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Abstract. The production process of the charged Higgs boson associated with a W boson at electron—
positron colliders is discussed in the two-Higgs-doublet model (2HDM) and in the minimal supersymmetric
standard model (MSSM). The process is induced at one-loop level in these models. We examine how much
the cross section can be enhanced by quark- and Higgs-loop effects. In the non-SUSY 2HDM, in addition to
large top—bottom (t-b) loop effects for small tan 8 (< (mt/mb)l/Q), the Higgs-loop diagrams can contribute
to the cross section to some extent for moderate tan 3 values. For larger tan8 (3> (m:/ms)/?), such
an enhancement by the Higgs non-decoupling effects is bounded by the requirement of the validity of
perturbation theory. In the MSSM with heavy superpartner particles, only the t-b loops enhance the cross

section while Higgs-loop effects are very small.

1 Introduction

The Higgs sector has not yet been confirmed experimen-
tally. In the near future a neutral Higgs boson may be
discovered at Tevatron II or LHC, by which the standard
picture of particle physics may be completed. The explo-
ration of additional Higgs bosons will then be very impor-
tant in order to confirm the extended Higgs sectors from
the minimal Higgs sector in the standard model (SM).
Actually various theoretical insights suggest such exten-
sions: supersymmetry (SUSY), extra C' P-violating phases,
a source of neutrino masses, a remedy for the strong CP
problem and so on. Most of the extended Higgs models
include charged and C P-odd Higgs bosons. Therefore the
discovery of a charged Higgs boson, H*, or a C'P-odd
Higgs boson, A°, will confirm the extended versions of
the Higgs sector directly. At LHC, the search of these ex-
tra Higgs bosons is also one of the most important tasks.
In addition, measurements with considerable precision of
high-energy phenomena may be possible at future linear
colliders (LCs) such as JLC, NLC and TESLA [1].

In this paper, we discuss the charged-Higgs boson pro-
duction process associated with a W boson at LCs, ete™
— H*WT, in the two-Higgs-doublet model (2HDM) in-
cluding the minimal supersymmetric standard model
(MSSM) with superheavy superpartner particles. By ne-
glecting the electron mass the process disappears at tree
level because there are no tree H¥W TV couplings (V = v
and Z9) in these models. Since these couplings occur at
the one-loop level [2-4], the process ete™ — HEWT is
induced at this level. At LCs, one of the main processes
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for the charged-Higgs search is the H*-pair production
[5], whose cross section may be large enough to be de-
tected if H* is much lighter than the threshold, s/2/2.
The process rapidly decreases for heavier H* even if the
mass is below the threshold. In this case ete™ — HTWT
becomes important as a complementary process if its cross
section can be large enough to be detected. Our question
here is how much this loop-induced process can grow in
the non-SUSY 2HDM as well as in the MSSM.

The magnitude of the cross section for ete™ — H*
W directly shows the dynamics of particles in the loop
because there is no tree-level contribution. We here con-
sider one-loop contributions of quarks, gauge bosons and
Higgs bosons.

In particular, the top—bottom (¢-b) loop effects are ex-
pected to be sizable, because the Yukawa-coupling con-
stants are proportional to the quark masses so that the
decoupling theorem by Appelquist and Carazzone [6] is
not applicable to this case. The naive power-counting ar-
gument shows that quadratic quark-mass terms appear in
the amplitude with a longitudinally polarized W boson.
Therefore the t—b loops can greatly contribute to the cross
section depending on tan 3.

In the non-SUSY 2HDM, the Higgs-loop contributions
can also be large when the Higgs self-coupling constants
are proportional to the Higgs boson masses. The effects of
the heavy Higgs bosons in the loop then do not decouple
in the large mass limit. Instead, the quadratic mass terms
of these Higgs bosons can appear in the amplitude [4,7,8],
so that larger Higgs-loop effects are expected for heavier
Higgs bosons in the loop. By contrast, if the masses of the
extra Higgs bosons are determined mainly by the indepen-
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dent scale of the vacuum expectation value (~ 246 GeV),
the Higgs-loop contributions tend to decouple for large
extra-Higgs boson masses. The MSSM Higgs sector cor-
responds to this case, so its loop effects cannot be very
large.

The main purpose of this paper is to confirm the above
discussion analytically and numerically and to see the
possible enhancement of the cross section by these non-
decoupling effects under the requirement of the validity of
perturbation theory [9-11,7]. The information from avail-
able experimental data such as the p parameter constraint
[12] and the b — s results [13,14] are also taken into ac-
count.

We find that the cross section can be quite large for
small tan 8 (< (m;/mp)'/?) because of the t-b loop ef-
fects. In addition, in the non-SUSY 2HDM, the cross sec-
tion can grow to some extent by the Higgs non-decoupling
effects for moderate values of tan 5. For larger tan 8 (>
(my/my)'/?) such an enhancement by the Higgs-loop ef-
fects is strongly bounded by the condition for the pertur-
bation, and the cross section becomes smaller.

In Sect. 2, the 2HDM is reviewed briefly to fix our no-
tation. The calculation of the cross section is explained in
Sect. 3. After some analytic discussion of the amplitude in
Sect. 4, we present our numerical results in Sect.5. The
conclusions are given in Sect. 6. Details of the analytic re-
sults of the calculation are shown in the Appendix.

2 The 2HDM

The 2HDM with a softly broken discrete symmetry under
the transformation @, — @1, $5 — —P5 is assumed. The
Higgs sector is given by

Lt on = 1301 4 42 [P + {u§ (@I@g) + h.c.}
— A B[ = A [Do] ! — N5 || Do
2 2
— (Reqsiqﬁz) — s (Imqﬂqﬁz) . (1)

This potential includes the MSSM Higgs sector as a spe-
cial case. We here neglect all the CP-violating phases
just for simplicity, and all the coupling constants and
masses are then real in (1). From the doublets $; and
Dy ((B;) = v;/2Y/% and (v} +03)1/? ~ 246 GeV), five mas-
sive eigenstates as well as three Nambu—Goldstone modes
(w* and 2°) are obtained; that is, two C P-even neutral
bosons h® and HY diagonalized by the mixing angle «,
one pair of charged Higgs bosons H*, and one C'P-odd
neutral Higgs boson A°, where A is lighter than H. In
addition to the four mass parameters mypo, mgo, mg+ and
m 40, we have two mixing angles o and § (tan 8 = vy /v1)
and one free dimension-full parameter M corresponding
to the soft-breaking mass (M? = p2/(sin 3 cos 3)).

Tree-level relations among the coupling constants and
the masses are then given by [4]

A1 (cos? am?;o + sin? am?, — sin? BM?), (2)

-~ 2cos? B
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Ay = W(SiHQ am?{O + cos® amio — cos® ﬁM2)’ (3)
V< S1n
sin 2« 2my. 1

)\3 = m(m%{o _mio)_'_ ’I_)é{ _ﬁM27 (4)
2m§{i 2 2

)\4 = — U2 + ﬁM ) (5)
2

o= 2 i) ©

As for the Yukawa interaction, two kinds of couplings are
possible in our model: we call them Model I and Model
IT in accordance with [15]. The Yukawa interaction with
respect to the charged-Higgs boson is expressed by

L :5{%‘@06(1 —5) + %cotﬂ(l +75)}tH’

+ h.c., (7)
where
2
Y = \/>mb cot 57
v
2
y= V2 5 (ModelD), ®)
v
or
5
Yp = fmb tanﬂ?
v
2
Y = V2, cot B (Modelll). (9)
v

Here Model II corresponds to the MSSM Yukawa interac-

tion.

3 The calculation for ete- — H- W+

We consider the process e~ (7, k) + et (=7, k) = H~(p) +
W+ (P, \), where 7 = +1 and X = 0, £1 are the helicities of
the electron and the W7 boson; k and k are the incoming
momenta of the electron and the positron, while p and p
are the outgoing momenta of H~ and W™, respectively.
The helicity amplitude may be written

3

Mk, E, 79,5, X) = Y Fir(s,t)Ki - (k, k75,5, %), (10)
i=1

where the form factors F; -(s,t) include all the dynamics

that depends on the model. The kinematical factors are
expressed by

Ki,'r(k7E7 T;p7ﬁ7 X) = ju(k7E7 T)j—‘yjuﬁeﬁ(ﬁa X)*v (11)

where j,(k,k,7) is the electron current and eg(p, \)* is
the polarization vector of the W boson. The basis tensors
T # are defined by

T4 = gho, (12)
1
T4 = —PrpPP, (13)
My
T = Lo p g, 14
3 m2 € oo (14)

w
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Table 1. The list of the kinematical factors K; - (k, k, )

Ki,.(k, k) Ko - (k,k,\) Ks..(k, k)
A=0 —1/(2mw)(s —m%+ +miy)sin O 1/2;—§B§1Wsin@ 0
— w
A== (s/2)"?(F cos © + 1) 0 —s/m‘%v(g)l/gﬂhrw(cos@$7')
where PH = p* —pH, ¢ = p# +p* = k# + %" and 0123 = e”

—1. In Table1, the explicit expressions for each K, in
the center-of-mass frame are listed by using Sgw and the
scattering angle ©:

2(m2, + m2 m2 —m2..)2
ﬁHW:\/l— iy Hi)-i-( = QHi)v (15)
s s
2t + s —m2 . —mi
cos @ = S mW, (16)
sBaw
where s and ¢ are the Mandelstam variables (s = (k +

k)2 =(p+p? t=(k—p)?=(k—Dp)?). The total cross
section is calculated according to the formula
1 1
)= Tor
max ]
/ ZZW (kForip 5 V[P dt, (17)
where . and tyi, are defined by
Lo 2
tmax = i(mHi +miy — s+ sBuw), (18)
Lo 2
tmin = i(mHi +my — s — SﬂHW). (19)

Our formalism here is consistent with that for e"et —
X~ W™ (x~ is for the charged Goldstone boson) in [16] in
the limit %, — m? and also with that for e"e™ — H%
n [17].

In the calculation, the form factors F; ;(s,t) may be
decomposed according to each type of Feynman diagram
(Fig.1) as

Fiv'r(s’ t) = FZT(S) + Fl,Z'r(S) + Fit,'r(t)

+ FP(s,t) + 0F; 1 (s,1), (20)
where F}. (V =~ and Z) are the contributions from the
one-loop-induced HWV vertices (Fig.1la). These HWV
vertices are defined as igmw VIV (Fig.2), in which V,,,,
may be expressed by [2,4]

VHWV(mHivavpV)
= FHWV(mHiapW7pv)guu

pv ,Pw
+GTVV (m3, ., pYy, Py )—5—
w

pva
)= €uvpos
My

+1HHWV(mH:EapW7p

(c) v

et ——h e

Fig. 1a—c.The diagrams for ete™ — H~W™. The circles in
a and b represent all one-loop diagrams relevant to the HWV
vertices (V = ~, Z°) and the HW mixing. The arrows on the
H?* bosons and the W boson lines indicate the flow of negative
electric charge

W
ﬂ, " pw
. _Jr._ :igmu V;[I’{IH
H

P~z
vy
Fig. 2. The HWV vertices (V = v, Z°). The arrows on the
H¥ boson and the W boson lines indicate the flow of negative
electric charge

where pp is the incoming momentum of H~, and py (V =
Z or ) and pw are the outgoing momenta of the V' and
W bosons, respectively. The form factors F}',(s) are then
expressed by

1
1%
F1,T(5) = QmWCVm vasvai)

v
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1
FQYT(S) = ngC‘/iQ GHWV(mWa S mHi) (23)
5 —my 2
1
F?}/T(s) = ngCV72 HHWV(mW,s mHi) (24)
s—mi, 2

where my is mass of the neutral gauge bosons (my and
m. (= 0)), and Cy are defined by C, = eQ. and Cz =
9z(T2 — s%,Q.) (e = gsw = gzswew), where Q. = —1,
and T2 = —1/2 (0) for the electron with helicity 7 = —1
(+1). The explicit formulas of FHWV GHWV  pHWV
are given in Appendix A.1. F_(s,t) is the contribution
of the ¢ channel diagram with the one-loop H~ W™ mix-
ing diagrams (Fig. 1b) and the box-diagram contributions
are expressed by Flb;?" (Fig. 1c). We also show the explicit
results for F} and FP2* in AppendixA.3 and A4, re-
spectively. Each one-loop-diagram contribution to Fj(s,t)
except for FP°* includes an ultraviolet divergence. After
summing up the contributions szt, F!_, and FboX the
divergence is canceled out because there is no tree level
contribution.

Although the amplitude is finite already, by making
the renormalization for the W H and wH two-point func-
tions a finite counterterm, 6 F; -, is 1ntroduced to this pro-
cess [18,19]'. By rewriting the fields w* and H* on shift-
ing 8 — 0 —00 as

w* Zi}/f leu/; 1 —00 w*
HE) 72z )\ 6p 1 H*

e wi V(1) e

the relevant counterterms are extracted from the kine-
matic terms of the Higgs sector as follows:

nt. 1 — i 1 g v S L
Leount. _ ;;I? p W-o*HT — 1(1;1)‘[ 5 CWW VD 8
+ o QSWWH7‘LH+ + h.c. (26)

wH 9
For the W H mixing we take the renormalization condition
Re (Hreno (m%{i ))

=Re (wpg(m3s)) + it =0, (27)
where Iy  (p?) is given in (61) in the Appendix. We then
obtain

1
all)y = —Re (Hwu(m%.)),

(28)
My

so that the counterterms not only for W H mixing but also

for the HW'V vertices are obtained by using (26). Next,

(25) also produces the wH mixing (w is for the charged

Goldstone boson). We fix the counterterm so as to satisfy

the renormalization condition [19]
Re (I (m2))

=Re (Hgw(mfe)) + 5" = 0. (29)

! See also Note added in proof
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The finite counterterms for the form factors, §F;  in (20),
are then obtained as we show in Appendix A.5.

4 Non-decoupling mass effects

Here we present an analytic discussion of the amplitudes
to find the cases in which the cross section becomes large
for a given s'/2 in the non-SUSY 2HDM.

Let us consider the quark-loop contributions to the
amplitudes first. They do not decouple in the heavy-quark
limit because the decoupling theorem [6] does not work for
the Yukawa interactions in which the couplings are pro-
portional to the squared masses. Hence larger one-loop
effects take place for heavier quark masses®. In the he-
licity amplitude with a longitudinally polarized W bo-
son, powerlike top- or bottom-quark mass contributions
appear via the factor of m?cot8 or m7tan3 in Model
II. The linear appearance of cot 3 or tan( in each fac-
tor comes from the fact that one tbH* Yukawa coupling
is included in each t-b loop diagram?®. Each factor be-
comes large for small tan 3 (< (m¢/my)/?) or for large
tan 3 (> (mg/mp)'/?), respectively. In our analysis, we
take into account theoretical lower and upper bounds of
tan J taking as a criterion for the upper limit of the top-
Yukawa coupling y; (o< m;/ sin ) and the bottom-Yukawa
coupling y;, (x myp/ cos B) the requirement of the validity
of perturbation theory. Under the same criterion for both
the top- and bottom-Yukawa coupling constants, the fac-
tor m? cot 3 at the lowest tan 3 value is by m;/m; greater
than the factor mg tan J at the highest tan 3 value. There-
fore, the helicity amplitude becomes large especially for
small tan 8 (< (my/my)*/?) by the t-b loop contribu-
tions*. In Model I, tan 3 is just replaced by cot 3 in the
coefficient above, hence this change does not affect the
above discussion. Therefore in both Model I and II, we
expect to have sizable cross sections for small tan 8 val-
ues.

Next we discuss the Higgs-loop contributions. The non-
decoupling effects of the heavy Higgs bosons appear only
when the Higgs sector has a special property: the Higgs
masses squared are expressed like ~ A;v2, where ); is
a combination of the Higgs self-coupling constants. This
corresponds to M < v in our notation [4,7], where M
is the scale of the soft breaking of the discrete symme-
try. In this case, similarly to the Yukawa interaction, the
terms of C’)(mi,lQ /v?) appear in the helicity amplitude with
a longitudinally polarized W boson, where HY represent
heavy neutral Higgs bosons in the loop. Therefore, in the
non-SUSY 2HDM with small soft-breaking mass M, these
mass effects of the heavy Higgs bosons may enhance the

2 We here call them the non-decoupling effects

3 The tbH~ coupling gives m; cot 8 and mytan 3, and the
other m; and my comes from the thI:" coupling (Wi, repre-
sents the longitudinal W boson). By the chirality argument
other combinations such as m:my cot 8 and m¢m; cot 8 disap-
pear

4 Similar top-bottom-quark effects are observed in the cross
section of ete™ — AV (V =, Z%) [20]
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amplitude in addition to the t-b loop effects. Clearly, this
situation is quite different from the MSSM-like Higgs sec-
tor, where large masses of the extra Higgs bosons are pos-
sible only by taking a large M (> \;v? = O(g°%v?))°.

In order to see the leading non-decoupling effects (the
quadratic-mass terms in the large mass limit for particles
in the loop) analytically, let us consider the amplitude
with a longitudinally polarized W boson in a limiting case.
They are extracted from the full expression of the ampli-
tude by taking the masses of h°, H° and A° much larger
than my and mpy= setting M = 05;

2 2
mho —mAO

M(k,k,7;p,p, A = 0)
=sin® g’ TGS § mi{omio 1 m%o
- 2 16 2.,2 2 2 2 2
ey 16m2v Mo — M50 Mo
2 2
miom m c 3
—— h® A; In ;LO } J(Oé,,@) — {22W m%—]() + 1
Mio — M50 Mo
2 2 2
M50M m c 3
S AAL In g”}K(a,ﬂ){me§0+
Mo —Myo  Myo 2 4
2 2 2
msom m N,
X —5 hO Ag In ;‘O } L(a, B) — —=“m? cot ﬁ]
Mio — M50 Mo 2
+sin9928%/v = [3{ oMo In Mo — mﬁom’%‘o

2 2
mHO—mAO mAO

2 2 2
mio 1 3 Mm%emio
x In ;}J(a,ﬂ){Qm%OQHAZ
Mo 2¢cyy, 4dmi0 —mie
2 2 2
M0 1 3 my oMo
In—F }K(a,ﬁ)—{2mio—“
mo 2¢cyy 4dmy, —m%o

m?2 N, s
In—22 4L < m?2 cot o 30
X nmio} (a,ﬂ)Jch%thCO ﬂ:|+ m?{p 7( )

where HY represents h%, H? and A%, and

J(a, B) = sin(a — §) cos(a — f3), (31)
K(a, 3) = sin® acot 3 — cos® a tan 3, (32)
L(a, B) = cos® accot 3 — sin? o tan 3. (33)

From the expression (30), we expect that the amplitude
can become large by the non-decoupling effects of the
heavy Higgs bosons as well as those of the top quark. The
Higgs effects grow for large or small tan 3: see (31)—(33).

The non-SUSY 2HDM receives rather strong theoret-
ical constraints. First from the requirement of the valid-
ity of perturbation theory, all the Higgs self-coupling and
Yukawa coupling constants should not be very large [9-11].
We here set a rather conservative criterion corresponding
to [7]; that is, for the Yukawa couplings

Yoy < Am, (34)
and for the Higgs self-coupling constants
1
‘)\1|,|)\2|,|)\3‘7Z|)\4:|:)\5| < 4m. (35)

5 In the MSSM, ma corresponds to M
6 This expression is for the §F; » = 0 case
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These conditions give constraints on the relations among
the masses, mixing angles and the soft-breaking mass. For
example, from the condition for A1, we obtain by using (2)

(m20 — M?) tan® f<8mv?, (36)
for the case of « = 8 — /2 and m%{o > mio. This means
that it is difficult to take a large mpyo and a large tan 3
simultaneously with M? ~ 0. We include all these con-
straints in our numerical analysis.

Finally, the 2HDM is constrained from the experimen-
tal precision data [12], especially those for the p parame-
ter: the additional contribution of the 2HDM Higgs sector
should be small. We here employ the same condition as in
[7]; Aperpm = —0.0020 —0.00049(m: — 175 GeV) /(5 GeV)
£0.0027. In order to satisfy this there are mainly two kinds
of possibilities for the parameter choice.

(A) The Higgs sector is custodial SU(2)y symmetric
(m%[i ~ mio).

(B) The Higgs sector is not custodial SU(2)y symmetric,
but there are some relations among the parameters to keep
a small Apsppm: m%i ~ m%o or mi,i ~ m%o with a ~
B—m/2or a ~ [3, respectively [15]. Also, a recent study for
the b — s results [13] gives a constraint on the charged
Higgs boson mass (my+>160GeV) [14].

By taking into account all the theoretical and experi-
mental constraints above, the best choice for the maximal
Higgs contributions to the cross section is to take the case
(B) and then to choose m 40 and tan (3 as large as possible
under the conditions (34) and (35).

5 Numerical evaluation

We here show our numerical results. According to the
above analytic discussion, the seven free parameters of the
Higgs sector in the non-SUSY 2HDM (mi07 m%o, m%,i,
mio, a, 8 and M) are chosen in the following way.

To obtain larger Higgs contributions, we take the
choice (B) of the previous section. Since mpo < mpgo, it is
better to set « = 8 —7/2 (or a = 0) for a larger cross sec-
tion for tan 8 > 1 (K (o, 8) > 1) (see (32)). If we choose
a = B (or a = 7/2), then such an enhancement takes
place for small tan 8 (L(«, 3) ~ 1). Any other choice of «
leads to smaller cross sections. As for the quark loops, al-
though we here adopt Model II for the Yukawa couplings
in the actual calculation in the 2HDM, it is clear that
there is no difference between Model I and II for the cross
section except for the large tan 3 regime. If we assume
the MSSM Higgs sector, there are two free parameters:
mpy+ and tan 3, and all the other parameters are related
to these two parameters [15]. As for the quark masses we
here fix these as m; = 175 GeV and my, = 5 GeV.

To begin with, we show the total cross section for
mpy+ = 200 GeV at s/2 = 500 GeV as a function of tan 3
(Fig. 3). The region of tang is 0.28 < tanf < 123 tak-
ing into account the condition (34)7, while we switch off

" As for the constraint for tan 8 in the MSSM, see [21-23]
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oee - HW)

10
b
10
10° MSSM " s
1 10 100
tanp

Fig. 3. The total cross section of e"e™ — H™ W for my+ =
200 GeV at s*/? = 500 GeV as a function of tan 8 in the 2HDM
(solid lines) and in the MSSM (dashed line). For the 2HDM,
three solid curves correspond to m 40 = 300, 600 and 1200 GeV.
The other parameters are chosen as a = 3 — 7/2, muo =
120 GeV, myo = 210GeV and M = 0GeV

the condition (35) in Fig.3 (and in Fig.4) just to con-
centrate on showing the behavior of the non-decoupling
effects more clearly. The results in which both the con-
ditions (34) and (35) are included will be shown soon in
Figs. 5 and 6. In Fig. 3, the real curves represent the total
cross sections in the non-SUSY 2HDM for each value of
m 0. The other parameters are taken as mpo = 120 GeV,
mpo = 210GeV, a = f — n/2 and M = 0. The dotted
curve represents the cross section in the MSSM with su-
perheavy superpartner particles. For small tang
(< (my¢/myp)t/?), as we discussed in the previous section,
the cross section is enhanced by the t—b loop contribu-
tions both in the MSSM and in the non-SUSY 2HDM.
On the other hand, for large tan 3 (> (my/my)'/?), the
MSSM cross section is reduced rapidly, while the Higgs
non-decoupling effects enlarge the non-SUSY 2HDM cross
section. For larger m 4, larger cross sections are observed.
Our result in the MSSM here is consistent with that in
[24].

Figure4 shows the s!/2 dependence of the total cross
section in the non-SUSY 2HDM at my+ = 200 GeV for
various tan 3; the other parameters are chosen as mjyo =
120 GeV, mgo = 210GeV, mygo = 1200GeV and o =
B —m/2 and M = 0. The condition (35) is switched off in
this figure too.

The enhancement of the cross section essentially de-
pends on the size of the H*tb and H+HT H° coupling con-
stants. By taking these couplings as large as possible under
the conditions (34) and (35) and also under the experimen-
tal constraints mentioned before, we obtain upper bounds
of the cross section in the non-SUSY 2HDM for each value
of my+ and tan 3. The situation is described in Fig. 5. The
dotted curve represents the cross section with M = 0 at
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oee - HW)

tanp=0.3

-2

500 700 900
Vs (GeV)

Fig. 4. The s'/? dependence of the total cross section of
ete™ — H™ W for my+ = 200GeV for various tan 3 in the
non-SUSY 2HDM. Solid curves are tan § = 0.3,0.5,1,2,4 and
dotted curves are tan 8 = 8,16,32. The other parameters are
chosen as a« = B — /2, mpo = 80GeV, myo = 210GeV,
m 40 = 1200 GeV and M = 0GeV

300

olee - HW)

10
10° Excluded by |
Condition (30)
N\
b1t L N ]
10 p Higgs-|
N ggs-loop
\\ contributions
Quark-loop \\
-2 tributi \
10 L contributions . |
\
\
\
\ //
\
-3
10 I I I
1 10 100

tan 3

Fig. 5. The upper bound of the cross section of ete™ —
H™WT for my+ = 200GeV at s'/? = 500 GeV as a function
of tan B under the conditions (34) and (35) in the non-SUSY
2HDM (solid curve). The dotted curve represent the cross sec-
tion where the condition (35) is switched off. The dashed curve
represent the cross section where only ¢—b loop contributions
are included

s'/2 = 500 GeV for mpy+ = 200GeV at a = § — 7/2, and
all the other free parameters in the Higgs sector are chosen
in order to obtain maximum Higgs non-decoupling effects
under all the conditions®. For tan3>5.9, the condition

8 The other choice of « leads to less Higgs effects for tan 8 >
1 in this case
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Fig. 6. The possible enhancement of the total cross section
of ete™ — H-WT for various my+ at s'/? = 500GeV as a
function of tan § in the non-SUSY 2HDM under the conditions
(34) and (35)

(36) obtained from (35) cannot be satisfied any more if we
keep M = 0: a larger value of tan § is allowed only by in-
troducing a non-zero soft-breaking mass M. This leads to
a smaller cross section because the non-decoupling prop-
erty of the Higgs sector is weakened by a non-zero M:
see the discussion in Sect. 4. Therefore the upper bounds
are obtained as the solid curve. The cross section rapidly
reduces for tan 3>5.9. Although the quark-loop contribu-
tions (the bottom-mass effects) enhance the cross section
for tan 3>40, the magnitude is still much less than that
for small tan 3.

In Fig. 6 we show such general bounds of the cross sec-
tion as a function of tan 8 at s/2 = 500 GeV for my+ =
160, 200, 240, 280, 320 and 360 GeV. All the other free pa-
rameters are chosen in the same way as in Fig.5. Each
peak of the cross section in the moderate tan  value is
the point where the largest Higgs non-decoupling effects
with M = 0 appear.

6 Discussion and conclusion

We have discussed the H* production process via ete™ —
H*WT in the non-SUSY 2HDM as well as in the MSSM.

In the non-SUSY 2HDM, a large cross section is possi-
ble for small tan § by the ¢-b loop contributions (quadratic
top-mass effects). At tan § = 0.3, for my+ = 200 GeV, the
cross section can be as large as 8 fb at s'/2 = 500 GeV and
maximally it reaches to over 40 fb at s'/2 ~ 390 GeV. For
larger tan 3, these top-mass effects decrease until tan 5 ~
my/myp = 35. In Model II, the quadratic bottom-mass ef-
fects enhance the cross section for tan 5>m;/my, but the

magnitude is not so large: at s'/2 = 500 GeV it is at most
a few times 1072fb even for tan 3 ~ 100. If Model I is
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assumed, this small enhancement for tan 8 > my/my, dis-
appears, but all the results for smaller tan 3 are almost
the same as those in Model II.

In addition to the quark-loop effects, the Higgs non-
decoupling effects contribute to the cross section by a few
times 0.1 fb for moderate values of tan 3. Such Higgs ef-
fects are strongly bounded for larger tan 8 (> (m;/my)/?)
by the requirement of the validity of perturbation theory.

In the MSSM with heavy superpartner particles, the
Higgs-loop effects are very small and only the t—b loops
contribute to the cross section. For my+ = 200 GeV, the
cross section at tan 8 = 2 amounts to a few times 0.1fb
at s'/2 = 500 GeV, and maximally it reaches to over 1fb
at s'/2 ~ 390GeV. The cross section rapidly decreases
for larger tan 8. We here have not discussed the one-loop
contributions of the superpartner particles in the MSSM
explicitly, which will be discussed in a future paper.

We give some comments on our analysis. First, our re-
sults have been tested in the high-energy limit by using
the equivalence theorem [25] at the one-loop level [26]. We
evaluated e"e™ — H~w" (w* is for the charged Gold-
stone boson) and confirmed that the cross section was co-
incident with our prediction for the H _Wﬂ' production in
the high-energy limit. Second, although the process is one-
loop induced so the ultraviolet divergences have canceled
among the diagrams, we have include the finite renormal-
ization effects of the W H mixing and the wH mixing by
putting the renormalization conditions on the mass shell
of H*. The effects have turned out to give a few% (at
most about 5%) of corrections to the one-loop-induced
cross sections in which the finite renormalization effects
(6F; ) are not included.

Finally, we comment on the detectability of the sig-
nal events for the case of my+ > my + my. The H*
decays into a tb-pair and the signal process is efe™ —
HEWF S tbW— + tbW™*. The main background process
may be ete™ — tf — tbW ™~ + tbW ™. The cross section of
ete™ — tt amounts to about 0.57 pb for s'/2 = 500 GeV:
the signal/background ratio is at most around 1%. It may
however be expected that the signal can be comfortably
seen if the signal cross section is 10 fb, by attaining a back-
ground reduction in [27] by the following method:

(1) a cut around the reconstructed bW masses which can
come from the bW decay at 175 GeV,

(2) find a peak in the reconstructed myg+ and

(3) confirm the presence of H* according to the method
in [28]. For smaller signal cross sections of the order of
0.1fb, details of the background analysis are needed to
see the detectability.

Note added in proof

After this work was finished, another paper (see [29]) ap-
peared in which the same subject was studied.
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A Analytic results

In the formulas below, we use the integral functions in-
troduced by Passarino and Veltman [30]. The notation for
the tensor coefficients here is based on [16] We here write
A(my) as A[f], Bij(pFrimyp,.my,) as Byjlf1, fo], Ciy(pF,
Pl DY imp Mgy, my,) as Cij[fl,fg,f?,] where f; are the
fields with mass my,. For the quark diagrams, we define
the abbreviation C;;(tbb) = Ci;(p%, pd/, Pl M, My, mp)
and Cy;(tth) = Ci;(p%, ¥, phy; me, me, mp). The expres-
sion is in the 't Hooft—Feynman gauge. Also J(«, /),
K(a, ) and L(w, 8) in (31)—(33) are written as Jo3, Kag
and L,g, and we also write

Kop = {Kap(m¥o — M?) — Jag(2m? .
M?) + Jop(2m3 -

—mjo)},  (38)

respectively, for brevity. The momentum squared of the
HT is set on mass shell, p}, = m?,..

Lop = {Lag(mio —

A.1 Form factors
of the HTW—V? (V? = Z9, ~) vertices

We write each contribution to the unrenormalized
HEWTVO form factors X#"WV (X = F,G and H) as
XHWV XHWV(a) XHWV(b) +XHWV(C) Correspond—
ing to Figs. 7a,b,c. XHWV(a) is the contribution of the
triangle-type diagrams (Fig. 7a), X 7"V () represents that
from the two-point function correction shown in Fig. 7b,
and XHWV(©) is the tadpole contribution as well as some
two-point function corrections written only by the A func-
tion (Fig. 7c).

A.1.1 The HTW~ZY vertex

The contribution of triangle-type diagrams to FH#WZ is

calculated as

2
FHWZE) (m3 . phy py) = Ton20%cy

x {—f{aﬁ {Cos[HEAYHO) — copy Cog[HOHE HE])

~Lag {024[Hi140h0] - 02W024[h0HiHi]}

+Jup {(m%li — m%,o)CM ([wizOHo]

—cow [Hww*]) — (m32 — m%0)Coaw=HO A
Cow

—my,Cos[WEHA?] — C—ch4[HiHOZO]
w

—miy (4(19%4/ +pw - pz)Co + 2(2pw + pz)

(pwCi1 4+ pzCi2) + pw - pzCas

+(D —1)Ca4) WEZ°HO| + c§ymiy ((p2z - piy)Co

S. Kanemura: Possible enhancement of the ete™ — HTWT cross section in the two-Higgs-doublet model

—2pz - (pwChi1 + pzCi2) + pw - pzCas
+(D —1)Cyy) [HWEWH]

—m%(m2s —m%0)sh Colw™Z°HO|
—miy (m2e —m%0)st Co[HOWEw®]
+miy sty Coa[HOwEW*] — (H° — h%)}]
4N,
167202y [m3 tan 3 { (=53 Q) (pw - (Pw +P2)C1a

+pz - (Pw +P2)Cr2 + piy Ca1 + p5Can

+ 2pyy - Pz Cas + DCay) (tbb) — (Ty, — 553, Qp)

(p3C11 4+ pz - pzC12 + Py Car + p5Cos + 2pyy - P Cas
+ (D = 2)Ca) (t0b) — (T — 3 Q1)

(p%Cr1 +py - pzCra + p5Co1 + Py Caz

+2py - pzCas + (D — 2)Cay) (tth)
—|—(—S%VQt)m?C0(ttb)}

+mi cot B {—(Ty — 5%, Qv) (Pl + Pw - p2)Co

+(2p%y + Py - pz)Ci1 + (0% 