PHYSICAL REVIEW D

VOLUME 33, NUMBER 3

1 FEBRUARY 1986

Nonstandard-Higgs-scalar- and pseudoscalar-boson production in ep and e *e ~ colliders

R. Bates and John N. Ng
Theory Group, TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, Canada V6T 243
(Received 7 August 1985)

Nonstandard Higgs bosons in the mass range 40—150 GeV/c? are studied for two-Higgs-doublet
extensions of the standard electroweak model. Upper bounds on production rates are compared for
ep and e *e~ colliders. Under favorable conditions our calculations indicate that about 100 events
per year production rates at the DESY ep collider HERA for nonstandard Higgs bosons are obtain-
able. Electron-positron annihilations give smaller rates but cleaner signals.

I. INTRODUCTION

In this paper we study the production in electron-
proton and e e~ colliders of scalar bosons (J7¢=0++)
which we denote by S° and pseudoscalar bosons
(JP€=0"") denoted by P° which are contained in exten-
sions of the standard Glashow-Weinberg-Salam elec-
troweak theories. These bosons, including that from the
standard model, are collectively denoted by H®. The ep

semi-inclusive reactions studied are
e+p—e+S°+X (1.1a)
—e+PO4+ X, (1.1b)

where X denotes any hadronic states. We shall assume
the quark-parton model for the collision in Eq. (1.1). The
electron-quark scattering subprocesses are

e()+Q(g)—e(I"+S°%h)+Q(g")
—e(I"+P%h)+Q(q"),

(1.2a)
(1.2b)

where Q denotes either the u- or d-type quark in the pro-
ton. In Eq. (1.2), the four-momenta of the various parti-
cles are given in their respective parentheses.

It is well known that in the standard model with one
Higgs doublet and three quark-lepton families, the pro-
duction rate for the Higgs boson is distressingly small' for
an ep collider such as DESY HERA. This can be under-
stood by examining the production mechanism for reac-
tion (1.2a). In ep collisions, Higgs-boson production
proceeds via the z-channel processes depicted in Figs. 1(a)
and 1(b). The process of Fig. 1(a) is suppressed by the two
Z° propagators, although this is partly compensated by
the large H°ZZ coupling. On the other hand, the process
in Fig. 1(b) has no such suppression but is enhanced by
the double-photon-exchange poles. However, the H%y
vertex is of higher order in the standard model, thereby
rendering this amplitude small. In most cases the ampli-
tude of Fig. 1(a) is larger in size than that of Fig. 1(b).
Enhancement of the effective H%y coupling can be
achieved by introducing more quark-lepton families, but it
is not sufficient to push the production rate to observable
levels unless the number of extra families is incredibly
large ( >35). For details see Sec. II.

More optimistic situations can occur in extensions of
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the standard model. One of the simplest is to add a
second Higgs doublet to the standard model. After sym-
metry breaking one is left with two charged Higgs bosons
and three neutral spin-0 particles, of which two are scalars
and one is a pseudoscalar. In addition to being of interest
in its own right, the two-Higgs-doublet model is required
in supersymmetry extensions of the standard model.> In
general, both the S%y and P%y vertices can be
enhanced substantially in these models. This makes the
photon exchange amplitude dominate over the Z°-
exchange one. In this paper we shall study quantitatively
how much enhancement is allowed by current knowledge
and give estimates of the production rates for such parti-
cles at HERA using a luminosity of 6 10! cm~2s~ 1.

It is a common feature of such models that the tree-
level H°ZZ coupling is changed at most by a mixing an-
gle and possible enhancement can come from the S%7y
and P%y vertices. We shall concentrate on the produc-
tion due mainly to Fig. 1(b). This allows us to use the

(a)
e(t) e(s)

Q(a) Q(q")

(b)

e(t) e(t)

Q(a)

Q(q)

FIG. 1. Feynman diagrams for Higgs-boson production in
the reaction eq—eqH®. (a) t-channel Z-boson exchange; (b) t-
channel photon exchange.
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equivalent-photon approximation® (EPA) to estimate the
production rate. We first calculate the cross section for
subprocesses in Egs. (1.2a) and (1.2b) using EPA, and then
convolute it with the well-known parton distribution func-
tions of the quark-parton model. The EPA has been
demonstrated to be good to within 10% in resonance pro-
duction in ee collisions, and it is expected to be of the
same accuracy in ep collisions. As a check we also calcu-
lated the production rate using the Monte Carlo method,
and the results agree to within the accuracy of the Monte
Carlo method.

In the same view we also consider the production of S°
and P°in ete~. The purpose is to compare the relative
strengths of the above two types of colliders for scalar and
pseudoscalar production. The reactions we consider here
are the ones similar to Eq. (1.1), namely,

(1.3a)
(1.3b)

The case where H? is the standard-model Higgs boson
was studied in Ref. 4. However, the authors have a con-
structive interference between the s- and z-channel ampli-
tudes whereas we found a destructive one.’> This agrees
with a recent calculation of Ref. 6. Detailed predictions
with the mass of the Higgs boson ranging from 40 to 150
GeV/c? can be obtained there. We note that the cross
sections are of the order of 10~ pb and hence would be
very difficult for the CERN electron-positron collider
LEP or the Stanford Linear Collider (SLC) to detect.

Since we are interested in cases where the %y and/or
POy vertices are enhanced we can concentrate on the
two-photon production mechanism. This is the same as
Fig. 1(b) with quark lines being replaced by e * lines. The
calculation is the same as for the ep case but one does not
need to convolute over parton distributions.

In Sec. II we give the results for standard-model one-
Higgs-boson production. This serves as a benchmark for
the subsequent discussions of nonstandard spin-O particle
production. Our results overlap with that given in Ref. 1
and we agree with their calculation. However, no details
were given there. Section III gives a brief discussion of
the two-Higgs-doublet model with the relevant vertices
displayed. Enhancement effects are discussed. The ef-
fects of charged scalar loops are also shown to be small.
Finally Sec. IV gives a comparison between ep and e te ™
colliders for S° and P° productions.

ee—ees’,

ee—eePC .

II. STANDARD-MODEL HIGGS-BOSON
PRODUCTION

The Higgs boson can be produced in ep collisions via
Z°-Z° [see Fig. 1(a)] and photon-photon [see Fig. 1(b)]
collisions. The two-photon process is generally dominated
by the two-Z° mechanism. At HERA energies for
Higgs-boson mass My <My, the two-Z° fusion cross
section is about an order to magnitude larger. However, it
is still of interest to outline the calculation of the two-
photon resonance production of the Higgs boson as this
will give us a reference to compare with later calculations.

The photon-exchange production cross section can be

obtained in terms of the 2y decay width of the Higgs bo-
son. There are three classes of diagrams contributing to
this width: namely, fermion loops, gauge-boson loops,
and scalar loops. Representative diagrams are displayed
in Figs. 2(a)—2(c). A complete set of diagrams and Feyn-
man rules are listed in Ref. 7. It turns out that the
gauge-boson loops give the dominant contribution while
the t-quark loop (with m,=40 GeV/c?) gives the only
other significant contribution. The scalar loops and loops
of all other known fermions give a negligible contribution
in the standard model. If we write the gauge-invariant
amplitude M for H' >y (k,)+v(k,) as

M =A efe3(guy—ki ko /kiky) , (2.1)

where e, and e, are polarization vectors of the two pho-
tons, then the structure function A4 is given by"°

PR LR (2.22)
= ’ 2a
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FIG. 2. Some representative examples of the Feynman dia-
grams which contribute to the 2y decay width of the Higgs bo-
son (a) fermion loop, (b) gauge-boson loop, and (c) scalar loop.
The ghost loops and four-point interactions are not shown for
(b).
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where p=My2/5 and §=(I +¢)>. The quark charges are
given by Q,. Also

Lix)=— [dtin(1-0/1 .

The quark-parton model is then used to estimate the cross
section for the physical process of Eq. (1.1a) by convolut-
ing over the quark distribution functions f,(x). Explicitly

1
o= fMH% dx % fa®)ag(xs) . (2.4)

This last integration is done numerically.

In Fig. 3 we give the cross section as a function of Vs
for two values of My =40 and 150 GeV/c? In accor-
dance with previous calculations' this cross section is dis-
tressingly small, typically on the order of 10~%° cm?. The
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FIG. 3. Photon-exchange production cross sections of the
standard model for ep—eH°X as a function of Vs with
My =40, 150 GeV/c2.

from gauge-boson loops (including ghosts and would-be
Goldstone bosons), fermion loops and scalar loops, respec-
tively. The sum in Eq. (2.2¢) is taken over all charged-
fermion species. The separation above is for convenience
since the standard model has no physical charged scalars,
so the scalar loop of Fig. 2(c) consists of only would-be
Goldstone bosons.

Next we calculate the cross section of the subprocess
Eq. (1.2a) with the EPA. Using the photon spectrum
given in Ref. 8 we obtain

2
(P2 +2p—3—(2+2p+ %pz)lnp]+%1n2p+(2p2+4p_6>1n(1—p)

T —6p—5p°)

[

lower curve in Fig. 4 depicts the cross section as a func-
tion of the Higgs-boson mass for Vs =320 GeV, ap-
propriate for HERA. We also indicate the cross section
due to the two-Z%boson fusion mechanism alone. Simi-
lar curves for Vs =1 TeV are shown in Fig. 5. Although
obscured in Fig. 4 by the effects of phase space, there is a
rise in the photon-exchange cross section for large My,
which is very apparent in Fig. 5. This rise is due to the
behavior of the function I(A) in Eq. (2.2¢) near A= .
The Re[7(A)] peaks at A=+, while Im[I(A)]=0 for
A> + and peaks between A=0 and A= +. The dominant

O (ep~eHX) (pb)

\ L
40 80 120 160

2
MH(GeV/c )

FIG. 4. Production cross sections for ep —eH°X as a func-
tion of My for Vs =320 GeV. The dash-dot (dashed) curve is
for standard-model photon ( Z-boson) exchange. The solid (bro-
ken) curve is for two-Higgs-doublet model photon-exchange sca-
lar (pseudoscalar) production with tana =40.
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FIG. 5. Production cross sections for ep —eH®X as a func-
tion of My for Vs =1 TeV. The dash-dot (dashed) curve is for
standard model photon ( Z-boson) exchange. The solid (broken)
curve is for two Higgs doublet model photon-exchange scalar
(pseudoscalar) production with tana=40.

contribution to the standard-model photon-exchange cross
section is the gauge-boson loop of Eq. (2.2b), which con-
tains I(My?/My?). Hence as My increases, the cross
section will rise with Re[7(My2/My?)] and peak once
My gets above twice the W-boson mass as determined by
Eq. (2.2b).

We now note several important points here about two-
photon resonance production of the standard Higgs boson.
The first one is that the gauge-boson loop gives the largest
amplitude for a wide range of My values, and is about a
factor of 5 larger than the next contribution due to the ¢-
quark loop. The other fermion loops and the scalar loop
are unimportant. Second, the gauge-boson loop and the
fermion-loop amplitudes have opposite signs. Third, once
the ratio my/My is greater than -;—, the amplitude Ay in
Eq. (2.2¢) is fairly insensitive to the internal mass my.
The combined effect of these points is that introducing an
additional heavy fermion into the standard model will de-
crease the production rate. To enhance the rate in this
way one has to introduce many families. Five heavy
charged fermions are needed in A to cancel Ay, and at
least 30 more are necessary to bring the cross section up
to 1038 cm?, which would be observable for a machine of
HERA'’s luminosity.

Our prognostication for the standard Higgs-boson pro-
duction in ep collisions is that it is not competitive with
ee or pp collisions. At Vs =320 GeV the two-Z° mecha-
nism dominates and the cross section is at least one order
of magnitude too small for observation even for light
Higgs bosons. For Vs =1 TeV the two-Z° mechanism
becomes just large enough if the same luminosity can be
maintained. The production rate for the two-photon pro-
cess is too low in the standard model, and becomes impor-
tant only if there exists a large number of heavy charged
fermions. We note that the standard Higgs-boson produc-
tion cross section for e collisions via the same mecha-

nism is given by Eq. (2.3) with § replaced by s, the
center-of-mass energy of the ee system.

III. TWO-HIGGS-DOUBLET MODEL

In models with two Higgs doublets given by

¢t ¢3 ]
1 ¢
the vacuum is characterized by two vacuum expectation
values (VEV’s)

q)1= ) ¢’2= (3.1)

0
(®))= a | (®,)= b (3.2)
V2 V2
We define the rotated fields,
P} =, cosa + P, sina ,
(3.3
o) = — P, sina+ P, cosa ,
so that
oy 1 0 ,
(¢1)=72 (@24+b2)172 | (®3)=0 (3.4)
and
tana:é . (3.5
a

The field &} can be considered as the “true” Higgs field.
To identify the physical fields we go to the unitary gauge
and write

0

st/ NI
V2

) U(E)P) =

(3.6)
X

o+iy |’
V2

where v2=a%+b2. The two scalar fields are ¢ and 7, the
pseudoscalar field is ¥, and the charged Higgs bosons are
X*. The general potential is given by’

D, > U((§)P; =

V (D, D2) = — 1 ' @D, — 11’ @10, + Ay (] @,
+ Ay (D)D) 4+ A5 @] (Dlb,)

A
Ay | D10, | 24+ (@], 4+ (@0, ]

(3.7

The two scalars will in general mix and the mixing angle
6 can be expressed in terms of the A; parameters in Eq.
(3.7). The diagonalization of the 7,4 fields is achieved
through a rotation given by

¢=$cos€+5’7 sinf ,

~ (3.8)
n=—¢sinf+7 cosO .
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We shall treat € as a parameter and now é and 7 are
orthogonal. The masses of the spin-0 fields are
My r=Aa2+Mb2F[(Ma2 =202 +a%3A?) 2,
(3.9)

_ 2
8.7
sz=—%(k4+?»5)v2, M¢,2=——)\.5U2 y

with A=A;+A4+As. The parameters A, and A5 can be
chosen to be negative without loss of generality and hence
(3.9) does not pose a consistency problem.

The interactions of ®; and ®, with the gauge bosons
and fermions are given by .Z, and ., respectively.
They are

£¢=(D,®)(DF®,)+(D,®,) (DFD,) (3.10)
and
£y =y (apdy)ity®Tug +y, (G dp )Pydg
+y3(¥, I )@lg +H.c. (3.11)

One can rewrite the above in terms of the fields 7, ¢, X,
and ¢ using Egs. (3.1)—(3.11), and obtain appropriate
Feynman rules.

The vertices that will contribute to the two-photon de-
cay width of the neutral spin-0 particle (X =%,¢,1) are
given in Table I. The magnitude and sign of the scalar
coupling to charged Higgs bosons is highly model depen-
dent and will be discussed below. As expected the pseu-
doscalar ¢ is not affected by the mixing parameter 6.
Also it does not couple to the W bosons or to the charged
Higgs bosons. Hence, its production is the least model
dependent. In general the scalar couplings to the W bo-
son are smaller than in the standard model. For simplici-
ty we take 8=0. This in fact produces the constraint
equation

Ab2—Na?=F(b2—a?)(A3+As+As) . (3.12)

If all the A;’s are of the same order, this equation can be
naturally satisfied. With this choice of 6, the couplings
for one of the scalars, 7, become identical to those of the
standard-model Higgs boson, and the other scalar does
not couple to the W boson. Hence, we must look to the
fermion loops for possible enhancement of the production
rate.

There are two ways to enhance the contribution of the
fermion loops. From Table I it can be seen that if tana
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(cota) is large then the lepton and u-type quark loops will
be enhanced (decreased), and the d-type quark loops de-
creased (enhanced). This is true for both the scalar and
pseudoscalar bosons. In the standard six-quark world we
found that only the t-quark loop made a significant con-
tribution, and hence it is the logical one to try and
enhance. Thus we will study the two-Higgs-doublet
model with a large tana enhancement. The results for
models with a large cota will be similar except that the
cross sections one is enhancing are so much smaller to be-
gin with.

The dominant contribution for both the scalar and
pseudoscalar now comes from the z-quark loop enhanced
by tana. Bounds on the magnitude of the enhancement
factor can be determined by low-energy phenomenology.'®
The virtual effects of the charged Higgs boson in ete™
collisions, muon decay, or the K7 -KJ mass difference give
tana an upper limit as a function of the charged-Higgs-
boson mass My. We use the approximate bound
tan’a <2My/m, from Ref. 11 where m, is the charm-
quark mass. Limits on My can be obtained from consid-
ering their effects in the W- and Z-boson propagators.
For My >M_M F3 the change in the mass ratio of the
gauge bosons is proportional to My. Specifically
My=1.2 TeV/c? will give a 5% change in the p parame-
ter where p=My*>/Mz?cos*@y, (Ref. 12). This is within
the experimental error allowed.!> Taking all these togeth-
er we get tana < 40.

In the two-Higgs-doublet model there is an additional
contribution to the 2y decay width of the Higgs scalar
coming from charged-Higgs-boson loops. The Feynman
diagrams for this process are the same as those in Fig.
2(c), except the loop particle is a charged Higgs boson X
rather than a would-be-Goldstone boson. The relevant
scalar coupling to charged Higgs terms of the Lagrangian
are

XX~ ¢—v[ —A, sin®a+ A, cos’a — 3 A cos(2a)] sin(2a)
(3.13)

and

XX~ —>v[5 (A +A,—A)sin®(2a) +A5) (3.14)
with 6=0. The magnitude and sign of these couplings are
not determined by the theory. But we have argued that
My <1.2 TeV/ ¢? which means that A, and As are of the

TABLE 1. Yukawa and gauge couplings of scalars and pseudoscalar to fermions and W bosons for
the two-Higgs-doublet model. The mixing angle of the two vacuum expectation values is a and the
mixing angle between scalars is §. The particle X =H®, 7, §, and ¢. The standard-model vertices for

HP are shown for comparison.

Vertex H° 7 é ¥
_ —im, cos(0+a) sin(0+a) .
eeX = === —y, T al _
Ye v Ye cosa Ve cosa YelVstana
= —im cos(0+a) sin(@ .
uiX y..=T" hT S —yu—-(cft;i) —yuiystana
—imy sin(8+a) cos(6+a) .
ddx = L =R 7Tael
Ya . '5 d sina Ya sina Yqlyscota
Wrw-X gW=—'g—9g,,,, gw cosb — gw sin@ 0
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order of unity. It is natural to assume that all the A’s are
of the same order. This argument is by no means rigorous
but is supported by partial-wave unitarity plus perturba-
tion theory,!* which gives a similar bound on My. With
these caveats we see from Egs. (3.13) and (3.14) that
X*tX—¢ and X *X 7] are not enhanced. Hence the X loops
are not big contributors to A.

Now we calculate the production cross sections for the

_J

My

2
my

a2 2 A 2 a
6,8)= %141, > | |In

MTMH4 m,

processes in Eq. (1.1) with the EPA for the two-Higgs-
doublet model. For the scalar particles the results from
the standard model still hold, with the exception that now
the amplitude 4 in Eq. (2.2) contains fermion-loop contri-
butions multiplied by the appropriate enhancement fac-
tors from Table I. For the pseudoscalar we calculate the
cross section for subprocess Eq. (1.2b) using the EPA and
obtain

[p2+2p—3—(2+2p+7p")np]

+3(2+2p+ 3p)In*p—2(3—2p—p?)In(1—p) + (6 —4p— 7p?)Inp

++(47—28p—19p%)+2(2+2p+ +p*)[ —Li(1)+ Li(p) + 3 In%] | ,

where p, §, and Li(x) are as defined in Eq. (2.3). Here

. —ie’gMy? s m?

8mMy % My?
with I(A) as defined in Eq. (2.2¢), and the appropriate
enhancement factors E; are from Table I. Again we con-
volute over quark distributions with Eq. (2.4) to obtain the
production cross sections for the processes of Eq. (1.1).
The specific quark distributions we used are given in Ref.
15.

Plots of the enhanced cross sections as a function of
Higgs-boson mass, using tana =40, are compared to the
standard model in Figs. 4 and 5 for Vs =320 GeV and 1
TeV, respectively. Again we notice a peak in the cross
sections of Fig. 5 due to the behavior of
I(A=M,%>/My?)). However in this case the t-quark loop
dominates so A=+ corresponds to My =2m,. As expect-
ed the pseudoscalar cross-section equation (3.16) peaks
just past My =80 GeV/c2 In the scalar case the peak is
less pronounced and is situated at larger My due to the
factor (4A— 1) which multiplies I (1) in Eq. (2.2c). Hence
the peak due to Re[7(A)] at A= is suppressed and it is
the imaginary part of 7(A) at A>+ which gives rise to
the peak. Similar behavior in Fig. 4 is somewhat obscured
since the more restrictive phase space dominates the shape
of the cross section. For a range of Higgs-boson masses,
the enhanced photon-exchange cross sections are much
larger than the Z°boson fusion mechanism by roughly an
order of magnitude. The pseudoscalar rate is about three
times that of the scalar. Although the actual cross sec-
tions for a two-Higgs-doublet model may fall below the
bounds shown, reasonably large cross sections (up to
103 cm?) are possible even at HERA energies. Folding
in the luminosity gives a rate of 180 events per year of
running. Hence one may be able to observe Higgs-boson
production in ep collisions within the context of the two-
Higgs-doublet model. Furthermore the rates can again be
enhanced with the addition of heavy u-type quarks. Un-

2 2
m
Oy 7y

E (3.16)
MH2 f

(3.15)

!

like the standard model, large numbers of families are not
needed since there is no gauge-boson loop to cancel. Even
the addition of only one extra heavy fermion can roughly
quadruple the rate.

Plots of the enhanced (tana=40) photon-exchange
cross sections for ete~—e*te "H° ari/given in Fig. 6.
The variation of cross section with Vs for My=60
GeV/c?, and the cross section versus My for Vs =150
GeV are displayed. These values were chosen to facilitate
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FIG. 6. Production cross sections for ez —egH?° as a function
of (a) Vs for My=60 GeV/c?, (b) My for V's =150 GeV.
The solid (broken) curve is for two-Higgs-doublet model
photon-exchange scalar (pseudoscalar) production with
tana =40.
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comparison with the standard-model graphs given in Ref.
5. The behavior is similar to that found for ep scattering
above. The peak in the total cross section versus My dis-
tribution is sharper since there is no smearing by the par-
ton distributions. The enhanced cross section is roughly
an order of magnitude larger than the standard-model
process one (see Ref. 5).

IV. DISCUSSION

Using the two-doublets extension of the standard
SU@2) X U(1) electroweak model, we have calculated the
production cross sections for a scalar (7,¢) or pseudosca-
lar (1) in ep and e*e™ collisions for a mass range of 40
to 150 GeV/c? This is the mass range accessible to
HERA and LEP.

The largest uncertainty of the calculation lies in the
charged-Higgs-boson loops [see Fig. 2(c)] but fortunately
their contribution is negligible if the parameters in the
scalar potential are not large. If not we encounter either
strongly interacting scalars or vacuum instability. Thus
using only phenomenological constraints'® on the mixing
of the two VEV’s we found that larger production rates
than in the standard model are possible by enhancing the
fermion loops [see Fig. 2(a)]. In the best case the t-quark
loop is enhanced by the largest value of tana=40. This
occurs for both the pseudoscalar and one of the scalar
Higgs bosons. The other scalar would behave as in the
standard model but with the gauge-boson loop suppressed,
and its production rate would then be too small to be of
interest.

As in the standard model, the scalar or pseudoscalar
bosons will decay primarily into a pair of heavy quarks.
Thus our signal will be two jets from the Higgs-boson de-
cay. In Fig. 7 the rapidity distributions of the Higgs-
boson scalar for ep and ez photon-exchange mechanisms
are given. The pseudoscalar rapidity distributions are
similar. In both cases the rapidity is broadly peaked
about the center. For the ez—egH° process, the laborato-
ry frame and the c.m. frame coincide. The two Higgs-
boson decay jets should therefore stand out well away
from the beam axis, providing a good signal. However in
the ep—eH X process, the c.m. frame has a large velocity
in the laboratory frame. The resulting boost will shift the
scale on the rapidity distribution in Fig. 7(a) by roughly
—1.6 at HERA. Hence in the laboratory frame the rapi-
dity distribution will peak at less than 10° from the beam
axis, and at least one of the decay jets may be difficult to
distinguish from the beam jets. In order to resolve this
problem, much higher event rates may be needed for ep
colliders than for ee machines.

The ep event rates discussed below are for HERA as-
suming V's =320 GeV and an integrated luminosity over
one year’s running of 1.8910%* cm™2. The ez rates are
for SLC assuming V's =100 GeV and an integrated lumi-
nosity of 9.45x10” cm~2 In the standard model,
Higgs-boson production is dominated by the Z-boson-
exchange mechanism and the event rates of <3 per year
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FIG. 7. Scalar-boson rapidity distribution in the c.m. frame
for (a) ep—eH°X with V's =320 GeV and My =40 GeV/c?,
(b) e2—e2H® with Vs =150 GeV and My =60 GeV/c2. The
normalization is arbitrary.

are too small to be observed. Only the inclusion of incred-
ibly large numbers of heavy fermions in the photon-
exchange process can bring the rates up to observable lev-
els. On the other hand, the cross sections for the two-
Higgs-doublet model can be quite substantial. This is due
to the possibility of enhancing the Yukawa coupling of
the t quark in this model. We also demonstrated the
charged scalars do not give large contributions to the ef-
fective Py or S%y couplings. We calculate upper
bound estimates on the event rates in ep colliders of <65
for the scalar boson and <176 for the pseudoscalar
without folding in the detection efficiency. In eg col-
lisions the corresponding event rates are <2 for the scalar
and <13 for the pseudoscalar. These rates can be further
enhanced if there are additional heavy fermions in the
model.

Although the cleaner signal may be found with ee
machines, our upper bound production rates are not very
large. A higher-luminosity e machine, perhaps the pro-
posed LEP II at CERN, would be useful in providing
both larger rates and a clean signal. On the other hand,
the ep production rates are much larger, especially for the
pseudoscalar boson. Hence we conclude that it may be
possible to detect nonstandard Higgs bosons in ep collid-
ers such as HERA.
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