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ABSTRACT

Under a rather general class of assumptions, the most important being that
weak and electromagnetic interactions are based upon a spontaneously broken
gauge theory with an underlying simple gauge group, we estimate bounds on the
least massive charged gauge boson. Typical values lie between 55 and 75 GeV,
in agreement with those estimated from the Weinberg-Salam SU(2) ® U(1) model.

Less restrictive bounds are obtained for neutral bosons ZO.
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I. INTRODUCTION

The apparent success of the Weinberg~Salam SU(2)® U(1) weak~
electromagnetic gauge theoryl’2 in quantitatively accounting for the observed
neutral-current cross sections increases one's confidence in the existence of
charged (Wi } and neutral (Zo) spin one intermediate bosons which mediate weak
processes., In the simplest version of the SU(2) ® U(1) model, the masses of
W and Z are already well constrained by experiment. If it is true that the data3
provide the limit

.25 < sin® ¢ .45 (1.1)

w S
it follows that

56 GeV <m... <75 GeV

w (1.2)

76 GeV < m,, < 87 GeV

This result utilizes a mass formula (mW:mZ cos OW)

details of the spontaneous breakdown mechanism. However, even if one ignores

which depends upon the

that relation and uses a two-parameter theory (sinz GW, m, as parameters),

essentially the same limits are obtained. More important is the assumption that

the right-handed components of the nonstrange quarks transform as singlets under

the weak group; if this is relaxed the experimental constraints on my, are loosened.4
However, whatever the degree of success of the SU(2) ® U(1) model in

accounting for presently existing observations, it is widely felt that this model

is only a small portion of a larger structure within which the totality of weak

interaction physics resides.5 In particular the SU(2) ® U(1) model is not truly

a unified theory of weak and electromagnetic interactions because of the presence

of two coupling constants g and g'. The weak and electromagnetic parameters

GF and o are traded in for g and g'. An example of a truly unified theory is one
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based upon a simple gauge group G with a single coupling constant g, and with
SU(2) ® U(1) € G. In such a theory there must be additional gauge bosons and
quite possibly more quarks and leptons. The question naturally arises of
whether at least some of the gauge boson masses will still lie in the range given

- by the SU(2) @ U(1l) model; Eq. (1.2). This is the problem posed in this paper.
We endeavor to find a general set of assumptions with which it is possible to put
bounds on the mass of charged and neutral bosons W and Z. While the limits
are only as credible as the input assumptions, we believe it is still of use to
carry out a study of the issue, if only to exhibit to what length one must go to
avoid the conclusions reached in the context of the SU(2) ® U(1) model. Indeed
we believe our assumptions are in fact not very restrictive.

We now state the input assumptions we use in Sections II and III to obtain our
results. As indicated below, these can be considerably relaxed (as we do in
Section IV) without affecting significantly the conclusions:

Assumptions:

1. The x;veak interaction gauge group is contained in a simple group G:
there is only one intrinsic gauge coupling constant g.

2. Gauge-bosons carrying lepton and/or baryon number contribute
negligibly to the existing weak interaction phenomenology.

3. Only two (2-component) neutrinos Ve and VH contribute significantly to
the existing weak interaction phenomenology. [By existing phenomenology we do
not include the strong, but not yet conclusive, evidence6 from SPEAR for a
sequential heavy lepton U” and an associated neutrino ] This assumption actually
is not vital and will be disposed of in Section IV.

4, For the predominant low energy phenomenology of charged and neutral

weak currents (i.e., ignoring effects proportional to sin2 0co charm, other new
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flavors, etc.) we may use the conventional 3-color, 3-quark model for fermion
hadronic degrees of freedom.

5. Occasionally we shall also assume the Glashow-Iliopoulos-Maiani
(GIM) mechanism;7 i.e., there exists a fourth (colored) quark of ¢ of charge
+ %; and (c, Sc) have the same weak couplings as (u, dc) quarks.

6. As a consequence of these assumptions we may write for the phenome-

nological Lagrangian

- G ce) st | -
geff— :/72' [ffx JCC)+ Vu')/a(l-')/5) VHJ?NC) + :\ (L.3)

where

3
o -0 - o =c o
I oo =& (=75 v Ty (I-v5) v, + i§=:1 dy (1-v5) vy

3
~C O
E: - ?
+i=1si'y (1 'ys)ci?. + ...

M a

7. Higher-order radiative corrections may be neglected.
With these assumptions, we may now state our main results:
Let W denote the charged intermediate boson of smallest mass which is

coupled to eT;e. Then

R
0
(75 GeV) N]BeﬁeRO < My < (75 GeV) \/ i (1.5)
Here )
DY 2
RO = Qi (1.6)
ieR

where the sum goes over all (4-~component) fermions contained in an N-

dimensional basis for some representation &£ of G, and where Qi is the charge
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(in units of e; i.e., Qei = +1) of the ith fermion in the representation. Also
M = number of independent terms in & z?C) in Eq. (1.4) . (1.7)

Notice that the AS=0 hadron current associated with u and dc quarks contributes
3toM [A GIM charm-~current contributes another 3 units to M] Finally, to
define the quantity Be;e , firstlet <jle(W)i> denote the coupling constant (in
terms of some basic coupling g) of the intermediate boson W to left-handed

fermions j and i contained in the representation 2. That is the effective

Lagrangian is to be written

1~y
Lo=g 2 ﬁ.w/l (—5)\1Wu <jle(Wii> + ... (1.8)
eff i j 2 i
Then, define
I<j le(Wyi> |2
B, = (1.9)
1S b leWyas 12
a,b
in #

If the mass of all fermion degrees of freedom in the representation & is much

less than mW/z, then

e = branching ratio of W into eT;e (1.10)
e

We now give some examples, in order to exhibit the content of Eq. (1.5).

Suppose

1. All leptons form a basis for a representation & of G. Then

R0=2+?

-1
B™- =2+ 9 (1.11)
evy

M=2+?
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where the ? denotes contributions from all additional lepton degrees of free-

dom and from couplings not yet known or fully established. This gives

2+ ? 2+ 2
(75 GeV)+/ 55— < My, < (75 GeV)/ 55— (1.12)

2. All quarks form a basis for a representation &% of G. This option

divides into two suboptions, according to whether or not the GIM mechanism is
accepted:
a. Only the (u, dc=d cos ec+s sin Gc) current is considered an established

contributor to the weak current and u,d,s to the electromagnetic current. Then

R0=2+?
(1.13)
Bl =M=3+79?
Ye
and
s
3 24+ ? 3 2+ 9
61GeV\/2 T <mW_<_61GeV«/—2-~3+? (1.14)

b. Colored u,d,s,c quarks are considered as established contributors to

weak and electromagnetic currents (utilizing the GIM mechanism). Then

R = «=+ 2
o 3 (1. 15)
B'} =M=6+ 2
ey
e
and
9 10/3 + ? 9 10/3 + 29
56GV\/ 6+'7 <mW_<_56GeV\/§~-——6—W (1.16)

3. Both leptons and quarks must be included in order to obtain a repre-

sentation & of G. This occurs, for example, in fully unified theories which

include the strong force, such as the SU(5) theory of Georgi and Grla.show.8



Again there are two suboptions:
a. Onlyu,d,s colored quarks and the uac weak current weak current are

considered as established. Then

R0=4+9
(1.17)
B‘:_L =M=5+ ?
ep
e
5 4+7°? 5 4+ 2
(67 GeV)/ 5+?5mw_<_(67GeV)./Z = (1. 18)

b. Colored quarks u,d, s, ¢ are accepted with (GIM) uac and c's'c weak cur-

rents. Then

R, = 5
(1.19)
B;} =M=8
Ve
and
3. 16/3 + 2 3 16/3 + 2
61 GeV)\/E ——8—;7—— < mW < (61 GeV)J-z- . _§_-|—_3—- (1. 20)
Hence without a major proliferation of degrees of freedom, we have
55 GeV g My < 75 GeV (1.21)

just as in the case of the SU(2)® U(1l) model. We emphasize, however, that this
conclusion is obtained by a quite independent (but compatible) line of argument.

If leptons and hadrons form bases for independent representations e%ﬂ and '%h
of G, the limits we have obtained in Egs. (1.12) and Eqgs. (1.14) or (1.16) are
mutually exclusive. More degrees of freedom or couplings must be included in
order to maintain compatibility. This situation is very similar to that discussed

by others in the context of the SU(2) ® U(1) model. In particular, the expression

9
for sin2 9W obtained by Georgi, Quinn, and Weinberg

. 2 2 2
sin“ 6= 2, T2/ Y Q; (1.22)
W oz i !
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(with the sum going over two-component fermion degrees of freedom) is closely

connected to the bounds we obtain. In the limit of a single charged W coupled
universally to fermion doublets, we evidently have B;; =M. The inequality in

R :
Eq. (1.5) becomes an equality, with the same content as Eq. (1.22) above. Using

the known leptons (u, e, v”, Ve), one obtains

sin” 9., = .25 (my, = 75 GeV) (1.23)
Using only colored u,d, s, ¢c quarks

sin” gy, = .45 (my, = 56 GeV) (1. 24)
Combining both, as in the SU(5) model8

sin” 0. = .375 (my, = 61 GeV) (1. 25)

An easy way to reconcile the lepton value with the hadron value without complete
unification or a major proliferation is to introduce some neutral leptons possessing
V+A couplings to electron and muon. Then we can immediately increase B_1

and M by two units without increasing RO' We would then obtain, instead of

Eq. (1.12),

24+ ? 2+ 9?
(53 GeV)+/ 2 175 S My s (63 GeV)v/ 2 - ppr (1.26)

Given the probable existence of a charged heavy lepton Ut (which, by the way,
would replace 53 GeV by 58 GeV in Eq. (1.26)) this might be considered an argu-
ment for the existence of neutral heavy leptons. In any case experimental
searches for such objects are clearly of importance.10

The ;nethods we use generally do not allow very stringent bounds or estimates
for the mass of the lightest intermediate neutral boson 7°. This is regrettable in
the light of the importancell' of the Z° in contemplating future e+e- storage ring

facilities. The useful information for Z0 bounds comes from the data on the

semileptonic neutrino reactions. We find in general that the 7° of lightest mass



is bounded from above as follows:

2 1/4
1/2 1R e
m,o < (75 GeV) R,) (1.27)
A 0 2 =
M"Y{R-R R)
c
s X . 12
where RO is defined in Eq. (1.6), and
r
>3 if only 7.° couplings to u and d quarks are
M'= A considered.
>6 if the GIM mechanism is accepted, and 7°
couplings to ¢ and s quarks are equal to the
i u and d couplings respectively.
g _,(y N—yp hadrons)
R~ b B =0.28.04 s
Gtot(VuN—’“ hadrons) B Utot(ﬂLN ~—  hadrons)
, R.,e= - = .38+.02
at (v N—7 hadrons) atot(VuN —4 hadrons)
R-tot g W = 0.39%.06
- . .
Gtot(qu —( hadrons) (1.28)

In deriving this bound, we have necessarily put both y and quarks in the same
representatic;n R ; hence RO must be summed over both quarks and leptons.

However, putting numbers into Eq. (1.27) yields

-
189 GeV ordinary quarks and leptons;

- t=
m,0< 4 R,=4, M'=3 (1.29)

184 GeV GIM and ordinary leptons;

L R0=16/3, Mr=6
Furtherniore, it is not possible in general to obtain a lower bound on ms 0 using
only semileptonic neutral current data.

Stronger bounds can be obtained with stronger assumptions. For example,
let us assume that only one 7° contributes to the extant semileptonic neutral

current phenomenology. In such a case we can replace Eq. (1.27) with the
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bound

1/4
1/2 |— a +Rcc)

0 -
L4M'(R+RCCR)

m,o < (75 GeV) R (1.30)

where the quantities are defined as in Eq. (1.27). Putting numbers into Eq.

(1. 30) yields

f107 GeV ordinary quarks and leptons;

< < R0=4, M'=3 (1.31)

104 GeV GIM and ordinary leptons;

RO= 16/3, M'=6

1/4

"

A final improvement of a factor 2~

can be obtained upon assuming uu-ye

universality in semileptonic neutral current phenomenology (in addition to the
sing;le—Zo assumption). The factor 3 in Eq. (1.30) is replaced by 6, and the
bounds become

(90 GeV ordinary quarks and leptons;

m;o < A R0=4, M'=3; YWVe universality (1.31)
V 88 GeV GIM and ordinary leptons;

RO= 1_6/3, M'=6; VH-VG universality

~

I only one 7° mediates semileptonic neutral current processes, a direct

estimate of its mass can also be made:

1/4
s B, - By, q(BR )

m,o ~ (75 GeV) R, B i (1.32)
- M'(R+RCCR)

where Bv = is defined analogously to the Bi for W's; c.f. Eq. (1.9). Bhad is
HoH

the sum over u, d, s, (c) quarks of qu:

By.4= _}: B (1.33)
a=u;,d;,

ONS
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The most naive guess for their values might be

BV TR Buﬁ Bes ~ 3 Bui "3 Bad "3 Pez "3 Bss (1.34)
wou ee
yielding
1 3
B, - ~71s B, 1~ T (1. 35)
16 had
YuPu a 4
Inserting these numbers into Eq. (1.32), along with R0= 16/3 and M*'=6 gives
sz ~ 69 GeV (1.36)

[This is lower than the SU(2) ® U(1) estimate because in that model Bv o is
~30% higher than the guess in Eq. (1. 35).] The details of all these Z° bounds
are found in Section III.

We conclude this section by warning the reader not to believe that all these
bounds, and in particular the conclusions summarized in Eq. (1.21), are com-~
pletely general. They depend upon assumptions not fully based on experiment.
The resourceful theorist can break the bounds by ingeniously violating the
assumptions. One vulnerable assumption is that of the current-current structure
of the charged-current effective Lagrangian. Only the nondiagonal terms are
well-measured. At best, diagonal contributions are known to exist and to have
the correct order of magm'tude%s’ 14 However, assumptions on the nature of the
diagonal contributions are used in Section II in obtaining the bound in Eq. (1.5).
This question is studied in Section IV for typical cases. It turns out that the

upper bound is only increased by a factor < (4/3) 1/4

~1.08, if one only uses the
existing data.

Another assumption we have made is that the neutrinos emitted in muon
decay are identical to those emitted in semileptonic processes.15 However, it
again turns out that nothing changes significantly if this assumption is not made.

For the case analyzed in Section IV, the bound is independent of information

obtained from muon decay. And in general, it should be clear from the preceding
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discussion that omission of the information coming from leptonic decays would
not modify the bounds in Eqs. (1.14) and (1. 16), or change very much the upper
bounds in Eq. (1.18) and (1.20).

A more difficult assumption to assess is our acceptance of the conventional
fractionally charged color quark theory. Ideas along the lines pursued by Pati
and Sala.m16 (including the concept of pre-quarks)17or the "Berkeley" mixing
models18 might conceivably lead to different bounds. Consideration of these
cases is beyond the scope of this paper.

An additional question has to do with the assumed neglect of radiative cor-
rections. If leptons and hadrons must be unified within a single representation
before reaching a simple group G, the masszscale of leptoquark intermediate
bosons could well be very large (~10 15 GeV), and renormalization effects large.
We have not succeeded in estimating this in a general way. However in the
specific example studied by Georgi, Quinn, and Weinberg9 with SU(2) x U(1)C

SU(5):, the factor sin2 8,,, was renormalized downward by about a factor 2;

A

implying an ﬁgward renormalization of the intermediate-boson mass by ~40%.
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II. BOUNDS ON THE MASS OF THE W
To obtain these bounds on the W mass, we begin by embedding the group G

into a larger unitary group. Let N denote the total number of two-component

left-handed fermion degrees of freedom which form the basis for some (possibly
reducible) representation & of G. These fermions might include some or all
of the following: e, e+, Vs v“,u+,u—,ui, d, si,ﬁi, ai, Ei (i=1, 2, 3); quarks
possessing new flavors, more neutrinos, or heavy leptons. Any gauge trans-
formation U in G, when applied to any one of these fermion degrees of freedom
contained in &2, can only yield a linear combination of such fermion degrees of
freedom. This is just a consequence of Poincare invariance. Invariance of the
kinetic energy term in the fermion Hamiltonian
H g = i dP DI AN @. 1)
ieR

under gauge transformations U requires that U, when considered in this N
dimensional space of chiral fermions, be unitary. Hence G = U(N), a.nd19 infact,
since G is si;nple, G C SU(N).

We therefore, without loss of generality, restrict our attention to SU(N).
We consider hypothetical bosons Wi (i,j=1,... N) corresponding to the generators
Tg of this SU(N) algebra. Only a subset of these Wg need be physical particles;
the remainder we may without loss of generality presume to be physical but with
an unobservably large mass. The physical bosons Woz of definite mass m  may
be mixtures of the Wg . We write, for convenience, the inverse relation

NZ-1

<jIWli> = W) = 21 <jle(@) li> W, (2.2)
a:



where we include the possibly unphysical Wa of very large or infinite mass. In
order that this mixing be unitary we have
N

> <jle(@) li> <jle(B) liv* = 6 (2.3)
. L aB
i,j=1
In addition, the linear independence of the Wg and their normalization condition

demands 20
s |1 i#
3 I<jle(@) li> 1% = 1 (2.4)
o 1- -1\-1, i—_—j
We are now in a position to study limits on the mass of the charged W. Let

the SU(N) gauge coupling be g, and let the indices i, j run over chiral fermion

types, i.e., i=e—,ue,e+,u—,v“,u-l-,ul,uz, ... . Then by our assumptions (in

particular the assumption that exchange of gauge bosons carrying nonvanishing

lepton number contribute negligibly), the amplitude for muon decay is given by

G - A
M= :/_; [uevx(l—’yS) VVe] [uV Y (1—75)11“]

7]
9 _ (1—75> <e—|c(a)|ue><uulc(a) > I 175

=8 E Y2\ 2 VV 2 uv Y 2 uH

a e m h
| (2.5)

Therefore
<e le(a) v ><u” le(a) Iy >*
4G 2 e
ok 3 5 & (2.6)
o

o
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A simple, rather nonrestrictive limit follows rather directly from Eq. (2.6).
Let a =W denote the charged intermediate boson of smallest mass which con-

tributes to the p-decay process. Then, using Eq. (2.4)

g l Z <elc(a)lv ><ulc(oz) fv >*|

Ak 2

My
gzj{z i<ele(@ > PH S teute@ 1
< Q > B -8 (2.7)
My Tw
Hence
m2 < %gf (2.8)

To translate this into a limit, we must know the value of gz. This can be obtained
from the coupling of the photon, which must be one of the gauge bosons Woz' The
photon AH evidently has only diagonal couplings to the fermion degrees of freedom;
thus only <ilc(A) li>#0. Indeed <ilc(A)|i> must be proportional to the charge

Qi of the ith fermion. Then the normalization condition, Eq. (2.3), determines

the coupling:

(2.9)

Because the full electromagnetic coupling is
S| -
g 'y“ 5/ U | <1 le(A) li> = eQi [ui'yuui]

507, ()
eQ; |87, \—2)u, (2.10)




...16..

it follows that

g __8g _
N N 2R
2 0
JZé

where RO is defined in Eq. (1.6). There the definition was, as is usually the

e (2.11)

convention in such matters, a sum over four-component fermion degrees of
freedom, while in Eqs. (2.9) and (2. 11) the sum is over two-component degrees

of freedom; hence the factor 2 in Eq. (2.11). Thus

g? = gmaR,, (2.12)

and from Eq. (2.8) we get the bound

2 212
wi TG R0 (2.13)
or, putting in numbers
My, < (75 GeV) \/RO (2. 14)

This is not a very restrictive bound, inasmuch as experimentally R > 7. How-

0
ever my, may be bounded more stringently upon assuming that the conventional
current-current structure of weak interactions, when supplemented with sundry

neutral current contributions in diagonal channels, is a good approximation to

low-energy weak amplitudes. This implies that Eq. (2.6) generalizes:

4G E <jle(a@) li><fle(a) k>*
- 2

(2. 15)
2
gJ2  « m

whenever (j,i) or (k,f) are (e,ue), W, VM)’ (di’ui)’ or (Si’ci) [with the latter to be

included if charm and the GIM mechanism is accepted].
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To continue, define

<jle(a)i>
m |
o

<jlIC(a) li> = = <jICli> (2. 16)

which is to be considered a vector in the Nz—l dimensional complex space labeled by

index @. Then Egs. (1.3) and (1.4) imply

<jfCli>- <k [C 18> = constant = |<.~le3'|i>I2 (2.17)
with
@(,i) or (k,8 = (e, Ve)s (“-’VIJ)’ (d;>u) ':or (s;- ;) ?] (2.18)
Therefore, for these pairs
<jICli> ~ <kIC |t> (2. 19)
For the components & which contribute significantly to the vector <j|C |i> in
Eq. (2.19) we have not only
<jlC(@) li> = <k IC(a) 12> | (2. 20)
but also
<jle(@) li> = <k | c(a) 12> (2.21)
with, as alwa:ys, ‘the pairs (j,1) going over at least the range given in Eq. (2.18).

Thus one unique combination of intermediate bosons

S <ile@) li> Wy
o

JZ i@ 1
o

W=

G,1) = (e, ve),(u-, Vu)’(di’ w) ...
(2.22)

necessarily is what is coupled to the pairs (j,i). At this point in the argument

it is most convenient to choose an orthonormal basis for the Wa's which includes

W. The orthogonality and normalization conditions, Egs. (2.3) and (2.4), can

still be applied in this basis to limit the coupling of W to any one of the pairs (i,j).
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Write, for this expansion, for general (j,i)

<jilWli> = <jlb@ li> W+ Y. <jlba")li> W (2.23)
a'#W

From Eq. (2.3) rotated into this new basis

3 <jb@ tis1Z=1 (2. 24)

Js1
Then, given M pairs (j, i) as enumerated in Eq. (2.18), all coupling in the same

way to ﬁf, it follows that
Mi<e™ Ib(W)lvel2 <1 (2.25)
But the projection of <j W |i> onto W is also implied by Eqs. (2.2) and (2.22)

<jnvli>=2<j|c(&’)|i>w&,+...
&

=JZ l<j|c(o”z)ii>l2W+... (2.26)
: o
Hence
. N, . 2 . e~ .
I<jlbW) li>]" = z [<jlec(@) l1>|2 (2.27)
o
and
- ~ 2 - 2 1
% l<eT1e@) v >1" = I<e” bW v I” < 35 (2. 28)
Returning to Eq. (2.7), this now implies
G |<e—_l~9(a)lue|2;ir;,1 . 5 .
D) s <=5 2 I<eTle@) Iy > 17 <
g J2 o m- mW o MmW

(2. 29)
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instead of the bound of Eq. (2.8). The remainder of the argument leading up to

Eq. (2.14) proceeds as before, but with the factor M improvement;

Bo
m, < (75 GeV) | 57 (2.30)

Implications of various choices for R 0 and M have already been discussed in
Section 1,

A lower bound on My, can also be easily obtained. From Eq. (2.29) it is

clear that
- 2
4G <e |c(W)lve>l
5 > 5 (2.31)
g”\2 me
Define
- 2
_ I<e lecW Ive>l
B_ =<e |lcWlyv> (2.32)
eye e

> I<jlecW li>l2

i,]

Were all fermion masses (for the fermions in &) small compared to m, BeD
e

is just the branching ratio of W into e’;‘;e. From the above definition and the

connection, Eq. (2.12) of g2 with @ and R, it follows that

2 znan) » 2
mwz< &¥2) BR, = (75 GeV)” BR,, (2. 33)

Again the impiications of this result are discussed in SectionI.
. BOUNDS ON THE MASS OF THE Z°
We may proceed in a similar way with the neutral-current contributions,
although the bounds will be much less stringent, inasmuch as there are many
forms which may be assumed for the structure of the neutral-current effective

Lagrangian. As input data, we assume an effective neutral current Lagrangian
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as follows:

2% = S 5 Mayw e (@) 8y, (1-vo)e + ep(e) By, (tro)e + ]
NCT T T 5V | CL® Y5 R AFgeT ..

3 3

3 3
e (@ Ay, (I-vg)d; +ep(d)  dy, (Fyp)d;

+
B i=1 i=1 ' |

+... (3.1)

The best bounds will come from exploiting the assumed color degeneracy of the
quarks, and hereafter we shall disregard the pure leptonic terms involving
€, R(e). Data on yu-hadron interactions3 provide an estimate for the combin-

. 2 2 2 2 .
ations IEL(u)I + |€L(d)l and leR(u)I + leR(d)l . The commonly used ratios

R= Utot V(E)/ tot, V(E), Rcczatot V(E)/ tot V(E), and R= atot V(E)/ tot y( are
related to the €'s in simple models 21 as follows:
-l @ P+ e @7 vy i@ 1® + 1y @ 1)
UL L cc | R
(3.2)

&= R i@ 12+ 1eg@ Ft fiep 12+ e (@) 12)

We shall need the combinations

leg 12 = lep @ 12 4 leg (@1

le 2= IeL|2+ |€R|2 = leg () 12+ leL(d)| + IeR(u)] + e (d)l

®+R_R)
=——(TrR——7z.30i.10 (3.3)
cC
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which are accessible to experiment as well as to the theoretical bounds. We are
deliberately liberal with the error estimate, because our final result depends only
on the fourth root of |e |2; even such a large error assignment won't matter much.

Our problem is to use this information to bound the mass of z%'s. The best
strategy is to repeat the line of argument used for the charged W, and which led
to Eq. (2.30). Thus the linear combination Z of neutral bosons Za which couples
to a given flavor and helicity of quark (say ui)

> <ui| c(@) lu>Z
Z(u) = —= (3.4)
\/ E I<u, | c(a) lu,> I2
o 1 1

must couple equally to each color of u quark. Since

<u, [Win,> %: <u, fe@) lu>Z,

il

JZ I<uilc(a) lui> I2 Z () (3.5)
a

this line of argument, using the normalization condition in Eq. (2.4), gives

[Rary

3 l<uyle@) lus>1®< 1 -3 (3.6)
o

If the GIM mechanism is correct, we expect A (u) must also coupled in the same
way to the ¢ quarks. If this is presumed, then the factor 3 in Eq. (3.6) may be
replaced by 6. Inclusion of the factor /N in that equation is a waste of ink;

hereafter ;zve drop it and write

2 1
%<ullc(a) lu>1" < 3m (3.7)

with

>3 up and down quarks only

M! (3.8)

>6 GIM and charm presumed
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Then, in analogy to Egs. (2.7) and (2. 29),

4G IeL(u) | _ | <Vp e(o) |1;H><u1 c(@) lu1>|
gzx/—z mi

IA

—1—,\/2 <y le(@) iy >12 3 1<u, le(@!) lu,>12
m2 o H K a' 1 1
Z.

1

JM* m;

IA

(3.9)

where again my is defined as the contributing gauge boson of smallest mass.

Hence, again using Eq. (2.12)

R R
my 1€ @1 < 2“(“}/_2"‘ Jﬁor = (15 GeV)2 —Jia‘rg- (3. 10)

The same result evidently follows for GL(u) replaced by any other €S, e.g., €L(d),

€R(u), ER(d), ... . The best bound involving measured numbers is
4 2 2 2 4 2
mZ{IEL(u)I + e (d) | }5 v (75 GeV) ™ Ry (3.11)
or
. o \/4
m,, < (756 GeV)JR, [—— (3.12)
Z - 0 ] 2
M IeLI

inasmuch as leL I2 > leR }2 experimentally. As we discussed in Section I, this
bound is not very stringent, as compared with the 7.° mass estimate in the
SU(2) x U(1) model.

The only really strong bound we have been able to find follows from the
assumption that the observed neutral-current semileptonic processes are domi-

nated (at moderate energies, EV < 20 GeV) by the exchange of a single
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intermediate boson 7°. If this is the case, we may use the inequality, Eq. (2. 3)

(2) I<jle@li> 1> < 1 (3.13)
1,]

to good advantage. From Eq. (3.9), we now have

4G

7 I<VH c@) lvu><ui | c(Z) Iui> | (3.14)

Ngmrql\’

with similar expressions for the other € Adding the four such equations to-
gether in quadrature and taking into account color (and possibly charm) as we did

above Eq. (3.7) gives

4G \/IeL(u) 12+ leL(d)I2+ IGR(u)I2+ IER(d)lzs 4G [ie)?

2 J2
2 ‘ l<qlc@) |q>|2
o -gg l<v, 10@) I, > > o (3. 15)
m, g=u.,d.
1" 1
(Si’ c]_)

The sum over q goes over both left-handed q and left-handed q r right-handed q).

Upon using Eq. (3.13), we obtain

2
4G [l o B L., te@miy >J1= I<v 1@ v 512
J2 “my v b b H
1 g2 1 (3.16)
2377 '
ms JM
7
This leads to the bound
R
mé . 2na N2 0 3.17)
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or

(75 GeV) Ré/ 2

2,174

m (3. 18)

<
Z= @M le |

As discussed in Section I, this reduces the upper bound on m,, to~110GeV, A

Z
further improvement ensues if one assumes Vi Ve universality in the coupling of
this Z to the neutrinos. If

<VH|CZ)‘V“>=<Ve|C(Z)lVe> (3.19)

then Eq. (3.16) may be written as

9 ;

G fleP <« B Lo, le@) lv >\/1—2|<V | e@) lv > |2
=73 i 1 b H

Np

mZ »\/M'
2
<=2 £ L (3. 20)
242 m,, VT

and we gain a factor 2-1/ 4 in the upper bound for m, .
With the above assumptions we can find an estimate for m, as well, justas

we found for the W. Write

I< Yy {c@) IVH}IE «/BV 5

b
2
2. l<qlc@lg>1"= B (3.21)
had
g=u.,d,
il
c., S,
A
also L,R

where, as for the Wi, the BS are the branching ratios of the 2° into modes s,
provided all fermions in the representation & which are coupled to z° have mass

small compared to the 7° mass. In Eq. (3.21), B includes only those hadron

had
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states formed by u,d, s (c?). Inserting Eq. (3.21) into (3. 15) yields

2
28 Jie 2~ A L B B_o (3.22)
J2 m, M o
where M' is defined in Eq. (3.8). Therefore
1/4
orad2\V2 1/ B, 5 Phaq
m,, ~ (£TEN2) g/l BB (3.23)
A G 0 M e 12

With "reasonable' values of the parameters, this yields a value somewhat lower
than that estimated in the SU(2) ® U(1) model. This is not to be taken too seriously.
We emphasize that the assumption that only one Z mediates the semileptonic
neutral-current processes is crucial in this argument. A counterexample is two
degenerate light Z's with equal couplings to quarks but with couplings to 1/“ which
differ in sign. Such Z's might exist but would not contribute at all to semi-
leptonic neutral current processes.
IV. EVASIONS OF THE ASSUMPTIONS
As we mentioned in the Introduction, there is little direct evidence for diago-

nal current-current interactions. It is therefore of interest to study what is lost
if the conventional assumption for the magnitude of the diagonal current-current
coupling is abandoned. To do this we return to the same line of argument used
in Section II, starting at Eq. (2.17). We have

4G
g” 2

only for the pair (j,i)#(k,£. This means the (e,ue), o, VH)’ and (d,u) vectors may

—. * —
I<jIC li>- <k|Cl&>| = constant =

(4. 1)

point in different directions. We continue by following the line of argument leading
to Eq. (2.29) from Eq. (2.17). We again introduce a new basis for the Wa’ uni-
tarily related to the original basis; for any such basis we retain the normalization

condition, Eq. (2.3). In the vector notation of Eq. (2. 16), applied to <jic(x) li>,
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this means that for any projection of <j!|¢ li> on a unit vector ﬁ, (ﬁ*ﬁ=1) we

must have - .9
Y kjlTls-a1“=1 “.2)
i1

There follows from this the inequality
—_— A IZ — A 2 1 — A 2
l<elc.ulp >l + I<ulc-ulvu>l +Mi<d fc-ufu>1"<1 4.3)

where M', defined in Eq. (3.8), is >3 or 6 depending upon whether charm and the GIM

GIM mechanism are accepted and included. Evidently
2 A A 2 ‘ A A 2
mW|<el("c‘.u)u|ue>| < lel(c-uly > (4. 4)

as follows by expansion of the above expression in the original basis of Wa‘s of

definite mass. Thus
m? {1<e|‘é.ﬁ|u 12+ kp Gl > 12+ M <d |’6-ﬁ|u>|2}< 1 (4.5)
% e i3 i i = :

Define the quantities

1/2
= (gz'\/—z) a
E= G <el|Cly >
Wi g2~/_2 2 el
=G <pl IVH> (4.6)
(52\/— 2)1/2
H={27x/] <q,1Clu>
Insertion of these definitions into Eq. (4.5) gives the bound, for arbitrary unit
vector ﬁ,
- 2 A —_— A o— A -1
m < (gz%}fg) - [IE°u|2 #1301 + M'lH-uIz] (4.7)

but with the additional constraints

B M| = |1B*H|= M-Tl1=1 ' (4.8)
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This defines the mathematical problem. Recall that for the simpler case
treated in Section II we had E= M=H, and the minimum of the right-hand
side of Eq. (4.7) was obtained for ﬁ=—ﬁ, giving

2 (2m$2> R, 2

wi\TG )z =™ (.9)

m

To minimize the right-hand side of Eq. (4.7) in the general ease (with respect
to variation of 1), one diagonalizes the matrix E“‘i‘Ej +1VJE‘£Mj +M'IrPi‘Hj and chooses
the largest eigenvalue. Because of the large factor M' we expect the eigenvector

to lie near the H direction. For simplicity, we here take u to lie along H, namely

t=H* Then
E.w? = 'ﬁ'f*'zz iz (4.10)
H H
Similarly
Ea? > (4.11)
H
and
[ﬁ_:;’.alz + M6 P + MG Iz] > (—-2-2-+ Msz) > 2.J30 (4.12)
H
Hence
1
mZ, < m] <2+M ) (4.13)
2 J2M

Therefore the bound on m%v is weaker than the previous case by a factor

~

5

- —J_— = 1.02 M'=3
2.8
1
2+ ML _ @.14)
'}
2y2M 2 -1.18 M'=6
[ J3

We note that it is no longer possible to obtain a lower bound for mW in this more
general case; the previous estimate, Eqs. (2.31) and (2. 33), used in an essential

way the positivity present in diagonal amplitudes.
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Finally, as noted in Section I, even if we do not accept that the Ve and VM
appearing in muon decay are the same as in semileptonic hadron processes
(for example, perhaps muon decay is mediated by intermediate bosons distinct
from those in semileptonic processes, with distinct neutrinos as well), we still
obtain the upper bound expressed in Eq. (4.13). The only information from
muon decay which was recorded in the above argument was the equation [EXM | >1,
which in fact was never used. And information from the neutrino-experiments
is persuasive that at least the predominant portion of semileptonic decay and
reaction processes proceed22 via a unique y” (and Ve @8 we1123). Thus
relaxation of the assumptions on neutrino identity lead to no essential changes
in the results.

V. CONCLUSIONS

We have found that under a broad range of assumptions the estimated mass
of the lightest charged intermediate boson W lies in the range of 55 to 75 GeV.
Similar attempts to bound the 7° mass led to limits which are not very restrictive,
unless it is assumed that only one Z° contributes to the present neutral current
phenomenology. This is, in the general context we have attempted here,
probably too strong an assumption. It is regrettable this is the case, because
resonant production of 7.° in e+e- colliding beams should be an extremely powerful
way of studying the selection rules and dynamics of weak interactions in their
natural energy regime.

But aside from the attempt in this paper to be general, we recognize
that success of the SU(2) x U(1) model, if accurate experiments continue to agree
with its predictions, will by itself make very credible the existence of W* in the

mass region 65+ 10 GeV and Z° in the 806 GeV region.
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