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The production of hyperpions — low lying pseudo-Goldstone modes of the hypercolor scenario — in e*e™ annihilation
is studied and contrasted with the production of elementary Higgs bosons of the candnical methodology.

1. Introduction. The possibility of implementing
the Higgs mechanism in a dynamical way, without the
use of elementary spin-0 fields, has lately been the sub-
ject of much discussion [1]. In several recent commu-
nications [2—6] it has been pointed out that the most
popular dynamical scheme, the so-called hypercolor
scenario, may be experimentally distinguishable from
the canonical Weinberg—Salam scheme via experiments
at relatively low (10—100 GeV) energies. [There is, of
course, an a priori expectation that differences between
the two schemes will be manifest in experiments at TeV
energies; this energy regime, however is not likely to be
accessible in the near future.] The considerations of
refs. [2-4] hinge in a crucial way on one’s ability to
(a) produce spin-0 particles, of mass =10 GeV, coupled
semi-weakly to ordinary quarks and leptons and (b) dis-
tinguish Higgs particles, ¢’s, from the low-lying bosons
of the hypercolor scenario, generically called s, ex-
ploiting mainly the difference in parity.

Our purpose in this note is to point out that the
pseudoscalar nature of 7”’s introduces a fundamental
difference in the production mechanism of ¢’s and
7"s in a large class of reactions. In particular, we calcu-
late the production rates of ¢’s and 7”’s in e*e~ anni-

1 Work supported in part by the US Department of Energy
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hilation and in the decays of the spin-1 bosons Z and
toponium, J.

We begin with a discussion of charged hyperpions,
n'*, which — if the mass estimates of refs. [2—6] are
not too low — can be observed at energies currently
available at PETRA and PEP.

2. Charged hyperpions. The cross section for the
process [2] ete~ = 7'*n'~ may be expressed in terms
of its contribution to the parameter R

AR =g(ete™ »a"*a )/o(ete = utu~)
=11 —4m2.fs)32 | (1)

where /s is the c.m. energy and the factor  is due
to the spin-0 nature of 7'*’s.

What are the signatures of 7'*’s in ete~ annihila-
tion experiments? The decays of n'*’s are in general
model dependent; they may decay via a W* exchange
or they may require heavier exotic bosons {5,6]. (In
either case their couplings to the leptons and quarks
involve unknown Cabibbo-like angles.) The n'* may
even be stable. Fortunately, this last possibility has
already been ruled out experimentally for m .+ <12
GeV *1 [7]. The details of the decay modes may differ

*1 For footnote see next page.
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from model to model, but we nevertheless expect the
helicity suppression pattern, well known from the de-
cays of ordinary 7*. If m_» <m, +my,, the principal
decay channels for 7'+ are ¢s and 77v_ with

F(’ITH' - C§)/F(7T,+ -> T+VT) = 3X(mc/m7)2 ’ (2)

where x = 1 if the n'* decay via W* boson exchange.
(In the simplest models, the W-channel is closed in the
limit in which the ultraviolet masses of the hyperquarks
vanish.) One expects one (or more) of the following
three signatures:

(a) x ~ 1: about 5—10% of the n'* will manifest
themselves as events with energetic leptons (e, ) recoil-
ing against a hadronic jet of large multiplicity, sphericity
and invariant mass.

(b) x < 1: about 10—15% of the n'* will manifest
themselves as “‘anomalous ey events” — very much
reminiscent of the 7* albeit with a large acollinearity
(from 7'* decay) and a sin26 angular dependence
(from 7'* production).

(c) x > 1: almost all the events will be comprised
of two hadronic jets with large sphericity and acoplanar-
ity. This circumstance would have a formidable back-
ground from ordinary quark and gluon jets. The detailed
distributions due to the n'* decays and background cal-
culations show thata 7'* induced signal can be observed
at PETRA and PEP upto a mass m,+ < 15 GeV [8].

There is one dramatic effect which would stand out
in the decays of toponium if m_++ <m; — my,. In that
case the semi-weak decay, t > b + '+ will dominate
the J1, JT, ... decays, resulting in the final states *2

Jp, Ip, )~ 7't + bt
>q'*n'— +bb, 3)
suppressing the canonical decays of J1:

Jp >0, qq, ggg, gy (8=e,por7). 4)

The rates for the processes (3) can be calculated in the
approximation of free t-quark decay inside J, giving

*1 More precisely, a stable or quasi-stable (r > 1079 s) unit
charged particle produced exclusively with AR > 0.02 is
ruled out for the mass ranges 4.5 GeV < m_+ < 5.4 GeV and
10 GeV <m_r+ < 14.8 GeV at 95% c.l. {7,8].

*2 This decay is very similar to the one involving a charged
Higgs scalar which has been discussed in the literature.

See, for example, Ellis [10].
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D(t=>b+ '+ = (GEf2/8nmd) N1/ 2(m2, mE, m2.)
X [omg — mEy: —mZ(m} +md)] (5)

where A= [m? — (my, + m_)2] [m? — (m,, — m ),
Gy is the Fermi coupling constant and f; - is the hyper-
pion decay coupling constant, normalized such that
\/ifg/ Gp = npt, np being the number of hyperquark
doublets ¥3. In fig. 1 we plot the rate for the decay

Jp = a'* + bt for various values of m, and m_+. We
estimate the inclusive rate for the standard decays to
be 40—60 keV. It is clear that the #'* modes (3) domi-
nate the J1 decays upto almost the threshold »2_ 1+

~ m, — my,. The signatures of (3) would be (almost)
isotropic mixed lepton—hadron events — very different
from the pure leptonic and hadronic 2- and 3-jet de-

*3 7o be definite, we have assumed that hyperquarks trans-
form in the same way as ordinary quarks under the weak
gauge group SU(2). X U(1). Moreover, as indicated below,
they are taken to transform according to the fundamental
representation of the hypercolor group SUNV¢'). In models
in which the hyperquarks belong to a non-trivial, say triplet,
representation of SU(3)¢, the ordinary color group, ng’
= 3 X (number of hyperflavor doublets). (See, for example,
ref, [4]. The consistency of such models — as indeed of the
entire hypercolor scenario — is a question outside the scope
of the present note.) Note that the relationship with the
notation of ref. [3] isnp = Ng'/2.

T T T
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I'(Jr— 7'+ + bt ) MeV/ng.

m,;z30GeV

my=20GeV

1
5.0 10 20 30

My £ (GeV)

Fig. 1. The rate for the semiweak decay of toponium, J, as
a function of the charged hyperpion mass. ng’ is the number
of hyperflavor doublets.

377



Volume 103B, number 4,5

cays (4). The 7'* induced Jp decay width (for My
< 80 GeV) would still be smaller than a typical beam
energy resolution ~20 MeV, but the branching ratios
for J; > ete—, utu~ would become very small.

3. Production of neutral hyperpions. 1t is generally
recognized that if the mass of the Higgs particle ¢V is
not very large (m¢0 < few tens of GeV) then it could
be produced in the decays of toponium [9], as well as
in the decays of the Z [10]. In particular the following
processes are potentially good sources of the Higgs:

Jp=>¢0+y,  Z->¢0 +putu- (6,7

Z->¢0+y, etem > g0+ 7. 8,9

In this section we shall show that whereas toponium
still remains an equally good source of the hyperpions,
7'0, the transitions analogous to (7)—(9) do not pro-
duce hyperpions at comparable rates. A statistically
significant rate for the processes (7) —(9) would amount
to an unambiguous confirmation of the canonical Higgs
picture as opposed to the hypercolor scenario. Implicit,
of course, in the reasoning of this paper is the simplify-
ing assumption that nature uses either elementary Higgs
fields or the hypercolor scheme but not both.

The radiative transition (6) and the similar reaction
Jp > 7'0 + v can be calculated in the approximation
of treating the t and t quarks at rest [9]. We quote the
relevant ratio for equal hyperpion and Higgs mass:

I'(Jp > 7'99)/C0¢ = ¢%9) = V2Gpf2 =~ ()1 .

(10)
Note that
L(Jp = ¢9)/Tdt > utu)
~ (Gpm} [4/2ma)(1 —mdoim] ), (1

where « is the fine structure constant. The formula
(11) has to be corrected to incorporate the character-
istic &3 dipole behaviour if Myo is close to my. [11].
While the discovery of toponium is awaited, we may
orient ourselves as to orders of magnitude by taking
myp =40 GeV,mgo ~ 15 GeV; these parameters im-
ply that the ¢07 mode is about 12% of the u*u—
mode — a healthy branching ratio indeed, if the
charged hyperpions, n'%, are heavier than m; — my!
Eq. (10) substantiates our assertion that 7'0 produc-
tion in toponium decay occurs at a rate comparable
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to that for ¢0 production. To clinch the identification
[2,3] of the scalar being produced in J decays it may
be necessary to test whether it decays into DD(¢0:
yes, 7'0: no) or tDD(¢0: no, 7'0: yes). (Note that CP
invariance is actually sufficient to insure the validity
of these tests if the light uncharged pseudo-Goldstone
bosons are hyperflavor-neutral — as assumed through-
out this paper. Furthermore, the flavor-diagonal cou-
plings of such bosons to ordinary fermions are pure
pseudoscalar. These observations are, of course, in no
way tied to any specific model for “‘explicit” breakage
of chiral symmetry to generate current fermion
masses. )

Next, we turn to processes (7)—(9) and their anal-
ogues where the ¢0 is replaced by n'0. Note that the
sizeable rates calculated for these reactions [10] stem
from the SU(2) X U(1) tree level ZZ¢0 and WrW—¢0
couplings, which are large in the standard Weinberg—
Salam theory. The crucial difference between the
hypercolor scenario and the canonical theory lies in
the observation [2] that there is no 7'0ZZ or 7'OW*W-
coupling at the no-QFD-loop level. At the one-loop
level the triangle graph does lead to non-vanishing cou-
plings, the order of magnitude of these couplings com-
pared to the Higgs couplings is thus ~(a/m)2. Our de-
tailed calculations show that these expectations are
indeed true.

In what follows we shall calculate the rates for
reactions (7)—(9) and the corresponding reactions
involving hyperpions. To that end we need to calculate
the amplitude for the process

Vi Vi+q'0 (12)

where VI =Z or . We specify the process further by
taking 7’0 to be the third component of a hyperflavor
isotriplet ¥4 it is then easy to check that only the
weak vector current comes into play and, in conse-
quence, the amplitudes may be expressed as

AVI(ky) = Viky) + 7'%q))

= fkE M2, K3 IM2, g2 IM?) €, KK ES €S, (13)

where g =k — k,, €] and €5 are the polarization vec-
tors of the V’s with momenta K and k,, respectively.

M is the constituent mass [3] of the hyperquark ~1
TeV.

4 It is possible, of course, to construct models with n -like,
K-ike, etc. hyperpions. See, for example, ref. {4].
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So long as k2, k3, ¢2 are all <M2, we may approx-
imate f by f(0, 0, 0) which can be calculated using the
hyperquark-triangle diagram. Indeed, because of a
known extension [12] of the Adler—Bardeen theorem,
the value so determined for f has the added and all im-
portant virtue of being exact to all orders in QC'D —
the QCD-like theory of hypercolor interaction. With-
out further ado we quote the explicit results:

f77.0(0,0,0)
2 , sinZE(1 -2 sinZE)NC'

=- g np, o (14)
3af "A  (sin 2£)2 F
o , 1—4sinZg
fZ'YTI"O(.Os O’ 0)2 67Tf."' gA Sin 22 Nc' nF' 3 (15)
N S
fy’yﬂro(oa O’ O)——ﬁf;ygANC’nF' . (16)

Here £ is the Glashow—Weinberg—Salam angle, N is
the number of hypercolors and g;,‘ is the hyperquark
analogue of g, [E(GA/GV)qua:rk] ; we shall assume
thatg;x ~ 1. The effective hyperpion coupling, eq.
(14), is to be contrasted with the Higgs coupling:

82240 = 2GpVD 2 m7 . (17)

Egs. (14)—(16) permit us to calculate the rates for
the processes:

Z->70+utu, (7
Z~>a'0+7y, (8"
ete >0+ Z, "

as well as the reaction
ete— >0+, (18)
which, though small in absolute rate, may be poten-
tially important in comparison to the Higgs production
process ete™ > ¢9 +y [13].

We present below the rates for the reactions (7)

and (7'). The normalized scaled dimuon invariant
mass distribution is given by

[1/T(Z > ptu)](d/de?) TEZ > 7’0 + pru~)

= L(a/m3 {n} Ve /31 +(1 —45sin2E)2] 1N

X [Fyx2/(1 —k2)2 + Fy/(1 —k2)y+ F3/x2], (19)
where 2 Emizm/m% and

A= K2+ m}rr/m%)z — 4m72,r/m%]1/2 , (20)
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Fy=[1+(1 —4sin2§)?]

X [sin2g(1 — 2 sin2§)/(sin 2§)3]2 , 2n
Fy=(1 —45in2£)2 sin2£(1 — 2 sin2§)/(sin 28)*

(22)

Fy=3(1 — 4 sin2)2/(sin 2£)? . (23)

The corresponding distribution for (7) is [14]

[1/T(Z~> p*u=))(d/de2) T(Z > ¢0 + pu¥u)

= (o/12m)(sin 28)~22; (1 — k2)~2(12¢2 +23) ,
(24)

where A; is defined as in eq. (20) with the replacement
M=y,

The relative rate I'(Z = 7’0 + utu—)/T(Z > ¢
+utu)is plotted in fig. 2 as a function of m_ o
(= m) for sin2£ = 0.20 (corresponding to my = 94
GeV). Typically this ratio is ~10‘7nl3:rN(2:: and for
reasonable values of np: and NV is expected to be
<1074,

We remark that not only are the rates for (7) andg'
(7") very different, but so are the dimuon invariant *
mass distributions (19) and (24). The distribution (19)
peaks for low values of k2 due to the virtual photon
contribution in Z = 7’0 + vy, = n'0 + y*u~, thereby
providing a very clean separation even if ng. and N
are ridiculously large! We plot the normalized distribu-
tions (19) and (24) in fig. 3.

The radiative decay (8) can also be an important

T T T L

N2,

3
F

20+ -

T(Z w70 +utp /T (2= ¢+ ptp-} x 107 n
=
T
A

Mg, w0) (GeV)

Fig. 2. The ratio I'(Z — 7'® + u*u)/T(Z — ¢° + u*u7) for
equal values of m ¢ and m, 0. ng' is the number of hyper-
flavor doublets and V¢~ the number of hypercolors. We have
used sin?¢ = 0.20 corresponding to mz = 94 GeV.
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LI T
sin“é= 0.20
m; = 94GeV

mp°=10 GeV

Mgz 40 GeV

{

(Z— ¢ %utp~, woptp= )/ T{Z>putp)

~
:‘é Ids 1
025 05 075 10

2-m2 2
K%z mg, /m3

Fig. 3. The dimuon invariant-(mass)? distribution from the
decays Z - ¢% + u*u”and Z — #'% + u*u~. We have normalized
both the distributions to the same area [= T'(Z —~ ¢° + u*u-)]
for equal m o and m_ 0. The relative scales can be read off
from fig. 2.

source of the Higgs boson [15]. This process goes via
triangle diagrams involving both fermions and W* bo-
sons. We now have for the relative rates of (8) and (8"):

2 .3
rZ-n'0) =NC’”F’ sin2£(1 — 4 sin2§)2

) (25)

T(Z~>¢%) 942 (sin 2§)? :
where |42 is given by [15]
1412 = | Atermion 'l'AWil2 s (26)
with
Aheavy fermion generation

= (4/3cos £)(1 — 5sin2f) @n
and
Ay = —(4.9+03mdomy) . (28)
Numerically we find for sin?f ~ 0.20:

0

PE27 ) enZond. x 1075 (29)
(Z~> ¢%)

where ¢ = 8.6 for myo = 10 GeV and varies slowly with
Mo (c ~ 8.1 for myo = 60 GeV). Note that this ratio
is small essentially due to the (1 — 4 sin?§)? factor
which enters because only the vector current contri-
butesin Z - 7’0 + 4.

Next we consider the production of ¢0 and 7’0 in
e*e— annihilation in the processes (9), (9") and (18).
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These processes are more relevant for the LEP ener-
gies. The cross section for the process (9') can be
written down as

o(ete~ = Zn'0)= ga(;

Vs

X [Fy /(s —m%)z —F,/s(s —m%)+F3/s2]

X [k3es —3(s —m3)2+ gm(s + m3) - jmd ] .
(30)
Here s is (c.m. energy)Z, k. is the c.m. momentum of
the hyperpion and F; are the functions already defined
in egs. (21)-(23). Eq. (30) is to be contrasted with
the corresponding expression for the production of
¢0 [16] *s.

a(ete™ = ¢07)
= 3102 (2ky/V5) (3 + k3)/(s — m3)?)
X (1 -4 sin?g + 8 sin*£)/(sin 28)* , 31)

2 2
0()3 NC'”F' k‘n’

where we have used the same notation as in (30).

In fig. 4 we plot the ratio a(e*e~ —~ 7'0Z)/a(ete
- ¢07) as a function of M0 (myp) for Vs =140,
170 and 200 GeV. The ratio increases with /s but
for energies at LEP and a reasonable value of ny: and
N, we still expect it to be <1073,

Finally, we would like to present the result for the

*5 The correct expression for o (ete™ — Z¢), however, is given
in ref. [17].

w
=]
T

¥s =200 GeV

~
o

V5 = 170 Gev

=

_,_//\/;mo Gev

d | 1
10 30 50 70

myro (GeV)

olete —~ y0Z)/oleres —=¢°Z) x10°nd N2,

Fig. 4. The ratio o (e*e™ ~ 7' 0Z)/o (e*e™ — ¢°Z) for v/5 = 140
GeV, 170 GeV and 200 GeV and equal values of m o and
m,q. We have used sin?§ = 0.20 and myg = 94 GeV.
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radiative process (18) and the corresponding process
involving ¢0 [13]. We normalize the cross section for
(18) with respect to the point cross section o(ete™
>t
g(ete~ e O’y)
o(ete~ = utu~) 288\/2 72

GpNE n%w( ) E3

Vs

((1'%[]+(] 4811’172)2] ._iz_._

(sin 2§)* (s — m%)?
, 80 —4sin?g)r s 16), 32)
(sin 2§)2 (s —m3)

which is to be compared with the analogous processes
involving ¢0 [13]:

ofete” > ¢0y) _ \/-GF()
m

— Ly — Zplp? ,(33)
>utp)  w?

o(ete Vs

Iy and [ being the W and fermion loop contributions,
respectively. To get an estimate we set sin2£ = 0.25, so
that only the photon contribution survives; we have
then:

a(e e~ =7 7) NC ”F

1 A2 3

U(e JREN ¢07) 36 |1W EFIFIZ 36NC g (34)
Thus this ratio is potentially large. However, the cross
section for ¢0y production Jeq. (33)] is so small that
even an enhancement =200 for the hyperpion case
will not help the process ete~ = 'Oy very much; it
will still be swamped by the normal 1y background
in e*e— annihilation.

4. We may summarize our results as follows:

(a) The most promising signals for 7'* are: eTe~
- (pore) +hadron jet and efe™ > @0~ + s (L =e, u)
with large acollinearity angle and a characteristic sin28
distribution in production. Furthermore R should not
increase by one full unit on crossing the hyperpion
threshold.

(b) If the 7'* are not very heavy, i.e. form_+ <m;
— my, the semiweak decay t > b + "% will dominate
the decays of toponium, J, JTs ., as well as of the
open top mesons T, T4, etc. The width of J, JT is
still expected to be smaller than the beam resolution;
however, the topology of J, J1 decays would be very
different, as would be the branching ratio for J
- utu—, ete, etc.
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(c) To distinguish between the canonical picture of
symmetry breaking and the hypercolor scenario it is
necessary to produce and detect neutrals. The low
rates for the processes Z > 7’0 + y*u—, Z>7'0 + 4
and e*te— = Z + 'O indicate that a positive signal in
these reactions would be evidence in favor of the Wein-
berg—Salam theory. The process Z - 7’0 + y*u— has
the further discrimination, vis a vis Z = ¢0 + u*u—
in that the lepton invariant mass distribution for the
two reactions is expected to be very different. The
smallness of the ZZ#'0 and W*W—7"0 couplings in
hypercolor theories ensures that in all the processes
where a ¢0 can bremsstrahl off a W* or Z the rates
for 7’0 production will be down by ~(a/m)2. Thus, a
scalar produced in an ep, vp or yp process with the
tell-tale signatures of a semi-weakly coupled particle
would indeed be a canonical Higgs.

(d) In the intermediate eTe™ energy range, toponium
may be an excellent laboratory for investigating the
properties of hyperpions and thus the nature of the
Higgs mechanism.

This work was begun while one of us (A.A.) was
a visitor at Rockefeller University during February
1980; it was prepared for publication during the
sojourn of M.A.B.B. at the Aspen Center for Physics.
The hospitality of the Center is gratefully acknowl-
edged. A.A. would like to acknowledge useful discus-
sions with experimental colleagues at DESY, in partic-
ular R. Eichler, R. Felst, D. Haidt, H. Newman,
S.C.C. Ting and M. White.
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