the ambiguity appears to be eliminated
in favor of the Weinberg-Salam model. '

In this experiment, using low-energy reactor
P, 's, the NC cross section is unique in that it de-
pends only on the axial-vector (Gamow-Teller)
contribution' and is therefore independent of the
Weinberg angle. In this case, the ambiguity is
particularly easy to resolve; the Weinberg-Salam
solution predicts a cross section for this reaction
which is four times larger than the alternative
possibility.

The detector system is shown in Fig. 1. The
target consists of 268 kg of extremely pure
(99.85%) heavy water. immersed in the D,O are
'He-filled gas proportional counters' which de-
tect the neutron via the reaction 'He+ n-p+'H
+764 keV. The entire detector is enclosed in a

96


