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ABSTRACT

The amplitudes Z' — Z+v and 2’ — ZZ in models with an additional U’(1)
gauge group beyond the standard SU(2) x U(1) eleciroweak theory are induced
via fermion loops of ordinary states u, d, ¢, v ete. and heavy exotic states which
will not cancel among themselves though the anomaly condition is satisfied. An
Eg model is used as an example for the illustration. The new heavy neutral
gauge boson Z' could decay into Z~y and ZZ with branching ratios: I'(2' —
Z7)[T(Z' — ete”) ~107% and I'(Z2' — 22Z)/T(Z2' — ¢*e™) ~ 1075,
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The presently accepted SU(2) x U(1) electroweak theory is expected to be
embedded in & la.rga: gauge group. The pattern of symmetry breaking may give
an exi;ra U'(1) symmetry beyond the standard model at low ene;rgy. In such a
case, there would exist an extra neutral gauge boson, the Z'. Also, since the
ordinary fermions u, d, e, v, ... couple to Z' with different charges @' which

may not satisfy the anomaly condition"

among themselves, additional exotic
fermions must exist to balance the anomaly. In this letter, we study the induced
amplitude Z' — Z+4 and Z' — ZZ through the triangle diagram of fermion loop.
If all fermion masses including those of the exotic states were negligible at the
energy scale of Z', the amplitude would be tiny because of the anomaly condition.
However, the exotic fermions may be much heavier so that both processes could
occur. The observations of Z! —+ Zv and Z' —+ Z Z are interesting in relating the

couplings of various fermions.

To be specific, we study the Es model inspired from the Superstring Theory.”
An extra U'(1) exists' below the grand unifying scale,

Es — SU(3)eoter x SU2)z x U(1) x U'(1) .

There is a new quark A of charge ——%-, a charged heavy lepton E~, and neu-
tral leptons vg, n. These new fermions and the Z' boson may have significant
implications for experiments at supercolliders at very high energy and high

luminolsity.

In the Es model the couplings of Zand Z’ bosons to the fermions f have the

form
L=92(Q8Z, + Vaw Qv ZL) Y f + 92(Q52u + Vaw QUZ) Fr*vsf , (1)

where the coefficients Q7 and Q} with i = V (vector), A (axial vector) are given
in Table I. Here gz = elzw (1 — zw)]~F and 2w = sin® 8y as usual. The Z,2'

mixing[4! is known to be small and is neglected here.
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There is no tree-level nonabelian tri-gauge-boson coupling among Z'ZZ or
Z'Z~v. To the lowest order of g3, the amplitude is induced from the fermion loop
of vertex combinations AVV or 444 types.

Following the treatment by Adler™ | the amplitude Z'(ep) > Z(kz,ez) +
v(k+,ey) has the following structure

R =kz kAse(kz,ez,eq,e5) — (kz - kyAs + kS Ag)e(ky,e7, e, eyr) (2)
+ Aslkz - eqe(kz, ky,ez,e01) — ky-eze(kz, by, eq,e0)]

with €(a,b,¢,d) = €uppoa*b’c?d”. The transition probability is

3Rl = %::(1 — 21+ 2)| A3 — A4PMS, | 3)
pol.

with z = M%/M;., The probability vanishes as z — 0 as a manisfestation of
Yang’s Theorem. A3 and A4 contain the dynamical information of the fermion

loop of mass my

2
As - 40~ T(QUQEQ); (s, o) (4)
f 7

and

I(z,m) = Ill(z!ﬂ) - 1-01(21,?) +1'02(z,11) ’

1 1-z

I%(z,n) = jdz / dy z*y*(2y(1 —y) + (1 — z)zy — 5+ i0¥] ",
0

0

(5)

The above I functions can be given analytically,
I%(z,m) = 21%(z,m) = (1 - 2)}[G(n) ~ G(n/2))

T(z,m) = (% # T F ) - ()] - (6 - G(’-}n) _—
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with
' 1
G(z) = jln[l —z7ly(1 —y) —i0T]dy + 2

(=

(7)

(]

F(z) = /y“lln[l —z7ly(1 —y) —i0*]dy .

=]

For heavy fermions ¢ > %

F(z) = —2arcsin? o

L ) 1
G(z) = 2{4z —-1)2 a.rcsmw o

and when z < g 1 for not so massive fermion, the function arcsin,/ 41 in the above

(8)

expression would be replaced by its complex continuation :[a.rcoshﬁ 1, also
(4= — 1)7 becomes —i(1 — 4z)7. If the fermion mass can be neglected as in the

case of the known states u, d, e, etc., then

I(:,0) = 57 - B [1 + i"f’ﬂ . 9)

Also, we know that heavy fermions decouple: I(z,7} — 0 s 7 — oo. There
is no Q'VQiQ contribution in the Eg¢ model for Z' —» Z+ when mg and m, are

neglected. So, the branching ratio is simply given by

T(Z' — Zv) 45(a)gz(1 - 23)(1-2)?
T(Z' — ete™) = zw(l — zw)

0) + 2x(1 — z2w)[Z(z, 1ok

m2
) -0 o

m?

2 mh" 1 2 mpg
+ 9%W ;I(z, F;;) + (—-3- + Ezw)gl‘(z, E—'

2

The first term within the absolute signs comes from the known fermions of 3
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families including the top quark of negligible mass. The second term gives the
top quark mass correction. The last two terms are the contributions from the
exotic states h; and F; (family index i=1,2,3). Fig. 1 shows the branching ratio
for various values of Mz/Mjz: and the top quark mass. Here we use a =~ llﬁ
and zw =~ 0.23 at the weak scale. We assume the exotic states are heavy enough
that they decouple. The ratio can be as large as 4 - 107% at Mz/Mjz ~ 0.3 and

my == 30 GeV.
Now we study the process Z'{ez:) — Z{k;,e;1)Z(k;,e;) . Contributions from

Qf‘QﬁQi terms introduce some complication. The amplitude is given by

R = (ki - kads + M3 Ay + Ag)e(ky — k3,e1,e3,e7/)

(11)

+ A3[kl * eze(khkﬂaelseZ') - kﬂ ¢ ele(klrkzg ezﬁz*)]

The transition probability is

Y IR = 2(1 — 42)%| A3 — Ay — Ao/MZ|* MG, . (12)
pol.
m2
Ay~ Ag~ > QY [(QF+Q5Y, V(o) (13)
I Mz
2
Ao/ M} ~ T (@@ )y (m/MPK(z, 1) (14
f t

with

J(z,n) = J1 (2,1
K(za’?) = JOO(z,n

1

J"b(z,n) =[d:c

0

— T (2,n) + J%(2,7)
—2J%z,1)

dy ::“yb[za:(l —z)+zy(l—y) +zy(l —22) —n + z'0+]"l.

Tt e

o7

(15)
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These functions can be simplified as follows

Jm(z,n) = [ - 24 177) - 421’7)]
P an) = 1z [t - 6y - 2% (z,1)| (16)
J(zm) = _1 e [w°°(z,n) — (1~ 80" (zm) + 3Gln) - 5G(D) + %] ,
with
1 .
H(u,z) = fdyl"[l ":':+!;((11—_3;)) — 10%] ’ (17)

which is related to the Spence function'® .

We have a compact expression for the branching fraction
T(Z2'—>ZZ) 48 a., z(1-— 4z)%

7 +e— _( ) 2 2
T(Z' — ete) zd, (1 — zw)

20 S+ 200 ) - (2,0)) -
zl

(1 —2zw + §Iw)J(Z 0)

10M”K( ’ )

——ZJ( v')——(l—zzw)’Z:J(z,mE: ———a:WZJ( o)

(18)
The numerical result is shown in Fig. 2. The branching ratio can be as large as
4.107% at Mz /Mz =~ 0.15 and m; =~ 30GeV.

In summary, we have studied the the induced amplitudes Z' — Z~ and Z' —
Z Z with a finite branching ratio which, if ocbservable, can relate the couplings of

various fermions. The above study is applicable for the general case besides the

Eg example which we use as an illustration.

8



This work is partially supported by the funding of the U.S. Department of
Energy and also by Research Corporation,

TABLE {: Vector and Axial vector couplings of the fermions to the‘ Z and Z"

bosons.

Fermion  Qf  Qf Qv Q4
I e B
4 hriew + 4} -
R R i e B
h yTw 0 —i +i

—tt+zw 0 +} +5
ve S B
vE 3 0 +1 +3

FIGURE CAPTIONS

Fig. 1 Branching ratios T'(2' — Zv)/T(Z' — eTe™) va. Mz/My. The solid,
dotted, dashed and dash-dotted curves are for the case of my/Mz = 0.3, 0, 0.9
and 1.5 respectively.

Fig. 2 Branching ratios I'(Z2' — ZZ)/T(Z' — ete™) vs. Mgz/My. The solid,

dotted, dashed and dash-dotted curves are for the case of m;/Mz = 0.3, 0, 0.9
and 1.5 respectively.
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