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If high mass v events observed at CERN LEP are due to the production of a v+ resonance via
its leptonic coupling, its consequences can be observed at KEK TRISTAN. We find that a predicted
Z decay branching rate is too small to account for the observed events if the resonance spin is zero,
due to a strong cancellation in the decay amplitudes. Such a cancellation is absent if the resonance
has a spin two. We study the consequences of a tensor production in the processes e’e™ — ete™,
utu™, and v+ at energies reached at TRISTAN. Complete helicity amplitudes with tensor boson
exchange contributions are given, and the signal can clearly be identified from various distributions.

TRISTAN experiments are also sensitive to the virtual tensor boson exchange effects, which reduce
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to the contact interaction terms in the high mass limit.

PACS number(s): 13.38.4c, 13.10.4+q

I. INTRODUCTION

Following the observation by the L3 Collaboration of a
cluster of events with a 60 GeV ~ and a charged lepton
pair [1], similar events have been looked for by the other
experimental group at the CERN e*e™ collider LEP [2].
Although the possibility exists that these events can be
explained away as a statistical fluctuation of normal ra-
diative Z decays, it is worthwhile to study the conse-
quences of a narrow vy resonance of mass about 60 GeV
[3,4].

When viewed as Z decays into a -7y resonance, the
reported events [1,2] seem to indicate that it is produced
only in association with a charged lepton pair, eTe™ or
ptup~. In particular, no apparent clustering of events
with a 7 invariant mass at around 60 GeV has been
found in the other channels yyv7 and yyqg. This seems
to exclude the possibility that a -+ resonance is produced
in association with a virtual Z boson, as expected for a
Higgs-like boson [3].

One possible explanation is that a «y-y resonance is pro-
duced in Z decays via its direct coupling to charged lep-
tons. With a significant coupling to electrons, the reso-
nance can be produced at KEK TRISTAN and affects the
cross sections for the processes ete™ — ete™, utpu=, vy
at ete™ center-of-mass energy /s ~ 60 GeV. Searches
for such events have been recently carried out at TRIS-
TAN and the absence of any deviation from the standard
model (SM) expectation has been reported [5]. The re-
sulting preliminary bounds on the resonance parameters
have been reported [5] by assuming that it has spin zero
6].

[ ]In this paper, we report that the production of a mas-
sive spinless boson, whether it is a scalar or a pseu-
doscalar or their doublet, via its coupling to charged
leptons is strongly suppressed in Z decays due to a can-
cellation of amplitudes for the almost axial-vector-like Z
coupling to charged leptons. The suppression is so strong
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that a 60 GeV spinless boson should necessarily have as
large a width as its mass in order to gain a Z branching
fraction of the order of 107.

We find on the other hand that such a cancellation does
not take place for the production of a tensor (spin-2) bo-
son in Z decays and that a narrow 60 GeV tensor boson
can be produced via its leptonic coupling in Z decays
with a significant branching fraction. We therefore study
the consequences of a massive tensor boson that couples
to charged leptons and two photons at ete™ collider en-
ergies. Helicity amplitudes are given for the processes
ete™ — ete™, utu~, and v+ such that the differential
cross sections for arbitrarily polarized ete™ beams are
obtained easily. The angular distributions are found to
be distinctive for a spin-2 boson exchange. In contrast
with the spin-0 boson exchange cases [6], we find sig-
nificant interference effects between the spin-2 boson ex-
change amplitudes and the SM ones, due to the chirality-
conserving nature of the tensor boson-lepton coupling.
The interference effects allow low-energy experiments to
have a good sensitivity for the exchange of a very heavy
spin-2 boson. We also compare the effects of a tensor
boson exchange in the heavy mass limit and those of the
contact four-fermion [7] or two-fermion-two-gamma [8]
interactions.

The paper is organized as follows. In Sec. II, we study
Z decays into a massive boson and a charged lepton
pair for the spin-0 and spin-2 cases. The boson-leptonic
widths are expressed in terms of the Z decay branching
fraction. In Sec. ITI, the consequences of a massive spin-2
boson exchange in the processes ete™ — eTe™, pTpu™,
and -~ are studied in detail. The complete helicity
amplitudes and the most general differential cross sec-
tions for these processes are presented in this section. In
Sec. IV, we compare the effects of a tensor boson ex-
change in the heavy mass limit with those of contact
four-fermion and two-fermion-two-gamma interactions.
Section V summarizes our findings.
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II. Z DECAYS INTO A BOSON AND A
CHARGED LEPTON PAIR

In this section, we study the decay
Z — X1

via boson X couplings to charged leptons ££ (£ = e or
#). The boson X has a mass around 60 GeV and decays
subsequently into two photons, and hence the X spin
cannot be one due to Yang’s theorem. We study the two
simplest cases spin 0 and 2.

A. Spin-0 boson

A doublet of spinless bosons, a scalar ¢, and a pseu-
doscalar ¢, can have significant couplings to light leptons
without violating the leptonic chiral invariance [9]. Al-
though their couplings to two photons should necessarily
violate the chiral invariance [11], stringent limits on their
leptonic couplings from the electron and muon anoma-
lous magnetic moment measurements can be avoided in
the one-loop order if the doublet masses are almost de-
generate [10].

We adopt the following effective Lagrangian [6] for the
spinless boson doublet and the charged leptonic fields ,:

L =E(fs¢s +ifp'75¢p)¢l + H.c.,

for £ = e and p. The leptonic chiral invariance is pre-
served in the above interaction if the doublet masses are
degenerate (mg; = m,) and the couplings are the same
(fs = f»). The Z boson can decay into a boson and
a charged lepton pair via the two Feynman diagrams of
Fig. 1. It is instructive to study the helicity amplitude of
the decay in the massless lepton limit. If the final lepton
J

(2.1)

M, 0 =L) = g.u(p,L) (fs +ifps) Flﬁé%(q,/\) v(p, L) + gﬂ(p,L)f(q,/\){le(fs +ifpys) v(P, L)
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(b)

FIG. 1. Feynman diagrams for the decay Z — ¢, £ ¢r.

is left handed, the Z boson couples to the right-handed
lepton in Fig. 1(a) because of the helicity flip nature of
the spinless boson coupling (2.1), whereas in Fig. 1(b)
the Z boson couples to the left-handed lepton. If we
denote the Z boson lepton coupling as

[::Z%,YM (gLPL +gRPR)1/)eZI-" (2'2)
i

with the chiral projectors P, = (1 — v5)/2 and P, =
(14 v5)/2, the SM couplings are

g, = gz(—% +Sin2 0W) 5
(2.3)

9 = gzsin2 0, ,

with g, = g/cosf,, = e/sinf,, cosf, . For sin’f, =
0.23, the two couplings have almost the same magnitude
and opposite signs. We find that, for a massive spinless
boson, the two amplitudes tend to cancel because of this
near cancellation of the Z boson leptonic couplings in
Eq. (2.3).
‘More explicitly, the helicity amplitudes for the process
Z(g,2) — ¢s,-(k) +£(p,0) +£(P,7) (2.4)
are nonvanishing for massless leptons only when the two
lepton helicities agree (0 = @), and they are given as

(2.5)

for left-handed leptons (0 = L). The amplitude for right-handed lepton (0 = R) production is obtained from (2.5)
simply by replacing the index L with R. The cancellation between the two terms of Eq. (2.5) can be shown as follows.
We express the squared amplitudes summed over helicities as

STIMO ) = (£2+ £2) {(9, +9:)2Sv(s1,52) + (9, — 9,)* Sa(s1,52)}

Ao

and find

1
EV = (5182 — mzs) (;—2 + )

for the degenerate mass case (mg = m, = m) where s; =
(k+p)? and sp = (k+p)? are Dalitz variables and s = m?2.

We show in Figs. 2(a) and 2(b) the Dalitz distributions
Yy and X4, respectively. Xy is the term which should

1 + 2(s3 — m?)(s1 — m?)
§182

Ba = (o1 = m?)(sz = ) (1 )+ (

(2.6)
) (2.7)
——%2——?—;)(3—-31—32+m2), (2.8)

be dominant if the Z couplings to charged leptons were
vectorlike, whereas ¥ 4 dominates in the SM where the
Z couplings to charged leptons are almost axial-vector-
like. The cancellation between the two amplitudes in
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34 is clearly seen in Fig. 2(b) along the symmetric line
81 = 82.

with the phase space factor

The Z boson decay distribution is expressed as dd = 1 ds,ds, (2.10)
12873m?2
dl' = LI Z [M(X 0)*d®, (2.9)  parametrized in terms of the Dalitz variables. Upon inte-
2m, 3 Ao gration over the phase space, we find, for m;, = m, = m,
J
7 (F2+12)m, 2 2, 2 2 2, 2
N(Z = tl) = —0ems— [(9: +9:)* Fy(m?/m2) + (9, — gx)* Fa(m®/m?)], (2.11)
where
1 2
Fy(z) = -2+ 8z — 622 — (1 -2z — 32%) Inz — 22 {4 Li, (1—+—> — % +21n®*(1 4 z) — In? :l:} , (2.12)
z

11 1 1 2
Fa(z) = -3 - 5z + 9z2 — §m3 — (14 8z + 3z%)Inz + z? {4Li2 (m) -y 21n%(1 +z) — lnzw} . (2.13)

Here Li, is the dilogarithm Liz(z) = — [ (dt/t) In(1 — t).
At z = (59 GeV/91.187 GeV)?2 = 0.419, we find Fy (z) =
0.0186 and F4(z) = 0.000619. The boson-leptonic width
is

(¢ — £7) = —-—(fszgf)m

We therefore find from

(2.14)

for a degenerate doublet.
Egs. (2.11)—(2.14) that

(¢ — ££) = (1.56 x 107 GeV)B(Z — ¢£L) (2.15)

for m = 59 GeV, sin®?f, = 0.23, and gg =
dra(m?)/sin® @, cos? 6, with a(m?) = 1/128. If
we require that the branching fraction 3, . B(Z —
$£f) to be larger than 1076, then the leptonic width
> t—c L'(¢ — ££) should be larger than 15 GeV. This is
clearly incompatible with the narrow width assumption
of the v resonance. It is clear that no improvement of
the situation is possible by introducing a splitting in the
scalar and the pseudoscalar masses.

B. Spin-2 boson

We therefore examine production of a spin-2 (tensor)
boson in Z decays:

Z(g,A) — ¢ (k,7)+ L(p,0) +£(p,5),  (2.16)

where the indices A, 7, o, and @ denote helicities of Z, the
tensor ¢,., the lepton, and the antilepton, respectively.
The chirality-conserving couplings of a tensor boson to a
lepton can be parametrized as

L= 3 fh [Bram(Dutbes) - (Dubeaynbes)

a=L,R

(2.17)

where D, denotes the gauge-covariant derivative of the

3

(a)

Ty (s1,82)

“f\VLl‘

O |l bl

FIG. 2. Dalitz distributions (a) £v and (b) £ 4 of Egs. (2.7)
and (2.8), respectively, for m = 59 GeV.
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SM. The two terms in the square brackets are shown ex-
plicitly so that the Lagrangian is Hermitian even for an
off-shell tensor boson, whose effects will be studied in
the following section. It should be noted that the SM
gauge invariance implies that the tensor boson ¢, is a
singlet when it couples to right-handed charged leptons
(fﬁ # O,ff = 0), whereas it is a singlet or a mem-
ber of a triplet when it couples to left-handed charged
leptons (ff # O,ff; = 0). The two couplings ff and
ff; can in general coexist. However, nonobservation of
yyvU-type events disfavors scenarios where ¢, couples
to left-handed leptons. We will hence consider the case
with fﬁ = 0, although we give expressions for general
couplings below.

The Z boson decay (2.16) proceeds via the Feynman
J
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FIG. 3. Feynman diagrams for the decay Z — ¢, £rlr.

diagrams of Fig. 3. In contrast with the case of the
spinless boson, the helicity amplitudes are nonvanish-
ing when o —0 in the massless lepton limit, and all
three diagrams of Fig. 3 give a contribution proportional
to the same Z boson leptonic coupling for each helicity
amplitude. The amplitudes for the right-handed lepton
(o = R) can be written as

M(A, 7,0 = R) = g, ft " (k,7)" €*(q,\)u(p, R) {p—:n B+ E)v + I:—:%(“ﬁ + E)vu — wgup} Pv(p, L),  (2.18)

s

where s; = (p+k)? and s, = (p+k)2. Those for the left-
handed lepton (o = L) are obtained from the above by
the replacement R <> L. The tensor wave functions e~”
should satisfy the following conditions for each helicity
T:

ek’ (k, 1) = eH(k,T), (2.19)
kyet¥(k,7) =k, e (k,7) =0, (2.20)
eﬁ”(k,T) Gur =0, (2.21)
and they can be normalized as
Eﬁu(k,)\)* CT,,w(k’)‘l) = (5,\,)‘1 . (2.22)
The completeness condition is [12]
> ek, T) et (k)"
_1 (kPR 4 HBRP=) L ob v
(2.23)

where
|

10 4s

Er(s1,82) = —

S

81 + S2
2
3 m?2 s (

(25 +m?)(3s + m?) (l

m* 1+1 4 (24
2 \s?  s2

[

(2.24)

for the tensor mass m,. It should be noted that tensor
wave functions are obtained as products of two vector
wave functions. The helicity zero (7 = 0) component
contains a product of two longitudinary polarized vector
wave functions and it behaves as E*/m? at high energies.
Because of this high-energy behavior, we cannot obtain
sensible cross sections for the tensor exchange processes
in perturbation theory at energies far above the mass
of the tensor boson, while we can regard the interaction
(2.17) as an effective one valid at and below the tensor
mass scale.

By squaring the amplitude and summing over helici-
ties, we find

ST IMOA, 7, 0)* =m2 [(9.£L) + (9, F1)?] Br(s1,52)

AT, 0

(2.25)

2
z

dimension of the effective couplings fﬁ and ff. The func-
tion X7 (s1,s2) is given as

where we factor out m? to account for the mass inverse

10s + s182 (2 + 4m?
3m? m* \ 3 s
1 s2 + 82 s s m?
+A)+ 1+42 (1__1_;2+_
So Im s s s
S1 So

+ 2(s+m2)2} . (2.26)

m2
2s S2 S1 8152

The Dalitz distribution X7 (s1,s2) is shown in Fig. 4. By comparing with the distributions Figs. 2(a) and 2(b) for
the spinless boson case, we find that no subtle cancellation takes place in the Z decay into a tensor ¢, and a charged

lepton pair.
Upon integration over phase space, we find

3

- m
I(Z — ¢ L8) = ————1536271_3

(9 FE)? + (9. f1)?] Fr(m?/m?),

(2.27)
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3

1 7 1
Fr(z) = %(1—3;) (3629:2 +2897x + 2607 — —= + F) + -Inz (92° + 482° + 97z + 38)

—(z+ 1)2 (:c+4){—ln2.7:+ln2(1 +z)+2Inz In(1 + z) + 2Li; (—z) + 2Liy (m—l.—_>}

At z = (59 GeV/91.187 GeV)?2, we find Fr(z) = 0.358. The leptonic width is found as

D6, — ¢7) =

‘We hence find

(¢, — ££) = (3.05 x 10* GeV)

for m, = 59 GeV and sin’6,, = 0.23. Since the fac-
tor (9,/9:)% = (3 —sin®0,,)/sin?0,,]? ~ 1.38 is almost
unity, the required width is insensitive to the specific cou-
pling choice (fﬁ, ff) It is now possible for a narrow res-

onance of 33, I'(¢, — £€) ~ 30 MeV to be produced

in Z decays at a branching fraction 1076.

The factor of ~ 500 difference in the numerical fac-
tor for the spinless boson production in Eq. (2.15) and
that for the tensor boson production in Eq. (2.30) is semi-
quantitatively understood as follows. The cancellation in
the dominant axial vector contribution F4(z) to the spin-
less boson production in Eq. (2.11) gives about a factor
of 30 suppression as compared to the vector part Fy (a:)
The tensor production factor Fr(z) of Eq. (2.27) is even
larger than Fy (z) partly because of the spin counting
factor 2 x 2 + 1 = 5. Finally, the higher dimensionality
i

L= d 2SS eara(Dotbea) — (Duthea)tbea] + PhEnF>, b

£ o=L,R

where the first term in the curly brackets is the ¢,.££ cou-
pling of Eq. (2.17), and F,,» = 8,Ax —0xA,, is the gauge-
invariant field strength of the electromagnetic field. The
leptonic and the photonic widths are

[(¢, = ££) = Q-Q;%ﬁj md, (3.2)
D6, =77 = "5 (3.3

and the total ¢, width may be written as
(3.4)

L, =Y T(¢, = £ +T(¢r = v7),
£

if other decay modes of ¢, are negligible. Summation
over lepton flavors should contain ¢ = e and u, but it
may or may not include the £ = 7 case.

As for the ¢, propagator, we take the unitary gauge
form

(ﬁv+(%)?ﬁv

- (2.28)

(F2)2+ (1)

CAMECHWY (2.29)
U+ gz 402 (2.30)

[
of the effective tensor coupling in the Lagrangian (2.17)
leads to the counting factor of (m,/m,)? ~ 2. The fac-
tors add up to about 300, almost explaining the drastic
change in the Z decay branching fractions between the
spin-0 and -2 cases.

III. TENSOR EXCHANGE IN ete~ COLLIDERS

Effects of a spinless boson exchange in ete~ colli-
sions have been rather thoroughly studied in Refs. [6,13].
In this section, we study in detail the consequences
of a tensor boson exchange in the processes ete™ —
ete™, ptp~, and v7.

Here we assume that the ¢, couplings to the leptons
and that with two photons can be parametrized by the
Lagrangian

(3.1)

0y et (k, )2 (k,7)

Duuaﬁ k2’ 2y — T
(k%,m..) k2 —m2 +im,T,

(3.5)

with the spin summation factor given by Egs. (2.23) and
(2.24). This form behaves as E?/m2 at high energies
(|k?| > m2) and cannot be used at energies significantly
above the mass shell. It may be regarded as an effective
propagator near and below the tensor mass scale, |k%| <

2
m,..

A.ete - ete-
We denote the helicity amplitude for the process

e (p,o) +et B, ) — e (k,\) + e+(z, X) (3.6)

as
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MA, (3.7) M~ MY M, M, M, Moo (3.8)
_ in the massless electron limit. The most general differ-

where the indices o, 7, A, A are the helicities in units of ential cross section is expressed in terms of these helicity

%/2 [14]. There are six nonvanishing helicity amplitudes amplitudes as [15]

J

ud - {(1 = PE) (14 PE) (|MZ2)° 4 [MH5 ) + (14 PE) (1= PE) (IME2] + M52

dcos0d¢ ~ 256n2s

+(1+PY) (14 PY) ML+ (1 PE) (1 - PE) M|
+2PT P cos2¢ Re [(MF) (M5%)" + (M23) (M12)7]

+2PT PT sin2¢ Im [(M:jc) (M) + (M13) (Mi:)*] } , (3.9)

where 6 is the polar angle of the final e~ about the e~ beam axis, ¢ is the azimuthal angle about the e~ beam axis
measured from the e™ natural polarization axis in the storage ring, P§ are the e* beam longitudinal polarizations,
and PT are the e beam transverse polarizations. We can set P{ = PL =0 and PT = PT = Pr at TRISTAN.

The six nonvanishing helicity amplitudes are found as follows :

2
e 7 0
M%7% = —s(1 + cos 0){2 (aY*)* D, (s) + D, (t)] + % [(2cos9 —1)D,(s) + %DT@)] } . (3.10)
v
M_77 = s(1—cos 0){2 9 % gV D, (s) + Titas (2cos @ + l)DT(s)} , (3.11)
%
M7 = ——25{2 gr” gZ“ D,(¢) + %(5 +3cos8)D(¢) } , (3.12)
v

—
where t = —s(1 — cos#)/2, and the propagator factors the resonance, its effect is found to be significant in the
are wide range of the colliding beam energy due to the inter-

ference effect. TRISTAN experiments should hence be

(3.13)  sensitive to the tensor boson effects even when its width
is much narrower than postulated here.
We find that the peak cross section is

1
P — mZB + imBFBQ(qZ)

D, (q2) =

for B=YV (y or Z) and T. We adopt a chirality index
convention 0 = — for 0 = L, 0 = + for 0 = R [14]. The
SM couplings are

——
gzee _ gzu = —e, e
1
Zee _ _t .2
9;% =g, ( 5 + sin HW) , (3.14) Sr(s1, 52)
gf” = gzsin2 0, ,
0.7 —
with g, = g/cosf,, =e/sinf,, cosb,,. 0.6
The most general differential cross section is easily El
obtained by inserting the amplitudes (3.10)-(3.12) into 05 4
(3.9). We show in Fig. 5 the energy dependence of the 0.4 3
cross section for the process ete™ — eTe™ at cosd = 0, 1.
0.4 and 0.8, together with the SM predictions. We chose 03 E
the parameter values ff; = 0.0086, ff =0, and I'r = 100 0z 1
MeV, which give 37, .  B(Z — ¢rll) ~ 107° and 014 o9
B(ér — vv) ~ 0.7. At large scattering angles, slightly 3
destructive interference is observed below the resonance 0 o s2/s

peak while above the peak a rather large constructive
interference effect is expected. At smaller scattering an-
gles where the ¢-channel v exchange amplitude dominates
the SM amplitude, the interference below the resonance FIG. 4. Dalitz distribution X7 of Eq. (2.26) for the decay
is found to be constructive. Despite the narrow width of Z — ¢ Llrlr.
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T(¢, — ete™)?

o(ete™ = by = €T )pmmz = % @x2+1) . (3.15)
e eV212
_ o+ my (3.16)

51207 r2

T

The polar angle distribution at the peak is

d 5 5( fe 2( fe\2
(d d 0) = o(ete™ = ¢, — e+e”)_g=m3P { g(l +cos8)?(1 — 2cos 8)% + M&—g cos O(1 — 2 cos? 6) } .
<050/ s s [(F2)2 + (£2)?]
(3.17)
B.ete” = ptu—, vtr-
For the process
e (p,0) +et(p,7) — £(k,A) + £(k,X) (3.18)

with £ = p or 7, only the first four helicity amplitudes of (3.8) are nonvanishing in the massless lepton limit. They are
obtained from Egs. (3.10) and (3.11) simply by replacing the leptonic coupling factors and by dropping the t-channel
exchange contribution:

1
M7~7 = —s(1+cosb) { Z gvee gV D (s) + 3 fefss(2cos0 —1) Dy (s) } ) (3.19)
v
1
M;7% = s(1—cos0) { 3 aV* gV Dy (3) + & £2 £ a(2c0s60 + 1) D, (3) } . (3.20)
v

The most general differential cross section is then obtained by inserting the above helicity amplitudes into the formula
(3.9). The peak cross section is

T(¢, = ete )T (¢, = £747)

3.21
& (3:21)

4m
+ - +p— _
o(eTe ——)(i)T-—)ll)s:sz—m——§(2x2+l)

and the polar angle distribution at the peak is

dO' _ + — + p—
(m)m = oleten 2 6r = L ammy
T

5fafifats
[(F2)2 + (F)?] [(FR)2 + (£1)°]
[
We show in Fig. 6 the energy dependence of the dif- as

ferential cross section for the process ete™ — ptpu™ at
cosf = 0, together with the SM prediction depicted by

X { g(l + cos8)%(1 — 2cos )% + cos @ (1 — 2 cos? 0)} . (3.22)

A1,A2
the dashed line. The tensor couplings to left-handed lep- MGs s (3.24)
tons have been set to zero, f¢ = f¥ = 0, as before. A
significant interference effect is again expected for the where A; = * denotes the v helicities in units of A. We
postulated resonance parameters [m, = 59 GeV and find in the convention of Ref. [14] that only the following

I'(¢, — eTe™) = 15 MeV]. The interference below the four helicity amplitudes (o = + and A = +),

resonance peak is constructive (destructive) if the tensor

couplings to electrons (f¢) and those to muons (f#) have My

the same (opposite) sign. It is clear from the figure that

TRISTAN experiments should be sensitive to a tensor

resonance with much smaller leptonic width. 21+ oAcosé fehs?sin? 0 ]
= e2 1 T IACOST ,

1
sin 6 [ 8(m2 — s —im, L))

C.ete” — v~
(3.25)
We denote the helicity amplitude for the process L. . L. .
Y amp ¢p are nonvanishing in the massless electron limit. It is

e (p,o) + et (p,7) — v (k1, A1) + v (k2,A2) (3.23) worth noting that both the SM and the tensor boson
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exchange contributions satisfy the helicity conservation
condition, A, = — A1, for the two outgoing photons. This

1997

The general differential cross section is again ob-
tained by inserting the helicity amplitudes (3.25) into

leads to significant interference effects between the two the generic formula (3.9). For PL = PL = 0 and
contributions. PT = Pp, we find, more exphc1t1y,
J
e e\ h _
————da L +cos* 6 + ( +f) S( T “) (1+c0529)
dcosfd¢ s sin® @ 8 [(m2 — 5)2 + (m,I;)?]
[(f ) +(f)st 2
0(1 0
+128[( —5) +(m1‘)]sm (14 cos™6)
e e\ h _ e ehz 4
—Pﬁ 1+ (f + i ) sH(m ) sin? 6 + Fafih’s sin* 0| cos 2¢
8 [(m2 — )2 + (mTFT)z] 64 [(m2 — 5)? + (m,T,)?]
__ fe e\ h 2 T
—pP? (=15 + 1) hs®m. Ty sin® 6 sin 2¢ . (3.26)
8 [(m2 — )2 + (m,I;)?]
The peak cross section is
_ T I(¢, = ete ) T(dp = 7v7)
olete — fy'y)szm; = m—i(Z x2+1)—7F= Iz L , (3.27)
and the angular distribution at the peak is
do + - 5 . 2
= = —m2 — 0
(dcosad¢) . o(eTe” = ¥ Y)a=ms g -sin
2f¢ fesin? 0 16(—f< + fe)I,
xd1+cos?0+ P, | —BL——— cos2¢ + £ L n2¢|( . (3.28)
{ ‘ [(f;i)2+(f,‘f)2 [(f2)? + (f2)?] b

Shown in Fig. 7 is the energy dependence of the ex-
pected differential cross section at cos@ = 0 for m, = 59
GeV, (¢, — ete™) = 15 MeV, and I'(¢, — vvy) = 70
MeV (I, = 100 MeV). The SM prediction is given by
the dashed line. A huge interference effect is expected
for the above resonance parameters. The effect below
the resonance is constructive if the couplings fg and h
have the common sign, whereas it is destructive other-

T T T T R T
10° ]
—— £ =0.0086

=
=

1
o 10
g
=
o 10°
s
S
T e —

1 1 L . L : '
40 50 60 70 "

FIG. 5. The energy dependence of the differential cross
section do(ete™ — ete”)/dcos@ at cos@ = 0, 0.4, and
0.8 for f. = 0.0086, f; = 0, and I', = 100 MeV. The
dashed lines give the SM predictions for e? = 4wa(m?) with
@(m?) = 1/128, sin6w = 0.23, m, = 91.187 GeV, and
I, = 2.5 GeV.

f

wise. We may conclude from Figs. 5, 6, and 7 that the
tensor resonance effect can be most clearly observed in
the ete™ — ~v channel.

IV. LARGE TENSOR MASS LIMITS

We found in the previous section that the effects of
a tensor boson exchange can be observed at energies far
away from the resonance peak due to the interference be-

0 [nb]

3

+ -

do(e’'e > p'p )/dcosd at cosd
S

10
40 50 60 70 80
Vs [GeV])
FIG. 6. The energy dependence of the differential

cross section do(ete™— ptp~)/dcosf at cos@ = 0 for
fo = :tffi = 0.0086 and f; = fﬁ = 0. The dashed line
gives the SM prediction for the SM parameters of Fig. 5.
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tween the tensor exchange amplitudes and the SM ones.
This is in contrast with the spinless boson exchange case
(6] where a significant interference effect is expected only
in the ete™ — eTe™ channel. The difference arises be-
cause the tensor boson coupling to leptons can be helicity
conserving just like the SM gauge boson couplings while
the spinless boson coupling should necessarily flip the
lepton helicities. Therefore, ee™ collider experiments
can have sensitivity to tensor boson exchange effects even
when its mass is far above the colliding beam energy.

In the large m, limit (s/m2 < 1), the ¢, exchange
contributions to the processes ete™ — £f are related
to those of the standard contact eeff interaction [7] at
fixed energy and scattering angle. Note that we cannot
simply substitute the limits on the combination fgff/m2
by those of the corresponding contact terms independent
of energies and angles, because the ¢, exchange gives
effective four-fermion operators of spin 2 and dimension
8 whereas the standard contact terms have spin 1 and
dimension 6.

On the other hand, the dimension-6 contact eeyy in-
teraction terms as listed by Ref. [16] give vanishing ma-
trix elements for the process ete™ — v+. It has been
found [8] that the lowest dimensional local operator that
is chiral invariant and has nonvanishing e*e™ — v ma-
trix elements has dimension 8 and spin 2. Therefore,
in the large m, limit, the ¢, exchange contribution re-
duces to the dimension-8 contact eeyy term in the pro-
cess ete™ — v7.

Let us recall the standard dimension-6 contact inter-
action for leptons [7,17]:

S PIPY

Z 17 S” ¢Ea7u¢€a¢557u¢zﬁ,

0 [nb]

do(e’e” = yy)/dcosd at cos®

FIG. 7. The energy dependence of the differential cross sec-
tion do(ete™ — ~7v)/dcos@ at cos§ = 0 for fz = 0.0086,
fi = 0, and h = £0.10. The dashed line gives the SM pre-
diction for e? = 47a with « = 1/137.

is the statistical factor.

We find that the helicity amplitudes for the process
ete™ — ££ (3.19) and (3.20) reproduce those with the
above contact interaction terms by the substitutions

£ el
Jolos f Ieo % (5 c0s6 —1)D, (s) —> 91,;”, (4.3)
el 2 el
Ms_—a—s@cose-l—l)DT(s) — g—%;—~ (4.4)

In the large mass limit, the following relationships hold:

e £l 2 el
(¢£') o=L,R f=L,R f f (1 2cosf) = *"A# , (4.5)
4.1)
( fefl g*nst_,
where g2 = 47 by convention, |n | =1 or 0 for special &m2 (1 +2cosf) = A21 . (4.6)
cases, and T
1 for 040 The helicity amplitudes for the process ete™ — ete™
gt _ { 1 for ) f v (4.2) (3.10)—(3.12) reduce to those with the contact eeee term
2 or = via the substitutions
J
f; 2 s 1 29217;3’2
L)__ (20050 = 1)Dy(s) + 5(7+ <05 O) D, (1) e (4.7)
e fe 2 ee
1y f 1ida®(9cos0 +1)D, (s) — Lilem (4.8)
e fe 2,.ee
%(5+3cose)DT(t) —y I (4.9)

In the m2 >> s limit, the substitution rule (4.7) gives the
identification

_5(f5)°s

29%nge,
16m2 ’
T

(14 cosf) = Az

(4.10)

However, the rules (4.8) and (4.9) do not allow us to
relate the parameters 7% consistently with the corre-
sponding terms of the ¢, exchange parameters even in

A2

[
the large m,. limit at fixed energy and scattering angle.

The lowest dimension chirality-conserving eeyy oper-
ator which gives nonvanishing ete~ — ~y+ matrix ele-
ments is found to be [8]

2ie? _
FHOFRY o O .
A a:zL:R ! d)afyl‘ 1/)

L=

(4.11)

The helicity amplitudes with the above contact terms are
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_ 1+ oAcosf 9o s2sin® 6
A=A 2
My—, = 20)e o [1+ e .

(4.12)

By comparing the above amplitudes and the ¢, exchange
ones (3.25), we find the substitution rule

foh ., e
8(m2 —im Iy — s) A4

(4.13)

In the large m,. limit (m2 >> s), we can make the iden-
tification

feh _ mo
8m2  4A%’

(4.14)

which is valid at all energies and angles.

The relationships between the tensor exchange ampli-
tudes and the contact eeff and eey~y interactions may
be useful to estimate bounds on the ¢, parameters in
the m2 >> s limit from the existing limit on the contact
interactions.

V. CONCLUSIONS

Assuming that high mass vy events observed at LEP
are caused by a 7+ resonance which is produced via its
leptonic couplings, we explored its consequences at TRIS-
TAN. We examined both spin-0 and spin-2 cases as the
simplest possibilities.

We showed that, in order to account for the branching
fraction B(Z — ¢, ,£f) of the order of 10~¢, the cou-
plings of a spin-0 boson to leptons have to be so large
that the boson width should be comparable to its mass
of about 60 GeV. This is because of a strong cancellation
in the decay amplitudes for the almost axial vector Z£¢
coupling of the SM, which causes a destructive interfer-
ence between the two Feynman diagrams of Fig. 1. As a
result, the spin-0 case is excluded whether it is a scalar
(¢s), or a pseudoscalar (¢, ), or their doublet.

For the case of a spin-2 boson (¢,.), no such cancella-
tion arises because it has chirality-conserving couplings

to a lepton. We found that a narrow resonance of about
30 MeV leptonic width can be produced in Z decays at
the required branching fraction level. A higher spin res-
onance may improve the situation further by means of
spin and dimensional counting.

If there is such a v tensor resonance around 60 GeV,
we can observe its effect at TRISTAN. We gave complete
helicity amplitudes including tensor boson exchange for
the processes ete™ — ete™, uTu~, and . Differential
cross sections for arbitrarily polarized beams are easily
obtained from the amplitudes. The total cross sections
and angular distributions behave quite differently from
the spin-0 resonance cases [6]. The resonance spin can
hence be determined from these distributions.

We further noted that the tensor resonance effects can
be observed at TRISTAN even if the colliding beam en-
ergy is far away from the resonance peak, due to the
interference effects between the tensor exchange ampli-
tudes and the SM ones. The experiments should hence
be sensitive to the effects of a tensor resonance of a much
smaller leptonic width or a much larger mass than has
been postulated as a possible origin of the 60 GeV v
events observed at LEP.

Finally, we found that the tensor boson exchange ef-
fects in the processes ete™ — £7¢~ (£ # €) and v reduce
to those of the contact higher dimensional interactions in
the high tensor boson mass limit. We identified the sub-
stitution rules between the tensor exchange effects and
the effects of dimension-6 contact eef couplings [7] for
the process ete™ — £74~, and those between the tensor
exchange and the dimension-8 contact eey~y interactions
[8] for the process ete™ — vv.
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