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Abstract. We present a calculation of the cross section for the process ete™ — W*EHT in the minimal su-
persymmetric standard model (MSSM) and the two Higgs doublet model (THDM). We study the basic
features of the MSSM prediction for some distinctive parameter scenarios. We find large effects from virtual
third-generation squarks for scenarios with large mixing, which can lead to a cross section vastly different
from a THDM with identical Higgs sector parameters. We investigate this interesting behaviour in more
detail by thoroughly scanning the MSSM parameter space for regions of large cross section. For a charged
Higgs boson too heavy to be pair produced at a future high-energy electron—positron collider it turns out
that a large MSSM cross section with a good chance of observation is linked to a squark mass scale below
600 GeV and a considerable amount of mixing in either the stop and sbottom sector.

1 Introduction

The discovery potential of the CERN large hadron col-
lider (LHC) should be sufficient to resolve the issue of
the existence of a neutral Higgs boson, especially of the
standard model Higgs boson [1-4]. An electron—positron
collider would, however, serve as an ideal tool to measure
the properties of neutral Higgs bosons very precisely [5—
7]. To discover a charged Higgs boson, H*, on the other
hand, is much harder at the LHC [1-4,8,9], especially if
the H* is substantially heavier than the top quark. The
reason for this is the dominant decay of the H + bosons
into heavy quarks (¢b or tb), which leads to hadronic signa-
tures that are hard to distinguish from QCD background
events and which forces one either to rely on the less prob-
able decay H* — v or to accumulate a lot of statistics
during several years of running at high luminosity in order
to claim discovery. Actually, the strong dependence of the
production cross sections on the ratio of vacuum expec-
tation values in the Higgs sector, vy /v1 = tan 3, makes it
almost impossible to discover the charged Higgs boson at
the LHC in a wedge-shaped region of intermediate tan (-
values in the tan B—m g+ plane if it is heavier than the top-
quark [1-4,8,9]. This non-discovery range includes 4 <
tan 8 < 12 at my+ = 250 GeV and widens continuously to
e.g. 2 <tanf <S40 at my+ = 650 GeV [8,9].

At an eTe™ collider with a centre-of-mass energy +/s,
the main production process for charged Higgs bosons
is pair production (ete™ — HTH™), which is mediated
mainly via photon- and Z-exchange in the s-channel. The
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pair-production cross section is almost independent of
tan 8 and, owing to the colourless initial state, Higgs-boson
signatures from decays into heavy quarks are not obscured
by enormous amounts of QCD background events, like at
the LHC. Therefore, detection of charged Higgs bosons
via pair production should be possible in the whole m j;+—
tan @ plane up to a mass limit somewhat below +/s/2.
If the collider energy is not sufficient for pair production
(i.e. v/s <2mp=+), the only way to extend the search for
the charged Higgs boson to higher masses is to try to ob-
serve its single production in association with lighter par-
ticles. The most relevant processes that have been studied
in the literature are the tree-level processes ete™ —
H*7v [10-13] and ete™ — H*tb [13-16] and the loop-
induced processes ete™ — H¥ev [13,17,18] and ete™ —
W*HT [13,19-24]. Most of the studies are done in the
framework of THDM with parameters fixed at MSSM
values, except for [22, 23], which study W+ HF production
in the general THDM, [19,20, 24], which study the same
process in the full MSSM, and [18], which includes virtual
sfermion contributions for the cross-section prediction of
the H¥ev, final state.

If the collider energy does not allow for pair produc-
tion and /s > myy +my+, the W+ HT production process
can become the dominant source of charged Higgs bosons,
depending on tan (. In this case, as the process is loop-
induced, the signal rate is much smaller than the typi-
cal pair-production rate. Even if HTH~ production is the
main production process at an eTe~ collider, it would still
be very rewarding to measure the W+ HF production cross
section as well. While the HTH™ cross section is deter-
mined at tree-level by the gauge couplings to photon and Z
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boson, the W+ HT cross section is loop-induced and thus
depends already at leading order on the virtual particles
in the loops. Therefore, with a cross-section measurement
of the latter process one would have access to information
about the underlying model.

This paper presents a calculation of the MSSM pre-
diction for the process ete™ — WTH ™. By the time the
calculation this work is based on was finalised, another cal-
culation of the same prediction appeared [19, 20]. We car-
ried out a detailed comparison [25] of our results with those
of [19,20], which lead to agreement.! In the framework of
THDM, the cross-section prediction for ete™ — WTH™
is well known [21-23], and we could reproduce the results
of [23] in particular.

In Sect. 2 we present the process ete™ — WTH ™ with
the contributing Feynman diagrams in the MSSM and
some details about our calculation. Section 3 presents our
numerical results in two stages. In stage one, we exam-
ine the basic features of the WTHT cross section for
a 500 GeV and 1 TeV ete™ collider for two distinct MSSM
parameter scenarios and compare the results also to pre-
dictions of a THDM with the same Higgs sector parame-
ters. This enables us to exemplify the range of influence
of virtual superpartners on the cross section. The effect of
polarised electron and positron beams on the cross section
is discussed briefly followed by a demonstration of the de-
coupling of superpartners with increasing supersymmetry-
breaking scale. In stage two, we present results of a thor-
ough scan of the MSSM parameter space for regions of
large, possibly observable, cross section and try to under-
stand for which parameter scenarios they arise. Section 4
contains our conclusions. Some results of this calculation
were already reported in [24].

2 ete - WHTH™ in the MSSM
2.1 Kinematics

We study the reaction
et (k,a)+e (ko) = WT(p,\)+H (p),

where k and k denote the momenta, of the initial-state elec-
tron and positron, p and p the momenta of the final-state
gauge boson W7 and Higgs boson H~. Additionally, the
electron, positron, and W b?son are characterised by their

spin polarisation 0,5 (= +1) and A(= 0,41). Neglecting

1 As a result, the formulae in [19, 20] are now checked by an
independent calculation. According to [25] the results agree, if
in (C14) of [19, 20] the tensor coefficient Do3 in the coefficient

of Ag g}/;tv gIL{ is replaced by 2D23. Furthermore, our comparison
spotted two more errors in the numerical implementation of the
results of [19, 20]. Before the corrections, the differential cross
section at one phase space point for one particular MSSM pa-
rameter scenario calculated by the authors of [19, 20] was 12%
below our result.
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the electron mass, the kinematical invariants s = (k + k)2,

t=(k—p)? and u = (k — p)? fulfill the relation

(1)

We assume unpolarised electron and positron beams.
Thus, the differential cross section summed over spin po-
larisations of the final-state W boson reads

do 1 Z % Z |M05A|2

dt ~ 16ms2
A=0,+1

s—I—t—i—u:m%V—I—miIi.

(2)

o‘,&::l:%

with the helicity amplitudes M,z of the process. The
total cross section is evaluated by numerical integration
over the kinematically allowed ¢ range:

tmax(s)

dt d—o(s, t).

dt ®)

Octe—W+H— (S) = /

tmin(s)

2.2 Feynman graphs

In the MSSM and THDM all leptons couple gauge-
invariantly to one of the two Higgs doublets and therefore
also to the physical Higgs bosons. Thus, there is a non-
vanishing tree-level amplitude for the process under study.
The Feynman graphs on tree-level consist of three graphs
with s-channel exchange of neutral Higgs bosons (h°, H°
and A%) and one with a t-channel exchange of a neu-
trino. The Yukawa couplings that appear in all tree-level
graphs are oc me/my ~ 6 x 10~¢ and suppress the tree-
level contribution strongly. The tree-level amplitude can
thus safely be neglected and consequently there are no pho-
ton bremsstrahlung corrections at leading order.

In our calculation we take into account all one-loop
contributions to the amplitude that do not vanish in the
limit m, = 0. For this reason, Feynman graphs with inser-
tion of a s-channel Z—A mixing self-energy, or a t-channel
neutrino self-energy, or radiative corrections to ete~
{h°, H° A"} Yukawa couplings or to the e*v, HT Yukawa
coupling need not be considered. There remain Feyn-
man graphs with insertions of a W™ -H~ or G~ -H™
mixing self-energy at the external leg of the outgoing
charged Higgs boson (see Fig. 1), graphs containing the
loop-induced YW+ H~ and ZW+H~ vertices,? box-type
graphs (see Figs. 2 and 3) and the appropriate counter-
term diagrams (see Fig.4). The amplitude divides into
Feynman graphs that contain either solely THDM par-
ticles (Fig. 1b,c, upper lines, and Fig. 2) or solely super-
partners (Fig. 1b,c, lower lines, and Fig. 3) in the loop.

2.3 Calculation

Although the tree-level contribution vanishes in the limit
of vanishing electron mass, which we consider, the need
for renormalisation arises at one loop. There are diver-

2 Note that there is no tree-level ZWTHT coupling in the
MSSM or THDM [26].



O. Brein, T. Hahn: On the MSSM associated HE*w#* production at ete™ colliders

Xi & 4,
- =~
H s NOH e
- A *->-- e
w 2NN S W
- -
bl vi ;
(b) WH—H" self-energy
W, H®, A, G° H, G
d; G H RN
- ! \,
H /7 \ H \\ /
e - - > -P>-—- ———> -l ——-
G G G H
Ui I
i d
//P\ //P\
H / \\ H / \\ H
-=pr- -——— - > ->—- ——p- [
G G \\ // G \\ //
- -
o
(¢c) Gt—H" self-energy

gent vector—scalar and scalar—scalar mixing propagators
(Fig. 1) and vertex-type graphs (Figs. 2 and 3)%. We use
the on-shell renormalisation scheme of [27-29], the appli-
cation of which to W*—~HT self-energies is discussed in de-
tail in [30]. In the MSSM no new types of divergent vertex
functions occur. Merely, additional loop contributions with
virtual superpartners add to the existing types of vertex
functions. Therefore, we can take over the renormalisation
conditions from [23] directly, which are briefly summarised
in the following.

In order to generate the counter-terms, which are
needed to renormalise the amplitude under study, it is suf-
ficient to introduce field renormalisation constants for the
MSSM Higgs doublets H; and Hs and renormalisation
constants for their vacuum expectation values v, and vs:

Hi—)\/ZHiHi, v; — ZHi(vi—évi), 1=1,2. (4)

3 In principle, also divergent tadpole insertions appear, which
we do not display, because we will choose a renormalisa-
tion condition such that those contributions vanish (see (9)
and (10)).
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tions. Each combination of particle la-
bels corresponds to a separate Feynman
graph

Expanding the renormalisation constants in the MSSM
Lagrangian to one-loop order, Zp, =1 +6Z§2 and dv; =

5v§1), generates the counter-term interactions needed and
the corresponding Feynman rules:

(5)
(6)
(7)

ku
Tor[HTWE(EH)] =i—m3y, 6 Zgw ,
myy
oty WEHT] = ~iemwgu 6 Zaw ,

FCT[Z[LW}H:F] = iemWi_Wguy 5ZHW )
W

with

02y, —07Z
0Zgw :sinﬁcosﬁ((Sﬂ — @+M> , (8)
V1 (%) 2

where Z, W und ~ denote the electroweak gauge bosons
and the photon, and k* the momentum of the W+ boson,
chosen as incoming. In the on-shell scheme the following
renormalisation conditions are posed.
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— Renormalised tadpole graphs vanish, i.e.

th = thO + 5th0 == 0 5 (9)

This guarantees that the parameters v; and vy in the
renormalised Lagrangian describe the minimum of the
Higgs potential at one-loop order.

— Real charged Higgs bosons H* do not mix with longi-
tudinally polarised W bosons, i.e. the real part of the
renormalised H*-W T mixing self-energy,*

Zuw (k*) = Zaw (k) =m0 Zuw ,

(11)
vanishes if the momentum k of H* is on mass-shell:

Re 2HW(k2)|k2:m2 . =0. (12)

H

4 The renormalised ]g twF mixing self-energy is defined as
the coefficient of —irfb—w of the amputated renormalised H o

W propagator.
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Fig. 2. The THDM subset of Feynman
graphs of vertex and box type for the
process eTe” — WTH™. Each combi-
nation of particle labels corresponds to
a separate Feynman graph

The condition (12) fixes the renormalisation constant
(5Zle
1 2
5ZHW:—2RGEHW(WH;{:)- (13)
My

Because of the BRS symmetry of the renormalised La-
grangian the renormalisation of the divergent H*-GF
mixing self-energy is connected with the H*~W T mixing
self-energy through a Slavnov—Taylor identity [30]:

kzﬁHw(kz)—m%‘/ZAng(kQ) =0. (14)
As a consequence, the real part of the renormalised H*—
GT mixing self-energy,

Sua(k?) = S (k*) —k*6 Zuc (15)
also vanishes for k* =m?
Re Sne(k®)| ., 2 =0. (16)
HE
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The Feynman rule for the corresponding counter-term in-
teraction thus reads:

Tor[HTGE (k)] = ik*6 Zyc (17)
with 6ZHG = —Re EHG(m?{i)/m?{i .

The calculation of the amplitude has been performed
in 't Hooft-Feynman gauge using constrained differential
renormalisation [31, 32] with the help of the computer pro-
grams FeynArts and FormCalc [33—37]. To that end, the
counter-term definitions and Feynman rules of counter-

term interactions that were needed were added to the
MSSM model file for FeynArts.
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Fig. 3. The superpartner-loop
subset of vertex and box type
for the process eTe™ — WTH™.
Each combination of particle la-
bels corresponds to a separate
Feynman graph

Fig. 4. Counter-term diagrams for
ete” > WHTH™

3 Results

There are two major motivations for studying the MSSM
prediction for eTe™ — W*HT cross sections at the in-
ternational linear collider (ILC). Firstly, it is import-
ant to know the expected event rates at the ILC ei-
ther to confirm the discovery of charged Higgs bosons
at the LHC or to assess the H* discovery potential of
the ILC beyond the pair-production limit of /s/2. Sec-
ondly, the observation of this process provides the op-
portunity to glean some information about the underly-
ing model because of its potential sensitivity to virtual
superpartners.
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The predictions for W*H¥ production in the frame-
work of the general THDM are well known [21-23]. Our
concern is to demonstrate possible distinctive differences
between the MSSM and the THDM. To that end, we com-
pare the prediction of our complete one-loop calculation in
the MSSM with the THDM prediction with the Higgs sec-
tor parameters restricted to MSSM values (sTHDM). The
latter model corresponds to the MSSM with decoupled su-
perpartners. Thus, one achieves insight in the contribution
of superpartner loop-graphs to the cross section.

3.1 MSSM parameter restrictions

The MSSM parameter space is constrained by unsuccess-
ful searches for Higgs bosons and supersymmetric part-
ners and other measurements, the theoretical predictions
of which are sensitive to supersymmetric contributions. We
try to take into account major constraints on the MSSM
parameter space. Specifically, we take into account four
types of constraints.

Higgs search at LEP: we calculate for each parameter
point the MSSM predictions for myo and o(eTe™ —

h°Z) x BR(h® — bb) and exclude it if the
myo-dependent LEP bound on o x BR is violated (ac-
cording to Table 14(b) of [38]). We use FeynHiggs
2.5.1 [39-42] for calculating the m,o prediction and al-
low for a theoretical uncertainty of 3 GeV.

b — sv: we calculate the leading-order MSSM prediction
for the branching ratio BR(B — X,7) [43,44]° and ex-
clude parameter points if the prediction falls outside
of the range (3.55+1.71) x 10~%. This range is deter-
mined by using the experimental central value [46—48]

and adding up the experimental 3¢ interval (=~ 10~%)
and an estimate of the independent theoretical un-
certainty (0.71 x 10~%). The latter estimate (20%) is
guided by the discussion of theoretical uncertainties for
the SM prediction [50]. Overall, the acceptance range
is generous enough to accommodate also the neglected
large radiative corrections to the branching ratio for
large tan 3 as an additional theoretical uncertainty.

Electroweak p-parameter: we take care that the dom-
inant squark contribution to the electroweak p-para-
meter [49] stays below 0.0025 [51].

Direct searches for superpartners: parameter points have
to be consistent with the following exclusion limits [51]:

mg

 >89GeV, m ;> 150 GeV
> ;>

myg 94 GeV , 73 GeV .

We do not take into account the constraints on the MSSM
parameters resulting from the measurement of the anoma-
lous magnetic moment of the muon a, [52-54]. In order
to keep our exemplary study simple, we choose to have
only one common sfermion mass scale M ;. Certain sce-
narios might lead to MSSM predictions for a, that are
incompatible with the measurement but would not be if the

5 The code we are using is taken from [45).
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first two generations of sfermions had a different mass scale
than the third. Yet, in the process studied here, among
the sfermions only the third-generation ones, especially the
squarks, are important. Furthermore, as it turns out, in
areas where the W+ HT production cross section is large,
the gaugino mass parameters are of minor importance.
Therefore, we disregard the a,-constraint here, because
for a given parameter scenario, which is in conflict with
it, there will usually exist a rearrangement of parameter
values that meets the constraint but changes the process
under study in the areas of interest only insignificantly.®

3.2 Cross section for specific parameter scenarios

In order to demonstrate possible differences between the
sTHDM and the full MSSM, we are interested in scenar-
ios that potentially show large effects from virtual super-
partners. It turns out that the MSSM benchmark scenarios
for the neutral Higgs search at LEP [59], which have been
slightly modified in [38], also make good sample scenarios
for the charged Higgs production process studied here. We
pick two scenarios from [38]: the m}*®* scenario with a lower
sfermion mass scale and the small-a.g scenario. The two
MSSM parameter scenarios are specified as follows.

mire*(400) scenario: the soft-breaking sfermion mass pa-
rameter is set to My =400 GeV. The off-diagonal term

X (= Ay — pcot ) in the top-squark mass matrix is set
to 2M (=800 GeV) The Higgsino and gaugino mass
parameters have the settings u = —200GeV, M; =
My =200 GeV, Mz = 800 GeV. When tan 3 is changed,
A; is changed accordingly to ensure X; =2M - The
settings of the other soft-breaking scalar-quark Higgs
couplings are Ay, = Ay and Ay =0 (f =e,p, 7,u,d, ¢, ).
Small-cer scenario: this scenario gives rise to suppressed
branching ratios for the decays h® — bb and 777, es-
pecially for large tan 8 and moderate values of my4.
The settings are: MJ; = 800GeV, X; =—-1100GeV,
My = Mo =500 GeV and p = 2000 GeV. Also, here A,
is changed if tan  changes in order to keep the value of
X, fixed, Ay = A and Ay =0 (f =e, pu, 7, u,d, ¢, s).
We present results for two collider energies, /s = 500 GeV
and 1000 GeV. Assuming the collider would accumulate
1000 events/fb of integrated luminosity, a cross section of
0.05 fb would result in 50 expected events, which we take
here as a reasonable lower limit for the observability of this
charged Higgs production channel. For a 500 GeV machine,
the currently envisaged running schedule will actually only
result in 500 events/fb after four years of running.

3.2.1 Results for the mJ'®*(400) scenario

In Figs. 5a and 6a the eTe™ — W*HT cross sections for
a collider energy of 500 GeV are displayed for the full
MSSM and the corresponding sSTHDM. Figure 5a shows

6 Using the results of [55-58] we convinced ourselves that this
is indeed the case by examining a large set of sample scenarios.
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Fig. 5. Unpolarised cross section o(ete™ — HEWT) versus my+ for different values of tan 8 for the mj'**(400) and small-cog
scenarios (solid lines) and the corresponding sSTHDM scenario (dashed lines) for v/s =500 GeV and /s = 1000 GeV. Thick solid
lines indicate consistency of the MISSM scenarios with parameter restrictions. The cross section for optimal polarisation is shown

for tan 8 =5 (solid lines with circles)

the mp+-dependence for tan 8 =5, 15, and 30. The spike
in all predictions for my+ = \/}? ~ 180 GeV ~ my; +my is
due to a threshold effect in the vertex graphs with virtual
top- and bottom-quarks (see Fig. 2). Similar threshold ef-
fects are seen in the full MSSM prediction where my+ is
just at a threshold of the superpartner loop-amplitudes.
For instance, the cusps in the MSSM predictions above
350 GeV in Fig. 5 a are all due to chargino—neutralino
thresholds, where my+ ~m_ o + m,+.

Figure 6a shows the tan (3-deplendence for mpy+ =
190 GeV, 250 GeV, and 350 GeV. Note that for each value

of my+ aseparate range of high and low tan ( is consistent
with MSSM parameter restrictions. The excluded areas are
in conflict with the constraint from BR(B — X,7): the BR
is too low for intermediate tan 8 and too high for very small
or very large tan 8. For large values of tan 8, the MSSM
cross section is generally much larger than in the sSTHDM.
For instance, for mg+ = 350 GeV in the allowed high-tan 3
range the MSSM prediction exceeds the sSTHDM predic-
tion about 50-fold. Unfortunately, even this cross section is
not large enough to lead to an observable production rate
if 1000 events/fb of integrated luminosity are assumed.
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Fig. 6. Unpolarised cross section o(ete™ — HEWT) versus tan 3 for different values of my+ for the mj'#*(400) and small-ces
scenarios (solid lines) and the corresponding sSTHDM scenario (dashed lines) for v/s = 500 GeV and /s = 1000 GeV. Thick solid
lines indicate consistency of the MSSM scenarios with parameter restrictions. The cross section for optimal polarisation is shown

in each panel for one value of my+ (solid lines with circles)

For /s =1000GeV Figs. 5b and 6b reveal the same
general behaviour. Yet, due to the higher collider energy,
more superpartner thresholds are within the accessible
mass range for the charged Higgs boson. Most notably, the
sharp rise and fall of the cross section_between 550 GeV
and 700 GeV are due to ¢1-b; and #;—by thresholds. For
tan 3 =5, mj and mj, lie so close to each other that
only a sharp ciip occurs at my+ ~mj +my . InFig. 6b
the edge in the tanpg-dependence of ‘the MSSM
cross section for my+ = 650GeV is also due to the t1-by

threshold: the value of m; +mj, rises with tan(§ and
crosses 650 GeV just around tan G = 20.

For tan @ = 15 this MSSM scenario is ruled out for
all values of my+ considered here, because the resulting
BR(B — Xv) is too low (of the order of 1075).

3.2.2 Results for the small-aess scenario

In contrast to the previous scenario all superpartner
thresholds are beyond reach even at /s =1TeV in the
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Fig. 7. Cross section for the
process ete” — HE*WTF as

",y =650 GeV ]
a function of a common su-

™
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L
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(a) r (b)
L .
350 1000 2000 350
M[GeV]

small-aeg scenario. The lowest chargino—neutralino thresh-
old is at about 1 TeV and the lowest stop—sbottom thresh-
old above about 1.1 TeV depending on tan 3. The Feyn-
man graphs with virtual squarks of the third generation
dominate the superpartner contributions to the scattering
amplitude. For large tan § they are even the dominant con-
tribution to the cross section. This scenario has significant
mixing in the stop sector. Thus, potentially large terms in
the couplings of third-generation squarks to Higgs bosons”
are weighted by a factor of order 1, especially the terms
proportional to m;u and my Ay tan 3.

Figures 5¢ and 6¢ show the predicted cross section for
a 500 GeV collider and Figs. 5d and 6d for a 1 TeV collider.
The interference between Feynman graphs with virtual
THDM particles and superpartners is always constructive
for /s =1 TeV. Especially for large tan 8 the MSSM cross
section can be enhanced by up to two orders of magnitude
(see Fig. 6d). For /s =500 GeV also destructive interfer-
ence is possible. In this case, the strongest suppression fac-
tor for the MSSM cross section with respect to the sSTHDM
we get in our sample cases is about 1/3.

3.2.3 Effect of polarised electrons and positrons

The cross section of eTe™ — W*HT depends strongly on
the polarisation of the incoming electrons and positrons.
Specifically, the cross section varies roughly by one order
of magnitude between the optimal situation where all elec-
trons have helicity —1 and all positrons have helicity +1,
i.e. P(e7)=—1 and P(e™) =+1, and the opposite situ-
ation where P(e™) = +1 and P(e™) = —1.

In order to illustrate the effect of polarised beams at the
ILC, we include in Figs. 5a to d the cross-section prediction
for optimal polarisation for tan 8 = 5. Likewise, we include
in Fig. 6a,c and b,d the cross-section prediction for opti-

7 A list of the relevant couplings in our notation can be found
in [60, 61].

L perpartner mass scale M for

1000 4000 a a 500GeV and b 1TeV

M|GeV] ete™ collider

mal polarisation for m g+ = 190 GeV and 350 GeV, respec-
tively. Optimal polarisation leads to an increase in cross
section varying between a factor of 2 up to 3.8 depending
on my+ and tan 3 for both collider energies.

3.2.4 Decoupling of superpartners

We set all soft-breaking parameters that appear in our
expression for the MSSM cross section equal to a single
supersymmetry-breaking scale M,

M:Mf:Ab:At:Mlegzu, (18)
and study the behaviour of the MSSM cross section with
rising M compared to the sSTHDM prediction. This allows
us to demonstrate the decoupling of the virtual superpart-
ner contributions to the cross section.

Figure 7a shows results for a 500 GeV collider and
my+ = 190, 250, and 350 GeV with M varied between 350
and 2000 GeV. The MSSM results drop significantly once
all superpartners get heavy enough for threshold effects
to disappear. A similar behaviour is shown in Fig. 7b for
a 1000 GeV collider and my+ = 350, 500, and 650 GeV
where M is varied up to 4 TeV. Notably, even at a soft-
breaking scale of 1 TeV, the MSSM surpasses the sTHDM
prediction by a factor of 1.4, 1.7, and 2.2 for these three
mass values, respectively.

3.3 Parameter scan

We have already demonstrated the possibility of strong
enhancement of the MSSM cross-section prediction by
virtual superpartner effects. This raises the question of
whether there exist regions where W*H¥ production
could be observable in the MSSM but not in the sSTHDM.
We investigate this more systematically by scanning over
the relevant MSSM parameter space.
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The detectors at the LHC will be capable of finding
an MSSM charged Higgs boson only in certain regions in
the m 4o—tan (3 plane. Likewise, the ILC can detect charged
Higgs bosons easily only if pair production is kinematically
possible. Thus, W+ HT production at the ILC either may
allow for an independent confirmation of a previous dis-
covery or it can be a discovery process. In the first case,
it makes sense to combine the knowledge of the mass of
the charged Higgs boson with the knowledge of the cross-
section prediction in the MSSM and adjust the collider
energy to the maximum of the expected cross section as
a function of /s. In the second case, it is difficult to say
what the best strategy of choosing /s will be for search-
ing for the charged Higgs boson. A reasonable assumption
is however that a significant fraction of the data during ILC
operation will be collected at the highest collider energy.

With these two possibilities in mind, we perform two
parameter scans. Scan 1 assumes that the charged Higgs
mass and tan 3 is known and that it makes sense to ad-
just the collider energy to maximise the cross section.® We
thus fix my+ and tan 3 in our scan and include /s in the
list of scanned parameters. Scan 2 fixes /s at the max-
imal collider energy but includes my+ and tang in the
list of scanned parameters. For both scans we assume an
ILC with a maximal collision energy of 1 TeV and that the
charged Higgs boson cannot be pair produced.

In general, we are interested in regions of parameter
space where the cross section is large, such that the pro-
cess may be detectable at the ILC, i.e. cross sections above
say 0.05fb, which would lead to more than 50 events if
1000 fb~! of integrated luminosity is assumed. The param-
eter spaces we scan over are six to seven dimensional. For
a good coverage of the interesting region in such many-
dimensional parameter spaces, scanning over a fixed grid of
points or naively sampling random points is not very effect-
ive. In order to increase the number of scanned parameter
points in the region of large cross section, we use the “adap-
tive scanning” algorithm described in more detail in [62].
This means essentially that we are using the importance
sampling algorithm VEGAS [63, 64] to evaluate the inte-
gral of the cross section over the relevant MSSM parame-
ters. We are not interested in the value of the integral as
such but store the sampled points that automatically accu-
mulate in the region of large cross section. More precisely,
the quantity we are integrating over in our scans is identi-
cal to the cross section only at ‘allowed’ points according to
the parameter restrictions described in Sect. 3.1, and zero
otherwise. The accumulation of points thus also focuses
on the allowed region. In all scans we only keep sampled
parameter points that fulfill all the constraints described
in Sect. 3.1.

Before presenting the results of our scans, we have to
discuss one critical issue”. Threshold effects are an import-
ant mechanism of enhancement for the cross section we
study here and our scanning procedure samples regions
of parameter space where such effects are important more

8 udging from our present knowledge, it seems unrealistic
that such an adjustment will be made.
9 We thank the referee for raising this issue.
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thoroughly. However, it is known that the evaluation of
loop-amplitudes near thresholds becomes inaccurate if the
unstable virtual particles are approximated as stable ones,
i.e. neglecting their widths. In our calculation we use this
approximation, which might lead to an overestimation of
the cross section near thresholds.

In a previous project [61] the numerical effect of in-
troducing the widths of virtual particles in similar loop-
integrals on the values of those integrals and the resulting
cross section have been studied. For typical squark widths
of up to 1 GeV the effect on the cross section was a reduc-
tion by up to 10% in a small vicinity of the threshold region
(less than +10% around the threshold).

We investigated how important the nearness to thresh-
olds is for the cross section values in our scans. We find
that the only relevant threshold in the large cross-section
region is the stop—sbottom threshold, where my+ =m;, +
my, . Indeed, we get the highest cross sections distributed
around z := (mg +mj )/my+ =1. In order to assess
whether a possible overestimation introduced by our ap-
proximation has distorted our results we did the following
check. We regenerated Figs. 8 to 10 reducing the cross
section o by 50% if || < 10% and leaving it untouched oth-
erwise. A reduction of ¢ in the threshold region by 50%
is of course much more than was found in [61]. With this
prescription, the only visible change is the absence of the
orange points and a slight depletion of the light blue points
in Figs. 8 and 10.

3.3.1 Scan 1: myg+ and tan 3 known

The MSSM input parameters are scanned over the follow-
ing region:

M, My, My =10...2000 GeV ,
11, Ay, A, = —4000 . . . 4000 GeV
V3 =500...1000 GeV ,
my+ =500 GeV

tan 8 =3, 15, 30. (19)

The tan 3 values respectively lie roughly at the lower, mid-
dle, and upper end of the wedge region. The less influen-
tial parameters are set to My =800 GeV and Ay =0 (f =
€, 1, T, U, d, ¢, s). Examining the results by studying projec-
tions of the cross section on all one- and two-dimensional
subspaces of the scanned parameter space we find that the
gaugino mass parameters M; and My have negligible influ-
ence for cross sections down to 1073 fb. We also study the
dependence of the cross section on the squark mixing pa-
rameters X;, Xp normalised to the sfermion mass scale M >
i.e. X; = (A, — p/ tan B)/ M and X, = (Ap — ptan 8)/Mj.
In Fig. 8 we show the most interesting two-dimensional
projections'®. Note that in Figs. 8 and 10 parameter points
with an “observable” cross section (above 0.05fb) con-
tain all blue and orange points and a subset of the yellow
points.

10 The complete results of the parameter scans can be ob-
tained via the following URL in [65].
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Fig. 8. Two-dimensional slices through the scanned parameter space of scan 1 for tan 8 = 3, 15 and 30. The colours refer to bins
of cross-section values: orange: 10 fb > o > 1 fb, light blue: 1fb > o > 1071 b, yellow: 1071 b >0 > 1072 b, cyan: 107 2h>0>
1073 fb, red: 10 3fb>0>10"% tb, green: 1074fb>0>10""° b, blue: o0 < 107 fb. Points with larger values of o are plotted on
top of points with smaller values. Please refer to the on-line version for colours

For tan( =3 the most noticeable feature, shown
in Fig. 8a-c, is that the highest values for the H*W T pro-
duction cross section lie typically between 1073 fb and
10~2fb and are reached everywhere in the allowed pa-

rameter region. In our scan we find a few cases with
higher cross section, clearly visible as the scattered yel-
low dots on a cyan background. Yet, we find no scenario
with a cross section above 0.1 fb. The well-known fact that
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for small tan 3 the constraints, especially the LEP Higgs-
mass bound, require a fair amount of stop mixing (i.e.
| X¢| 2 1) to be present, is clearly seen in all three figures.
Also owing to the LEP bound, the lowest common
squark mass scale M 7 for which we find allowed scenarios
is about 400 GeV for positive X; and 600 GeV for negative
X;. It is for rather low Mf~, below about 650 GeV, that the
few scenarios with a cross section above 10~2 fb appear. It
turns out that having M 7 < 650 GeV is a rather generic ne-
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to the on-line version for colours

cessary requirement for scenarios with cross sections above
10~2 fb, as will become more clear in the following.

The projection on the X;—u plane (Fig. 8c) reveals that
almost all of the scenarios we find in our scan show a strict
correlation between the sign of X; and the sign of u, the for-
mer being positive if the latter is negative and vice versa.
This behaviour is due to the BR(B — X,v) constraint. For
my+ = 500 GeV the branching ratio quickly saturates its

upper bound if the product Xt,u rises to positive values
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almost independently of the values of the other scanned pa-
rameters, except for a small region around X;u =4 TeV.
This region can be seen in the upper right and lower left
quarter of Fig. 8c. This near-perfect correlation between
the signs of X; and p, and a similar correlation between
the signs of X, and Xb, also holds for tan 8 = 15 and 30 for
the same reason (see Fig. 8e,f and h). However, for higher
values of my+ (say 800 GeV) this is not the case.

For tan 8 = 15 (Fig. 8d,e and f) the results of the scan
change drastically compared to the tan 3 = 3 case. Firstly,
the allowed region in the M ~X; plane (see Fig. 8d) is
much larger, now also including scenarios without stop
mixing and scenarios with M 7 below 300 GeV. Secondly,
the highest cross-section values are considerably larger,
of the order of 10fb. The projection of the parameter
points on the Mz X, plane (Fig. 8d) shows that the sce-
narios with a (large) cross section above 0.1fb are con-
fined to a very specific region with M 7 between 250 GeV

and 600 GeV, and Xt between —2.5 and —1 simultan-
eously. It is only in this region that mg, +my, can be of
the order of m g+ such that stop—sbottom loop-graphs can
lead to enhancement of the cross section due to threshold
effects. o

The projection on the X;—Xj; plane (Fig. 8¢) shows that
all large cross-section scenarios also have a significantly
nonzero and negative value of X;. Quantitatively, it turns
out that those scenarios typically have the two mass scales
my Xy and mp Xy, of the same order of magnitude. Further-
more, from the projection on the X;—u plane (Fig. 8f) we
see that those scenarios also have a positive and large value
of u, typically between 2TeV and the limit of our scan
range (4 TeV). Looking into the X}- Ay plane (not depicted)
we find large cross-section scenarios for almost any value
of Ab.

The scan results for tan 3 = 30 (Fig. 8g,h and i) look
very similar to the previous case. Again, in order to ob-
tain a cross section above 0.1 fb it appears that one needs
a low sfermion mass scale M; between roughly 250 GeV
and 600 GeV and a significant amount of mixing in the stop
and sbottom sector with both X; and X} negative. One im-
portant change compared to the previous case is that all
large cross-section scenarios have a rather large value of
|Ap| 2 1 TeV (see Fig. 8i).

3.3.2 Scan 2: my+ and tan 3 unknown
The MSSM input parameters are scanned over the follow-
ing region:

Mj;=10...2000 GeV,

11, Ay, Ay = —4000 . . . 4000 GeV
M+ =500...920 GeV

tanf=1...50,
Ml :M2:500G6V,
Vs=1TeV. (20)

The less influential gaugino mass parameters M; and M,
are fixed in order to obtain a more thorough scan over the
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relevant MSSM parameters. Furthermore, Mz and Ay (f #
t,b) are chosen as in can 1.

Figure 9a shows the obtained cross-section values pro-
jected on the my+-axis. Overall, the values drop with ris-
ing my+ due to decreasing phase space. There are no sce-
narios with o > 0.1 fb for my+ 2 750 GeV and no scenarios
with o > 0.01fb for mpy+ 2 875 GeV. The projection on the
tan (-axis in Fig. 9b shows that there exist allowed param-
eter scenarios with cross sections even above 0.1fb over
the whole scanned range. Figure 9c shows the very distinct
dependence of the cross section on the common sfermion
mass scale Mz, which survives even after the inclusion of
my+ and tan 3 in the scan. Evidently, cross sections sig-
nificantly above 0.1 fb are only possible if 275 GeV < M 7 <
700 GeV where threshold enhancement in stop—sbottom
loop-graphs occurs. A detection of squarks with masses in
this range at the LHC would raise hopes that W=*H¥ pro-
duction would be observable at the ILC with an integrated
luminosity of the order of 1000 events/fb.

As in scan 1 it turns out that the mixing parame-
ters in the third-generation squark sector are important
for the understanding of the large cross-section regions.
Figure 10a shows that the largest cross-section values
lie roughly on two broad stripes with 1 < [X;| <2.5 in
the X;—X, plane leaving the central part of the plane
with values below 0.01fb. We find cross-section values
above 0.1fb only for scenarios that also have a consid-
erable amount of sbottom mixing, typically X, < —50.
This can be understood by two observations. Firstly, stop—
sbottom threshold enhancement of the cross section needs
a low-enough sfermion mass scale or enough mass split-
ting in the stop or sbottom sector such that mj +m;
can be of the order of my+. Secondly, large values of )d
and X, entail large values of p and/or the soft-breaking
couplings A; and Ay, which lead to higher cross-section
values.

Motivated by this observations, we study the dimen-
sionless quantity

2 2
5, mtXt mbXb
o ( T ) ( 72 )

as a discriminating variable for our original scan 2. This
quantity is just the off-diagonal entries in the stop and
sbottom mass matrices, m;X; and m;X;, respectively,
added in quadrature and normalised to the common
sfermion mass scale M 7 Figure 10b shows the projection

(21)

in the M f*th plane. Cross sections above 0.1 fb require

th 2 0.8 and centre roughly around th ~ 1.

For reasons of economy of calculation and interpreta-
tion, all our MSSM results were obtained assuming the
presence of one common sfermion mass scale M 7 in the
model. Having identified the major enhancement mechan-
isms of the cross section as threshold effects and large cou-
plings of virtual third-generation squarks, we would like to
comment on the more general case of non-uniform sfermion
mass-parameter assignments. In our restricted choice of
sfermion mass-parameters, given a certain mass scale M >
one needs significant amounts of mixing in the stop and
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sbottom sector in order to fulfill the threshold requirement
mg, +my ~my= if M is much larger than my+ /2. With
rising M ; this will eventually run into trouble with the pa-
rameter restrictions. The amount of squark mixing needed
to fulfill the threshold requirement may be relaxed if there
is additional mass splitting in the stop and/or bottom
sector present through a non-uniform choice of the three
third-generation sfermion mass-parameters My, My, and
M.

4 Conclusions

The production of a charged Higgs boson H* in associa-
tion with an electroweak boson W¥ in eTe™ collisions is
a loop-induced process. At the ILC, this process is partic-
ularly important for the charged-Higgs-boson detection if
pair production is kinematically forbidden. Furthermore,
one would gain valuable information about the underlying
model by observing this process at the ILC. We calcu-
lated the cross section for this process at one-loop order in
the framework of the MSSM and THDM and investigated
the predictions of both models at an ILC with 500 GeV
and 1000 GeV centre-of-mass energy. The MSSM scenar-
ios with large third-generation squark mixing and low
sfermion mass scale, for which we showed examples, can
give rise to a cross section that differs from a THDM with
identical Higgs sector parameters by two orders of magni-
tude. The dominant enhancement mechanism is threshold
effects in stop-sbottom loop graphs if m;, +my, & mpy.
Using polarised electron and positron beams can increase
the cross section by a factor of 2 to 4 depending on m g+
and tan 8. We performed a MSSM parameter scan for re-
gions of large cross section assuming a 1 TeV collider and
a charged Higgs boson too heavy to be pair produced
at such a machine. We find scenarios with a cross sec-
tion above 0.1fb for mgy+ up to about 750 GeV in the
whole scanned tan 8 range (1...50). These scenarios re-
quire a sfermion mass scale between 200 GeV and 600 GeV
and a certain amount of mixing in the stop and sbottom
sector. The FORTRAN program ‘eeWH’ for the calcula-
tion of the MSSM and THDM cross sections including the
option to perform parameter scans can be obtained from
one of the authors*!.
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