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We study the associated production of the charged Higgs boson and W gauge boson in high
energy ete™ collisions in the Minimal Supersymmetric Standard Model (MSSM). This associated
production, which first arises at the one loop level, offers the possibility of producing the charged
Higgs boson at the eTe™ collider with mass more than half the center-of-mass energy, when the
charged Higgs pair production is kinematically forbidden. We present analytic and numerical results
for the cross section for ete™ — W+ H~ in the full MSSM, taking into account the previously
uncalculated contributions from supersymmetric (SUSY) particles. We find that the contributions
of the SUSY particles enhance the cross section over most of SUSY parameter space, especially when
the SUSY particles are light, ~ 200 GeV. With favorable SUSY parameters, at small tan /3, this
process can yield more than ten W*HT events for my+ < 350 GeV in 500 fb~! at a 500 GeV eTe™
collider, or mz+ < 600 GeV in 1000 fb™! at a 1000 GeV collider. 80% left-handed polarization of
the e beam improves these reaches to mpg+ < 375 GeV and m gz < 670 GeV, respectively.

PACS numbers: 12.60.Jv, 12.60.Fr, 14.80.Cp, 14.80.Ly

I. INTRODUCTION LHC. At a future high energy ete™ linear collider (LC),
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Discovery of the heavy Higgs bosons H?, A and H* of
the Minimal Supersymmetric Standard Model (MSSM)*
poses a special challenge at future colliders. Run II of
the Fermilab Tevatron, now in progress, has a limited
reach for the neutral heavy MSSM Higgs bosons. It can
detect the CP-even and CP-odd neutral Higgs bosons
HY and AP if their masses are below about 150 GeV
and tan 3 (the ratio of the two Higgs vacuum expecta-
tion values) is large, so that the couplings of H? and
AY to b quarks are enhanced [}, 4, B, Bb]. For the charged
Higgs boson H* no sensitivity is expected via direct pro-
duction at the Tevatron unless QCD and SUSY effects
conspire to enhance the cross section m:&“ however, H*
can be discovered in top quark decays for mgx < my
and large tan g E“ ﬁ The CERN Large Hadron Col-
lider (LHC) has a much greater reach for heavy MSSM
Higgs boson discovery at moderate to large values of
tan 3. H® and AY can be discovered with decays to
7 pairs for tanf 2 10 for a CP-odd Higgs mass_of
mao = 250 GeV (tan 8 2 17 for m4o = 500 GeV) [d, 10].
The charged MSSM Higgs boson H* can be discovered
in gb - tHY with Ht — rv for virtually the same
tan 8 values [iG, 1#]. The absence of a Higgs boson
discovery at the CERN LEP-2 experiments implies that
0.0 < tanf < 2.4 and myo < 91.9 GeV are excluded
at 95% confidence level E.N_._ This leaves a wedge-shaped
region of parameter space at moderate tan 8 in which the
heavy MSSM Higgs bosons will not be discovered at the
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I For a Rpedagogical Tntroduction to the MSSM Higgs sector, see
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the heavy Higgs bosons will be produced in pairs, if it is
kinematically allowed. The dominant production modes
are ete™ — HO0AD and ete™ — HTH~; for experimen-
tal studies see Refs. [13, j4]. These production modes
are kinematically allowed only if mgo + m 40 < /5 and
2mpg+ < /5, respectively, where /s is the center-of-mass
energy of the LC.? At large m 4o, Mo ~ mpyo ~ mpyx
up to mass splittings of order m%/myo, so that the
pair-production modes are kinematically allowed only if
mao < 0.54/5. In particular, the pair-production modes
are limited to m4o < 250 GeV (mago < 500 GeV) at a

LC with /5 = 500 GeV (v/5 = 1000 GeV).

By contrast, the discovery of the light MSSM Higgs
boson k°, which typically has properties similar to those
of the SM Higgs boson, is much more certain. At Run II
of the Tevatron, discovery of h® at the 5o level is pos-
sible for mpo < 120 GeV if 15 fb™! of integrated lu-
minosity can be collected and the detectors perform as
expected [B]. This covers a large fraction of the MSSM
parameter space left unexcluded after LEP-2 E.mq At
the LHC, discovery of A" is virtually guaranteed over all
of the MSSM parameter space @ Enough A® events
are expected in a number of different production and de-
cay modes to allow the measurement of various combina-
tions of h° partial widths with precisions on the order of
15% [[5]. At the LC, A° will be copiously produced. The
promise of the LC for making precision measurements of
the couplings of h® at the few-percent level has been well
documented [ji6, 7, [8]. If the MSSM Higgs sector is
not too far into the decoupling limit E.@uuf in which the

2 The pair production of scalars is p-wave suppressed near thresh-
old, so in practice the Higgs mass reach in these modes is likely
to be somewhat below the kinematic limit.
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heavy Higgs bosons become increasingly heavy and the
couplings of h® to SM particles approach their SM values
(so that kY behaves like the SM Higgs boson), the LC
measurements of h° couplings can be used to distinguish
h® from the SM Higgs boson and to extract MSSM pa-
rameters [ZOIJ One finds > 20 deviations from the SM
typically for m4o < 600 GeV [:IG_:, 2-(}‘]3

While in the decoupling limit the couplings of A°
become increasingly insensitive to the MSSM parame-
ters, the couplings of the heavy Higgs bosons exhibit
no such decoupling; rather, they are always sensitive to
the MSSM parameters. Further, the measurements of
the masses and couplings of the heavy Higgs bosons in
addition to those of A" allow one to place orthogonal
constraints on the parameters of the MSSM Higgs sec-
tor. Thus, measurements of the properties of the heavy
MSSM Higgs bosons are very valuable, especially in the
decoupling limit.

In this paper we consider the production of one of the
heavy Higgs bosons alone or in association with lighter
SM particles at the LC. While the cross sections for such
production modes are typically very small, they offer the
possibility of extending the reach of the LC to higher
values of m 40 o g+ 2 0.5y/5. Single heavy Higgs boson
production has been studied before in the literature via a
number of different processes, which we summarize here.
Because detailed experimental studies of almost all of
these processes are unavailable, we choose an optimistic
standard of detectability to be 10 heavy Higgs boson pro-
duction events in the LC data sample. We assume data
samples of 500 fb=! at /s = 500 GeV and 1000 fb~!
at v/s = 1000 GeV. For neutral Higgs boson production,
this standard corresponds to a cross section of 0.02 fb
at /s = 500 GeV (0.01 fb at /s = 1000 GeV). For the
charged Higgs boson production, we may add together
the cross sections for T and H~ production. Thus our
standard corresponds to a cross section for production of
a charged Higgs boson of one sign of 0.01 fb at /s = 500
GeV (0.005 fb at /s = 1000 GeV). We assume unpo-
larized e~ beams unless otherwise specified; we always
assume that the et beams are unpolarized.

The heavy CP-even neutral Higgs boson H° can be
produced via the same processes as the SM Higgs bo-
son, t.e., Higgsstrahlung, ete™ — ZH"; W-boson fusion,
ete™ — voHY; and Z-boson fusion, ete™ — ete  HY.
However, the cross sections for these production pro-
cesses are suppressed relative to the corresponding SM
Higgs production cross sections by cos?(8 — a), where «
i1s the mixing angle that diagonalizes the CP-even neu-
tral Higgs boson mass-squared matrix. In the decoupling
limit [:_1-9:], cos?(8 — @) o< m%/m?%,, so these cross sec-
tions quickly become very small as m 40 increases. At a

3 A subset of the A° couplings can also be measured with similar
precision at a LC operating as a v collider, leading agail} to
> 20 deviations from the SM typically for m 40 & 600 GeV [21:]

500 GeV LC, ZH° production can provide some reach
beyond mgo ~ 0.5y/s = 250 GeV at low tan 3. Using
the program FeynHiggsXS [:_2-2'], which includes the full
Feynman-diagrammatic corrections to this process at the
one-loop level as well as two-loop corrections to the Higgs
masses and mixing, we find that ZH? production yields
a cross section above 0.02 fb for mgo < 385 GeV at
tan 8 = 2.5 (mpgo < 325 GeV at tan f = 10). At a 1000
GeV LC, the cross section for ZHY production is tiny, be-
low about 0.005 fb for tan 8 2 2.5 and mgo > 500 GeV.
At /s = 500 GeV, the cross section for SM Higgs bo-
son production through W-boson fusion is smaller than
that for SM Higgs boson production via ete™ — ZH°
for mpgo 2 165 GeV (see, e.g., Ref. [i&]), thus in the
MSSM we do not expect the W-boson fusion process to
improve the reach for H® over ZH® production at this
center-of-mass energy. At /s = 1000 GeV, however, the
SM W-boson fusion cross section is considerably larger
than the SM ZH° production cross section all the way
up to the kinematic limit. This process yields a cross sec-
tion above 0.02 fb for mpo < 550 GeV at tan g = 2.5.2
Finally, the Z-boson fusion cross section is always about
a factor of ten smaller than the W-boson fusion cross
section, so we do not expect it to be useful here.

In addition to the unsuppressed but kinematically lim-
ited production mode ete™ — HYAY the heavy CP-odd
neutral Higgs boson can also be produced in association
with the light A", via ete™ — h%A". As above, the
cross section for this production mode 1s suppressed by
cos?(B —a). At a 500 GeV LC, this process may provide
some reach for m4o > 250 GeV at low tan j3; using Feyn-
HiggsXS [:_2-23 we find that it yields a cross section above
0.02 fb for m4o < 355 GeV at tan g = 2.5 (mao0 < 270
GeV at tan f = 10). At a 1000 GeV LC, the cross section
is below 0.02 fb for tan 8 2 2.5 and m 40 > 500 GeV.

The heavy MSSM Higgs bosons can also be produced
in association with pairs of third-generation fermions:
etem = bbH, bbA°, r—vH™* and tbH*t. The cross sec-
tions for the first three of these processes are strongly
enhanced at large tan 3, and the fourth i1s enhanced at
both large and small tan 3.°> The cross sections for all
four processes fall rapidly with increasing m4o0. At a 500
GeV LC, the process ete™ — bbH? can provide some
reach for mgo > 250 GeV at large tan 3; it yields a
cross section of 0.1 fb or greater for mgo < 350 GeV at
tan 3 = 50 (mpgo < 300 GeV at tan 3 = 30) [25, 26]°.
The process ete™ — bbA® yields cross sections below 0.1

These results for ete™ — vvH? are basgd on the a.g approx-
imation from the program subhpoldm [23]. A full Feynman-
diagrammatic calculation of the radiative corrections to this pro-
cess is not yet available.

The first two processes are useful for measuring tan 3 at large
tan 8 and low m 40 [24]. .

Results were not given in Refs. [25, 26] for cross sections smaller
than 0.1 fb. Presumably, the reach in m o is somewhat larger
at a cross section of 0.02 fb.



fb for m4o > 250 GeV [25, 26]. At a 1000 GeV LC, nei-
ther ete™ — bbH" nor bbA° yields a cross section above
0.1 fb for mgo 40 > 500 GeV [25]. At a 500 GeV LC,
the process eTe™ — 7~ v HT yields a cross section above
0.01 b for my+ < 275 GeV at large tan 8 ~ 40, while
ete™ — {bHT yields a cross section above 0.01 fb for
myz < 260 GeV for low (~ 1.5) or high (~ 40) values
of tan A [27] (see also Refs. [25, 28]). At a 1000 GeV LC,
the process eTe™ — 7~ v HT yields a cross section above
0.005 b for my+ < 520 GeV at large tan 8 ~ 40, while
ete™ — thHT yields a cross section above 0.005 fb for
mpg+ < 550 GeV for low (~ 1.5) or high (~ 40) tan g
[Z% (see also Ref. [25]). If the ete™ LC is converted into
a photon collider through Compton backscattering of in-
tense laser beams, similar single Higgs production pro-
cesses are possible with cross sections for my=_> \/s/2
typically larger than those in eTe™ collisions [29:| At a
1000 GeV parent ete™ machine, vy — 7" vHT yields a
cross section above 0.005 fb for my+ up to almost 700

GeV at large tan 8 ~ 30 [24].

At a photon collider, the neutral heavy Higgs bosons
HY and A" can be singly produced in the s-channel
through their loop-induced couplings to photon pairs.
This process currently appears to be the most promis-
ing for detecting H° and A° with masses above /s/2
and tan 8 values in the LHC wedge region [30, 31, 39].
In particular, a recent realistic simulation [:_)’-On_‘] shows that
a 630 GeV ete~ LC running in vy mode for three years
would allow H9, A" detection over a large fraction of the
LHC wedge region for m 40 up to the photon-photon en-
ergy limit of ~ 500 GeV. At a 1000 GeV LC, the mass
reach is likely to be above 600 GeV [Bl:]

Production of charged Higgs bosons at a photon col-
lider via vy — WTH~ at the one-loop level has been
studied in the non-supersymmetric two Higgs doublet
model (2HDM) and the full MSSM in Ref. [33]. If 1000
fb~! of ete™ luminosity is devoted to vy collisions at
V/$ce = 1000 GeV, a ten-event discovery of H#* in the
2HDM is possible for my+ < 570 GeV at tan g = 2;
the cross section falls with increasing tan 8. In the full
MSSM with light superparticles the cross section is en-
hanced, and this mode provides a ten-event discovery
reach for mg+ above 600 GeV at tan § = 2 (mg=+ < 520
GeV at tan 8 = 6) [33).

Single heavy MSSM Higgs bosons can be produced at
the eTe™ LC through a number of loop-induced processes
as well. The process ete™ — ZAC is forbidden at tree-
level but present at one loop. A significant contribution
to this process comes from the loop-induced AZ 7 ver-
tex, computed in Ref. [',_34] The full cross section for
ete™ — Z A" has been calculated in both the 2HDM [35]
and in the full MSSM [36]. In the 2HDM the cross sec-
tion is very small, about 0.003 fb 7 for tan 8 ~ 1.5 and

7 We have taken into account an additional factor of 1/4 due to the
average over the initial et e~ polarizations that was accidentally

/s = 500 GeV, and falls rapidly with increasing tan 3
[35':| In the full MSSM, light charginos and sleptons with
masses of order 200 GeV can enhance the cross section
by an order of magnitude or more; this leads to a cross
section for ete™ — ZAY at a 500 GeV LC larger than
0.02 fb & for m 4o < 270 GeV for a wide range of tan 3 val-
ues [:_3-@ This enhancement disappears once the chargino
and slepton masses exceed about 500 GeV. Similarly, the
process et e~ — vA® was considered in Refs. [55, ',3’-8_:, '._3-9:]
At a 500 GeV machine, even including the enhancement
of the cross section from SUSY contributions, the cross
section is below 0.02 fb for m 40 > 250 GeV at tan 8 = 2,
and falls rapidly with increasing tan 3 [38]. At higher \/5
the situation is similarly unpromising for tan g > 2 [59]

The similar process eTe”™ — WTH™ is also forbid-
den at tree level but present at one-loop. A signifi-
cant contribution to this process comes from the loop-
induced W+ H~=7 and WT H~ vertices. The contribu-
tions to these vertices from top/bottom quark loops [4(]
and gauge and Higgs boson loops [41] have been com-
puted in the 2HDM. The full MSSM contributions to
these vertices have been computed in Ref. [:4_1-2_1], the con-
tributions from top/bottom squark loops are also given
in Ref. [:Z_IQ:‘] The loop-induced W+ H~Z vertex has also
been computed numerically in the full MSSM in Ref. [:4_133

The loop-induced W+ H~~ coupling leads to the pro-
cess e~y — vH ™. The cross section for this process has
been computed in the 2HDM in Ref. [:4_1_4_:] The cross sec-
tion is relatively independent of mg+ all the way up to
threshold for e~ center-of-mass energies of either 450 or
900 GeV. However, the cross section is quite small, typi-
cally below 0.05 fb for tan 8 > 1.5, and falls rapidly with
increasing tan ['.flé_i] With a typical e™~ luminosity of
100 fb=1 [:f[@, a cross section of at least 0.1 fb would be
required to obtain 10 H~ events.

The full cross section for ete™ — W+ H~ has been
calculated in the non-supersymmetric 2HDM in Refs. ['.fl@',
:24-?, :_ZIS] If one imposes the MSSM relations on the 2HDM
Higgs sector, then the cross section at a 500 GeV LC is
above 0.01 fb for mpy+ < 380 GeV and tanf = 2; it
falls rapidly with increasing tan ['{_18j If the MSSM
constraint on the Higgs sector is relaxed, as in Ref. [,2_1_7_:],
then the ete™ — WT H~ cross section can be enhanced
in some regions of 2HDM parameter space with tan g 2 3
due to large triple-Higgs couplings. This enhancement is
limited to a little less than an order of magnitude by
the requirement that the Higgs self-coupling constants
remain perturbative. The resulting cross sections reach
a maximum of about 0.05 fb ? for my+ > 250 GeV at
tan 8 ~ 4, and fall rapidly with increasing tan 8 and
increasing mpr= [:4_1-7_:] Similar results were obtained in

omitted in Refs. [IE_)’EE, §(§] [§7l:]

8 We have again taken into account the additiopal factor of 1/4
from the average over the et e~ polarizations [B7].

9 Ref. [:4_17_'] presents cross sections for 100% polarized e~ and et
beams; we quote the unpolarized cross section here.



Ref. [46].

In this paper we compute the cross section for eTe™ —
W+ H~ in the full MSSM. We present analytic formu-
lae for the matrix elements and numerical results for the
cross section as a function of the MSSM parameters. We
find that the contributions of the SUSY particles enhance
the cross section over most of SUSY parameter space, es-
pecially when the SUSY particles are light, with masses
of order 200 GeV. The largest contributions to the cross
section from the SUSY sector come from diagrams involv-
ing charginos/neutralinos and top/bottom squarks. We
also find that left-handed polarization of the e~ beams
leads to an order 50% enhancement of the cross section.
Throughout this paper we present cross sections for the
single process ete™ — WTH~; these numbers should
be doubled to find the combined cross sections for this
process plus its charge conjugate.

This paper is organized as follows. In Sec. ﬂ we intro-
duce our formalism for the matrix elements and cross sec-
tion. In Sec. H]: we display the relevant SUSY diagrams
and review the renormalization procedure. In Sec. :[\Z:
we present our numerical results. Sec. :V' is reserved for
our conclusions. The matrix elements for the 2HDM and
SUSY diagrams are collected in the appendix.

II. FORMALISM

Following the notation of Ref. Fﬁf@ﬂ, the matrix element
M for ete™ — WTH~ can be decomposed into six in-
dependent matrix elements A; and their corresponding
coefficients M;:

M= ZMZ.AZ (1)

i=1

The six matrix elements are defined as,

_ x 1+
Av = 0(pn) £ (k) =5 ulp)

do(efhe; — WHH™) _ K 25| Ms|? — (m3 . miy

dcosf 327s 4m
+ 4(mi, — t)Re[Ma M|+ 4(miy, —
and

do(efer — WHH™) _ K 25| My |7 — (m3 . miy

dcosf 327s 4m

— tu) {(m

w)Re[MaMG] + 2(tu — miys — miy mipe ) RelMaMi] + Mo |

— tu) {(m%V

Ay = 0lps) £ (k)5 2 u(p)

Ay = B(p2) fr Loy (pr - € (1))

As = o(pe) /4711_ (1) (91 - € (k1)

As = 5(pa) Il )(pa - € (k)

As = 0(p2) =) (2 (k) (2)

where ¢* is the polarization vector of the W boson, p;
and py are the incoming momenta of the initial e~ and
et respectively, and k; is the outgoing momentum of the
W+,

For convenience we define two additional matrix ele-
ments, A7 and As:

I+

A7 = i 5 (ps)y,, u(pr)es, kigkay

N = 1= *
Ag = ie “’va(pz)'yu 275u(p1)6ak1/@k2% (3)

where ko = p1 4+ p2 — k1 1s the outgoing momentum of
the H~ and e**%7 is the totally antisymmetric tensor,
with €122 = 1. A7 and As can be expressed in terms of

A1-Ag as follows:

A7 = At —u)/24+ As — A;
As = .Az(U—t)/Q—.A4+.A6, (4)

where t = (p1 — k1)? and u = (p1 — k2)?.

From the form of these matrix elements, one immedi-
ately sees that the cross sections for like polarizations of
et and e~ are zero:

da(efei — W+TH™)
dcosf

dO’(@E@E — W+TH™) B
dcos @ a

= 0. (5)

For unlike polarizations of et and e~, the cross sections
are given in terms of the six basic matrix elements by:

£)* | Mal* + (myy — u)?| Mg/

— )7 M| + (miy —u)*|Ms|*

+ 4A(miy — ORe[MIME] + 4(mfy — u)RelM1M3] + 2(tu — miys — miymia JRe[MaM3] + LMo}

Here s = (p1 + p2)? and x = 2k1|/+/5 is given by:
e ] e =]
s

The unpolarized cross section is obtained by averaging
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FIG. 1: Feynman diagrams for the 2HDM contributions to
ete™ - WHYH™. Here S, S, ;» denote Higgs and Goldstone
bosons, V =, Z, and V' = Z, W*.
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FIG. 2: Feynman diagrams for the SUSY contributions to
ete™ — WTH™. Here x; 1 denote charginos and neutrali-
nos, S; ; x denote squarks and sleptons, and V' = ~, Z.

over the four possible initial combinations of ete™ polar-
izations.

III. RENORMALIZATION

The diagrams contributing to ete™ — WHH~ in the
2HDM are shown in Fig. :1: [:.ff@ﬂ We show the addi-
tional SUSY diagrams in Fig. u?f There are also W~ H~
and G~ H~ mixing self-energy diagrams that involve SM

k TN g TN
w, > W - H W, >
i w
(1) (@) (3)
b S S
B /\ 5 _ \\ k - - /’ \‘ ]\ -
G ---- - H G- === o ™ H G ---- -— H
N Si w
(4) (5) (6)

FIG. 3: Feynman diagrams for the 2HDM contributions to
W~H~ and G~ H™ mixing self-energies. Here S; = h°, H°
and S; = H* G*.

Xi Si
k //‘h\‘ k
W, > - W, "\AAJ\ r»— H-
NI
(1) (2)
Xi Si
k /// \\\ k
G- ---- > H- G~ --“'\ g r»— H-
S i !
(3) (4)

FIG. 4: Feynman diagrams for the SUSY contributions to
W™H™ and G™H™ mixing self-energies. Here x;; denote
charginos and neutralinos and S;; denote squarks and slep-
tons.

fermions, gauge and Higgs bosons (Fig. i), and SUSY
particles (Fig. é). These mixing self-energies, together
with the counterterms, contribute to ete™ — WHTH™
via the diagrams in Fig. '§

We neglect all diagrams that are proportional to the
electron Yukawa coupling. We also neglect the diagrams
shown in Fig. :6:

(a) These two diagrams are proportional to me either
through the electron Yukawa coupling or through
the factor of m. obtained via the equation of mo-
tion of the incoming electron. In particular, the
vector boson-Higgs mixing is proportional to k'L/ =
Piy + P2y, which gives m. when acting on the
Vieyte vertex.

(b) This diagram is zero because the W~ H~ mixing
self-energy is proportional to k1, and %y - €* = 0.

(c) We will set the renormalized tadpoles to zero below,
so that this diagram does not contribute. (Note
that the A% and G tadpoles are zero automatically
due to CP conservation.)

(d) This diagram is purely real and is canceled by the
G~ H~ mixing counterterm, as discussed below.
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FIG. 5: Feynman diagrams for the contributions to ete™ —
W*H™ through the counter terms and the W~H~ and
G~ H™ mixing self-energies. The “X” in diagram 1 denotes
the counter term for the yWTH~ and ZW T H™ vertex, and
the blob in diagrams 2-4 denotes the renormalized W~ H~
and GT H™ mixing.
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FIG. 6: Contributions to ete™ — W H™ that we neglect.

We evaluate the one-loop process ete”™ — WHTH~ in
the 't Hooft-Feynman gauge using dimensional regular-
ization. Using dimensional reduction yields the same
result for this process. Diagrams that contain closed
loops of chiral fermions may give rise to inconsistencies
in the_treatment of 4° in naive dimensional regulariza-
tion ['é_l@l, E(ﬂ We have checked that this does not happen
in the one-loop ete™ — WTH~ diagrams by comput-
ing the terms involving 4° in the diagrams with closed
fermion loops using the 't Hooft-Veltman rules [:fl-g, 51_:]
It was shown in Ref. [:4_19:| that this prescription yields a
consistent formulation of dimensional regularization even
if ¥° couplings are present. (For a pedagogical discussion
see Ref. [52]) We find that in this process the 't Hooft-
Veltman rules yield the same result as naive dimensional
regularization, so that no inconsistencies arise.

We follow the on-shell renormalization formalism de-
veloped by Dabelstein [Eiﬂ for the MSSM gauge and
Higgs sectors. The one-particle-irreducible (1PI) tadpole
diagrams for h® and H° are given by —iT}, and —iT}r,
respectively. Including the tadpole counterterms, the
renormalized tadpoles are given by:

TH:TH+6tH~ (9)
The 1PI two-point function for W+ H ¥ mixing is de-

Th = Th +6tha

fined as —ik, Yy +pg+(k?), where k is the incoming mo-
mentum of the W;’, and H7T is outgoing.'® The con-
jugate two-point function, with W~ incoming and H~
outgoing, is given by +ik,Yy+g+(k*), where again k
is the incoming momentum of the W, . The renormal-
ized two-point function for W+ H¥ mixingis obtained by

adding the counterterm:
Swent (k) = S+ (k)

J J
—myy sin 3 cos 3 <5ZH1 — 62y, — A + ﬂ) , (10)

v1 V2

where § Zg, and 0 Zg, renormalize the two Higgs doublet
fields Hy and Hs and év; and (5v2_renormalize the two
Higgs vacuum expectation values [f_)3_ﬂ

Hi = Z7Hy;, = 2 (0 = dwy),  (11)

and ZH, =1+ 6ZH,~

The 1PI two-point function for Gt HT mixing is de-
fined as +iXg+p+(k?), where k is the incoming mo-
mentum of the Gt and H7T is outgoing. The conju-
gate two-point function, with G~ incoming and H~ out-
going, is the same. The renormalized two-point func-
tion for GT HT mixing, flg+H+(k’2), is fixed in terms of
S+ e+ kz_) due to the Slavnov-Taylor identity (see, e.g.,
Refs. [54, 55] for details):

kSt m+ (k) — mw Sg+ g+ (k) = 0. (12)

there are two vertex counterterms for
Y W,IH~ and Z,W}FH~ (all particles outgoing).
These are given by —iemw sinficosfdcg,, and
+ieswmy sin B cos fc gy, respectively. Here de =
(0Zmg, — 67, — 6v1/v1 + dva/va) and sw denotes the
sine of the weak mixing angle. Note that Jc is fixed in
terms of the WT H* mixing counterterm, Eq. :l-Q:

We need impose only the following two renormalization
conditions.!! First, the renormalized tadpoles in Eq. Z_i
are set to zero. Second, the real part of the renormalized
W+ H* mixing is set to zero when HY is on mass shell:

Finally,

Re Xyt g+ (m¥ys) =0. (13)
This fixes the following combination of counterterms:

myy sin 3 cos 8 <5ZH1 - 407y, — 6& 4 6&)

U1 (25}
= Re Sy g+ (miys), (14)

10 We use the convention Dy = 94 + 1ed,. Ref. [EG_] uses the
opposite convention, so our matrix elements should differ from
theirs by a sign.

Because the process ete™ — W+ H™ is zero at tree level, the
renormalization procedure is greatly simplified and many renor-
malization conditions, such as that for tan 3, need not be im-
posed.

11



which appears in the YWTH~ and ZWTH~ vertex
counterterms.  Applying the Slavnov-Taylor identity
(Eq. :1-2'-) at k2 = this condition also fixes
Re Eg+H+(mHi) = 0. In addition, since the countert-
erms are purely real, we have from Eq HZ

2
mH:I:a

2

B2 1 Sy e (mgs ), (15)
mw

IHl Eg+H+ (mlzqi ) =

so that diagrams 3 and 4 of Fig. & and diagram (d) of
Fig. '§ need not be calculated. As a check of our calcula-
tion we have verified Eq. :_1-5_: explicitly, including the full
MSSM contributions.

Explicit results for S+ p+(p?) are given in the ap-
pendix.  The real part of Yy +p+(mys) fixes the
YWTH= and ZW* H~ counterterms. The imaginary
part of Yy + g+ (m%.) remains in diagrams 1 and 2 of
Fig. &, since it is not canceled by the W+ H?* mixing
counterterm. This imaginary part also determines dia-
gram 3 of Fig. B. via Eq. :15

We have checked explicitly that all the divergences in
the 1PI diagrams that contribute to ete™ — W+ H~ are
canceled by the counterterms.

IV. NUMERICAL RESULTS

In this section we examine the behavior of the cross
section for ete™ — W1 H~ for various choices of SUSY
parameters and evaluate the regions of parameter space
in which the cross section is large enough to be observed
for mg+ > /s/2. As described in the Introduction, we
assume data samples of 500 fb~! at \/s = 500 GeV and
1000 fb=! at /s = 1000 GeV. We choose an optimistic
standard of detectability to be ten H* production events
in the LC data sample. Adding together the cross sec-
tions for W+ H~ and W~ H7T production, our standard
corresponds to a cross section for W+ H~ production of
0.01 b at /s = 500 GeV and 0.005 fb at /s = 1000
GeV. We assume that the eT beams are unpolarized.
We compare the cross sections obtained with unpolarized
e~ beams with those obtained with 80% left- or right-
polarized e~ beams. We do not make any attempt to
consider backgrounds or apply cuts; this is beyond the
scope of our present analysis.

Unlike the case of the non-supersymmetric 2HDM | in
which the top/bottom quark loops give by far the largest
contribution to the cross section, in the full MSSM the
fermionic loops involving charginos/neutralinos and the
bosonic loops involving stops/shottoms also give contri-
butions of similar size. Although the stop/sbottom loops
are enhanced by the large H_fRINJz coupling (which is
proportional to the top quark Yukawa coupling), these
diagrams are suppressed by higher powers of the super-
particle masses than the fermionic loops.

Diagram 1 in Fig. }_Z and diagrams 1 and 3 in Fig. :é_l: de-
couple in the limit of heavy gauginos and Higgsinos, while
diagrams 3-10 in Fig. ?.' decouple in the limit of either

heavy sleptons or of heavy gaugmos/nggsmos Squarks
and sleptons contribute to diagram 2 in Fig. -ﬁ and 2 and
4 1n Fig. ﬂ., where stops/sbottoms give the largest contri-
bution because of the large top quark Yukawa coupling.

In our numerical analysis, we use a common sfermion
mass scale Msuysy = 200 GeV for all the squarks and
sleptons. Mgusy is the soft SUSY-breaking mass param-
eter that enters the diagonal elements of the squark and
slepton mass matrices. We also include the additional D-
term contributions to squark and slepton masses, which is
crucial for the Slavnov-Taylor identity (Eq. :_1-5_).') to hold.
We study two different choices for the trilinear A cou-
plings: (I) Ay = A, = 0 and (IT) A, = Ay = 200 GeV.
Along with the p parameter and tan 3, A; determines the
left-right mixing in the stop sector, which plays an im-
portant role for relatively light Mgsysy. In addition, the
1 parameter determines the Higgsino masses. In most of
our analysis we choose ¢ = 500 GeV; we also consider
¢ = 100 GeV when examining the tan J dependence of
the cross section. We fix the U(1) and SU(2) gaugino
mass parameters to be 2M; = My = 200 GeV. Working
consistently at the one-loop level, we use the tree-level re-
lations for the Higgs masses and mixing angles in terms of
myo and tan 3. We have verified numerically that using
the radiatively corrected values for the CP-even Higgs
masses and mixing angle does not change our numerical
results in any significant way.

In what follows, we have taken all the SUSY break-
ing masses for the squarks and sleptons to be the same
for simplicity. With Mgusy as low as 200 GeV, the ra-
diatively corrected mass of the lightest CP-even MSSM
Higgs boson R lies below the current experimental Higgs
search bound. However, it 1s of course possible to choose
Msgusy for the stop/sbottom sector to be large and/or
to 1mpose large left-right mixing in the stop sector so
that the mass of A? is increased above the experimental
bound, while still keeping the sleptons and first two gen-
erations of squarks relatively light so that they give large
contributions to the ete™ — WEHT cross section. In
this case, the numerical results presented below will of
course change slightly, but the general conclusions from
our analysis will remain true. A more detailed analy-
sis of the constraints due to the ° mass bound will be
presented elsewhere 5-6']

Figures 7' and 8 show the dependence of the eTe™ —
W+H~ cross section on the charged Higgs mass for
tan 8 = 2.5 and 7, respectively. In both cases we plot
cross sections for /5 = 500 GeV (left) and /s = 1000
GeV (right). Solid lines are the contributions from the
non-SUSY 2HDM with the Higgs sector constrained by
the MSSM mass and coupling relations.!? The dotted

12 The pure 2HDM _congributions to ete™ — Wt H~ have been
studied in Refs. M6, 47]. Our numerical results for the 2HDM
are in close agreement with those of Refs. 462, '47'_] after taking
into account a factor of 1/4 from the average over the initial ete~
polarizations that was omitted in Ref. | r_16 87_'] and noting that
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FIG. 8: The eTe™ — W H~ cross section as a function of mga for tan 8 = 7. All other input parameters and notation are

the same as in Fig. .

(dashed) lines show the cross sections in the full MSSM,
including the contributions from all the superparticles,
for Ay = Ay = 0 (A = Ay = 200 GeV). We compare
the cross sections with 80% left-handed e~ polarization,
no polarization, and 80% right-handed e~ polarization,
which are denoted in each plot by the same type of lines,

the results in Ref. [f_l?i‘] are the average over the spin states 6-{ €x

and e;ez; for unpolarized beams the cross sections in Ref. [tl?'_]
should be divided by two.

from top to bottom. Left-handed e~ polarization always
gives a larger cross section. The additional SUSY con-
tributions generally enhance the cross section. In certain
cases, for example 1/s=1000 GeV and tan f = 7 (Fig. '§:),
the SUSY contributions increase the cross section by al-
most an order of magnitude. The cross sections decline
as my+ Increases; however, reasonable cross sections can
be obtained for mg+ > /s/2, especially for small tan 3.

The ten-event discovery reach in my=+ is shown in Ta-
ble ¥ for a 500 GeV LC (requiring a cross section of 0.01
fb) and a 1000 GeV LC (requiring a cross section of 0.005



TABLE I: Ten-event discovery reach in my+ (in GeV) at a LC with an 80% left-polarized electron beam, for /s = 500 GeV

(£ = 500 fb~!) and 1000 GeV (£ = 1000 fb~1).

The corresponding reach with an unpolarized electron beam is given in

parentheses. The SUSY parameters are as specified in the caption of Fig. z

tan 8 = 2.5 tanf8 =7
4/3|| 500 GeV | 1000 GeV ||500 GeV 1000 GeV
2HDM 352 (327) (535 (<500)| < 250 | < 500
MSSM, A, = A, = 0//362 (344)| 540 (512) || < 250 | < 500
MSSM, A, = A, = 200 GeV||375 (347)| 667 (600) | < 250 |581 (517)

fb). Using an 80% left-polarized electron beam generally
increases the reach by at least 20 GeV compared to the
unpolarized case. The increase in the reach in the MSSM
compared to the 2HDM is larger at larger tan 8 or higher
LC center-of-mass energy. In the following discussion, we
will consider the results for an 80% left-polarized electron
beam. For tan 8 = 2.5, a charged Higgs with mass up to
375 GeV (667 GeV) could be detected at a 500 GeV (1000
GeV) LC. For favorable SUSY parameters, the SUSY
contributions can increase the reach by about 20 GeV at
/8 =500 GeV and by more than 100 GeV at /s = 1000
GeV, compared to the non-SUSY 2HDM. At tanf =7,
the cross section is generally too small to be observed at
the ten-event level; however, a reach in mg+ up to about
580 GeV is still possible at a 1000 GeV machine. The de-
pendence of the cross section on A; for low Mgusy = 200
GeV is due to the effects of left-right mixing in the stop
sector. For larger values of Mgugy, the squark contribu-
tions become less important and the dependence on A;
becomes much less significant. The cross section is also
sensitive to the value of the p parameter. For example,
lowering p to 100 GeV increases the ten-event discovery
reach in my+ to 390 GeV at tan 8 = 2.5 or 300 GeV for
tan 8 = 7 at a 500 GeV LC, almost independent of A,
(see Fig. d).

Figure 13: shows the tan 3 dependence of the eTe™ —
W+ H~ cross section for 80% left-polarized electrons. We
plot two different values for g, 100 and 500 GeV, to show
the p dependence as well as the dependence on Ay for
small Mgusy = 200 GeV. For g = 500 GeV, values of
tan 8 above 20 lead to a negative mass-squared for the
lighter sbottom and are forbidden. From Fig. 'g we can
see that while the cross section in the 2HDM (solid line)
falls rapidly with increasing tan 3, the cross section in the
MSSM experiences a much milder drop as tan 3 increases.
Thus the reach in tan 8 in the MSSM is larger than in
the 2HDM. At a 500 GeV machine, for mg+ = 350 GeV,
the ten-event discovery reach is tan 8 < 5.8 in the MSSM
with favorable parameters as shown in Fig. @:, compared
to tan 8 < 2.5 in the 2HDM. At a 1000 GeV machine, for
myg+ = 600 GeV, the ten-event discovery reach is tan 8 <
5 in the MSSM, while in the 2HDM even tan 3 ~ 2 is
not detectable. In Table ﬂ we show the maximum ten-
event discovery reach in tan 8 when mgz is just above
\/s/2. For a 500 GeV machine, we find that a reach up
to tan § < 9 is possible for my+ ~ 250 GeV. For a 1000
GeV machine, while in most cases we find a reach up to

tan 8 < 5 for my+ ~ 500 GeV, in certain cases a wide
range of tan 3 values can be explored.

For the relatively low values of Msusy, My and M,
used in our analysis, the dependence on p 1s complicated.
We find an enhancement of the cross section over the
2HDM for most values of . However, there are values
of p that lead to a large suppression in the cross section.
For example, at /s = 500 GeV with a left-polarized elec-
tron beam, mg+ = 350 GeV, tan § =2.5, A, = A, = 200
GeV, and g around 800 GeV, there is a large cancel-
lation between the 2HDM and SUSY matrix elements,
leading to a suppression of the cross section. Further-
more, changing the relative signs of My, My and p can
alter the SUSY contribution to the cross section.

V. CONCLUSIONS

We studied the single charged Higgs production pro-
cess ete™ — WEHT at a 500 GeV and a 1000 GeV
linear collider, including the complete MSSM contribu-
tions at one loop. At small tan 8, the reach in mgz+
from this process extends above the kinematic threshold
(mgs ~/s/2) for ete™ — HTH~ pair production. We
found that light SUSY particles with masses of order 200
GeV enhance the cross section in most of the parameter
space. At small tan 3, an increase in the reach in mg+ by
about 20 GeV in the full MSSM compared to that in the
2HDM is possible at a 500 GeV machine, and by more
than 100 GeV at a 1000 GeV machine. In particular, with
favorable SUSY parameters and tan 8 = 2.5, this process
yields more than 10 W* HF events for mgz < 350 GeV
in 500 fb~! at a 500 GeV collider, or my+ < 600 GeV
in 1000 tb=! at a 1000 GeV collider, assuming unpolar-
ized beams. At large tan 8, an order of magnitude en-
hancement of the cross section compared to the 2HDM is
possible, so that the cross section suffers only a moder-
ate decrease with increasing tan 5. The reach in tan 3 is
therefore enhanced; with favorable SUSY parameters and
mpz ~ +/s/2, this process yields more than 10 W*HF
events for tan 3 < 6 at a 500 GeV collider. We also
found that an 80% left-polarized electron beam enhances
the cross section by about 50% and improves the discov-
ery reach by at least an additional 25 GeV; in particular,
the reach at tan 8 = 2.5 improves to my+ < 375 GeV at
a 500 GeV collider, or myx+ < 670 GeV at a 1000 GeV

collider, and the reach in tan 8 improves to ~ 8.5 at a
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TABLE II: Ten-event discovery reach in tan 3 for m g+ ~ /s/2 at a LC with an 80% left-polarized electron beam, for /s = 500
GeV (£ = 500 fb™!) and 1000 GeV (£ = 1000 fb~!). The corresponding reach with an unpolarized electron beam is given in
parentheses. The SUSY parameters are as specified in the caption of Fig. E

V5 500 Gev 1000 eV
11][100 GeV[500 GeV][100 GeV]500 GeV
2HDM 5.8 (4.6) 2.9 (2.3)
MSSM, A, = Ay = 0/[8.6 (5.6) 6.7 (5.4) ||3.8 (2.9)[3.5 (2.8)
MSSM, A, = Ay = 200 GeV |[8.7 (5.9) [6.4 (4.9)||4.7 3.4)| ~ 20

500 GeV collider.

The process ete™ — WTH ™ in the MSSM with light
superpartners is very promising compared to the other
single charged Higgs boson production modes that have
been considered to date. At the eTe™ collider, the pro-
cesses eTe”™ — 7 HT and tbH T are complementary to
W+ H~ production in that their cross sections are largest
at high values of tan 8. For tan 3 ~ 40, they provide a
reach of my+ < 275 GeV and 260 GeV, respectively,
at a 500 GeV collider, and mgy+ < 520 GeV and 560
GeV, respectively, at a 1000 GeV collider. If 1000 fb~!
of eTe™ luminosity at 1000 GeV is devoted to vy colli-
sions, the reach in 7~ H T production can be extended to
myg+ < 700 GeV at high tan 8 2 30. At an e™ v collider,
the cross section for v H~ production in the 2HDM is too
small to be seen in the typical integrated luminosity of
100 fb~! in the high-energy part of the 5 spectrum. This
process could become promising in the MSSM if its cross
section is enhanced by the contributions of light super-
partners, or if the e™+ luminosity is increased. Finally,

if 1000 fb~! of ete™ luminosity at 1000 GeV is devoted

to v collisions, the process vy — W+ H~ in the MSSM
will be competitive to eTe™ — WTH~. For light super-
particles, this process provides a reach in mg+ above 600

GeV for tan 8 = 2 and mpyz < 520 GeV for tan § = 6.

A few additional processes that have not yet been
computed may be promising for single heavy Higgs bo-
son production at an ete™ collider. The behavior of
the SM Higgs production cross sections leads us to ex-
pect that weak boson fusion processes will naturally have
larger cross sections than Higgsstrahlung-type processes
at /s ~ 1000 GeV. The process ete™ — ve™ HY may
thus be promising. The calculation of this process in
the 2HDM will be quite straightforward since the only
contributions come from the loop-induced ZW* H~ and
YWt H™ vertices [56_:] The process efe™ — vpAY
may also be promising. Preliminary results for the
top/bottom quark loop contributions in the 2HDM in-
dicate, however, that this process is too small to be ob-
served for mao > \/5/2 [39]. This process could become
observable if the addition of the full 2HDM and MSSM

contributions enhances the cross section sufficiently [57_:]



Acknowledgments

We are grateful to Abdesslam Arhrib, David As-
ner, Marcela Carena, Tom Farris, Jack Gunion, Howie
Haber, Sven Heinemeyer, Uli Nierste, Michel Capdequi-
Peyranére, Tilman Plehn and Dave Rainwater for help-
ful conversations. We also thank the Aspen Center for
Physics, where this project was begun. HEL thanks the
Physics Department at CalTech for their hospitality dur-
ing part of this work. Fermilab is operated by Univer-
sities Research Association Inc. under contract no. DE-
AC02-7T6CH03000 with the U.S. Department of Energy.
S.S. is supported by the DOE under grant DE-FG03-92-
ER-40701 and by the John A. McCone Fellowship.

APPENDIX A: NOTATION AND CONVENTIONS

For couplings and Feynman rules we follow the con-
ventions of Ref. [58]. We follow the notation of Ref. [{i6]

for the one-loop integrals. The one-point integral is:

1 o dPq 1
Torz ) = /(271')D (@2 —m?)’

where D 1s the number of dimensions.
integrals are:

(A1)

The two-point

{Bo, k" B1} (k*,m3, m}) = (A2)

162
|

dPq

11

/[ d”q {1 ¢}
(2m)P (¢* = mg)((g + k)* —m3)’

The three-point integrals are:

= {Co, 0", 0"} = (A3)

/ <Zf>

where the tensor integrals are decomposed in terms of
scalar components as

{1,q",¢"¢"}
D(¢? = mg)((qg + k1)? = mi)((q + k2)? = m3)’

C* = EfCy+ kO
CH" = g" Coo + kI'kY Cry + kS kS Cas
+(k' Ky + kS K Cha. (A4)

The arguments of the scalar three-point integrals are

(k%a(kZ_k ) i

, k2, m3, m? m3). The four-point integrals
are:

{1,¢",q"¢"}

Tom 2{L%rD“‘D“V} ~/k2ﬂ)

where the tensor integrals are decomposed in terms of
scalar components as

D = ki'Dy + kb Dy + k5 D3
D" = " Dyo+ kKY Diy + kb kY Dy + ki kS Dss
+(k{' ks + kb k{) D1 + (K ky + kiky) Dis
+ (k5 kG + k5 kY)Dos. (A6)

The arguments of the

grals are  (kf (ks — k1)?

k3) mOam%am%am%)

scalar four-point inte-

a(kS - kZ)Zakgakga(kl -

APPENDIX B: 2HDM CONTRIBUTIONS

Explicit results for the matrix elements for ete™ —
W+ H~ in the 2HDM were given in Ref. [:ff@ﬂ We have
calculated all the 2HDM diagrams independently and
give the formulae here for completeness. After correct-
ing a few typographical errors ['e’_?] in the formulae of

Pq® = mi)((q+ k1) = mi)((g + k2)” = m3) (g + k3)® — m3)’

(A5)

Ref. [A-GI] we find agreement with all of their results ex-
cept for Figs. H 2 and B. 3, which differ by an overall 51gn

The quark trlangles that appear in Figs. -L 1 and -L 2
were also computed in Ref. [4(i| and agree with our re-
sults. (Note that Ref. [E{Q‘] uses the convention egia3 = 1,
which is opposite to our convention.)

For convenience, we list here our notation for the gauge
and Yukawa coupling coefficients used in this section.

The photon coupling coefficients to leptons/quarks are:

91t =gl = ey, (B1)
where the electric charges are e, = 0, e, = —1, ¢, = 2/3,

and eq = —1/3.
The Z boson coupling coefficients to leptons/quarks
are:

gy = (~Ts+essy)fswew, g = (epsiy)/swew,
(B2)

where T35 = 1/2 for v, v and T3 = —1/2 for e, d.
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For the W boson coupling to leptons/quarks we define: The H* and G* coupling coefficients to top/bottom
quarks are (the couplings to leptons and first and second
gw = —1/V2sw. (B3) generation quarks are small and taken to be zero):
|
L R L R
Yree Yree YGip YGip

my cot B/ 2mw sw |my tan B/ 2mw sw | —me [V 2muy sw |me /N 2my sw

The coefficients for couplings of three Higgs bosons are:

JH- AG+ —imyw [2sw

GH-Rog+ | —Mw Sga/sw — mygcos2Fsin(f + o) /2swew
gH-gop+ | —Mmwcga/sw + myz cos 28 cos(f + «)/2swew
GH-hoG+ | Mwcga/2sw — mzsin28sin(8 + «)/2swew

JH-HoG+ | —Mw Sga /25w + mzsin28 cos(8 + o) 2swew
Ja-hoa+ myz cos 28 sin(f + o) /2sw ew

G- HoG+ —myg cos 2B cos(f + o)/ 2swew

where sg, = sin(f — «) and cgo = cos(f — ).
We now list our results for the 2HDM diagrams.
Fig.l.1:
2
M = /A= (g vl + me (0¥ — 977 yie) Bo + 208 ey, + muyie) Coo
=gV (meytre, + Moyt miy + (Mg vl — megt yize )k - ka)Cy
(P (meytre, + Moyt k1 ks — (meg? vt — mogt Y )mi ) Co
+(=mP gt vl — mime (9" — 0 it + memi gyl + megV vk - ko) Col[077 AL + g7 As]
=208 (me vt + Moyt (Cra + Cas) — g8 (3meyfre, + muytie)Ca — (me g yire, — mogi yire )
—mu g Y Collgi™ (As + As) + g7 (As + As)]
Mgt vt Co + (megi Y, + mugs vt )Cr + 95 (Ml + Moyt Co (957 A7 + H%LAS)} 5 (B4)

with the arguments for the integral functions as B(s, mf, m?), C(miy,, s, m%.,mi, mi, m}).
Fig. :1:.2: Similar to Fig. ih.1 with the exchange of

me & my, giE o it gl o guB D b o yB L Az Ag terms flip sign. (B5)
Fig. .3
. .
M = P——p GVWWIWW SYHW S
[=Bo — (s + m¥ — miy ) Co — (s + miy — ms)Ch + (s — miy + mps)Ca + Coo] (977 A1 + g7 A2)
+ (4C1 4+ Cy — Cha — Ca9) [gxe/R(-AB + As) + g5 (Aa + -/46)] , (B6)

with the arguments for the integral functions as B(s, mjy ,mjy), C(mjy, s, m3., m%, mj,, miy ). The couplings are
given in the following table:

S IAyWw | 9zww JHW S gwws
ho -1 —Cw/SW Cﬁa/QSW mwsﬁa/sw
HO -1 —Cw/SW —Sﬁa/QSW mWC,Ba/SW
Fig. il.4:
20[2 eR el
M = 2 2SS JHW S JWW S, {Coo(g5" A1 + g7" Az)
Z
— (205 +2C1 +3Cs + Cra + Co) [957 (A5 + As) + 97 (A + As)] |, (B7)

with the arguments for the integral functions as C(m%v,s,m%[i,m%/v,m%j,m%l). The couplings are given in the

following table:
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Si S; 975.5; gHWS, | gwws;
AO ho —iCﬁa/QSWCW —i/28W mwsﬁa/sw
AO HO iSﬁa/QSWCW —i/28W mWC,Ba/SW

Fig. il.5:

402
M = —mgvs,sjgfls,skgwsjsk {Coo(gxe/RA1 + giF As)

— (Ca+ Cia+Ca) [gs/R(-AB + As) + giF (Aa + Ao}, (B8)

with the arguments for the integral functions as C(m%v,s,m%[i,m%k,m%j,m%l). The couplings are given in the

following table:

Si S; Sk |gvs;s; 975:5; JHS,S) gW 5,5,
A RO GE|l 0 —icga/25wew | JH-aG+ | —S8a/25W
A HO G| 0 iSga/25wew | G- aGH | —Ca/2sw
RO A HE| 0 icga/25wew  |GH-pom+ | i/2sw
HO A" O%| 0 | —isga/2swew |gm-mom+| i/2sw
K G GEl 0 isga/25wew  |gm-nog+ | 1/2sw
HY G° G£| 0 icga/25wew  |gH-moGg+| 1/2sw
Gt Gt po 1 |cos(20w)/2swew | gm-nog+ | S8a/2sw
Gt GT HY| 1 |cos(20w)/2swew |gm-moa+ | Coa /25w
H* g* i 1 |cos(20w)/2swew |ga-hop+ | €ga/2sw
HE HE HY| 1 |cos(20w)/2swew |gm-mom+ | —Spa/25w
Fig. il.6:
2
M = S_aim%/ngs,gwwsjgfls,sjCo(gxe/RAl + 97" As), (B9)

with the arguments for the integral functions as C’(m%v,s,mlzqi,m%j,m%/,,m%l). The couplings are given in the
following table:

Si Sj V' lgyvis, gzv's, JHS,S; IWV's;
ho Gi Z 0 mzsﬁa/swcw qgg-hoG+ —mMzsSw
HO Gi Z 0 mzcﬁa/swcw dg-gog+ —mMzsSw
Gi ho W:t mw —MyzSw gg-hoGg+ mwsﬁa/sw
G 0° W*| my —mzsw _ |gH-HoG+ | MW Cha/SW
Fig. l.7:
20[2 eR el
M = 5 2 IVVISGHVIS; WSS, {—Coo(g57 AL + g7 As)
v
+(=Ca + Cra + Cs2) [gxe/R(-AB + As) + g (As + -/46)]} ; (B10)

with the arguments for the integral functions as C’(m%v,s,mlzqi,m%j,m%l,m%/,). The couplings are given in the
following table:

Si Si V' lgyvis, gzv's, gHV'S, IW S, S;

K HE Z 0 |mzsga/swew |cos(20w )/ 2swew |—cga/2sw
HY H* Z 0 |mzcga/swew |[cos(20w)/2swew | Sga/2sw
Gi ho W:t mw —mMzsSw Cﬁa/QSW Sﬁa/QSW
Gi HO W:t mw —mMzsSw —Sﬁa/QSW Cﬁa/QSW




Fig. il.8:

M =

S

2

zZ

(074
2 9z2zS9HWSIJZWW

14

{[Bo + (2m%+ + 3miy — 25)Co — (s — mys — 3m )C1 — (s — miy — 3mbx)Csy — Coo (977 A1 + g5F As)

+ (205 — 201 + 3Cy + Cra + Coa) [077 (As + As) + g5 (As + Ag)] ),

with the arguments for the
B(s,m%,m%), C(miy,

integral functions
s, mi., my,,my, m%). The cou-

plings are given in the following table:

(B11)

as

S 9zzs JHWS gzww
ho mzsﬁa/swcw Cﬁa/QSW —Cw/SW
HO mzcﬁa/swcw —Sﬁa/QSW —Cw/SW
Fig. i.9:
2
M = TSRS B (g A + g7 A)(B12)
-y

with the arguments for the

integral functions

as

B(m#,,m%, m%;). The couplings are given in the fol-
lowing table:

S IvHW S YzZHWS gwws
ho Cﬁa/QSW —Cﬁa/QCW mwsﬁa/sw
HO —Sﬁa/QSW Sﬁa/QCW mWC,Ba/SW
Fig. ih.10:
angWS,S'gHS,S'
M = 2 B (957 AL+ g5 A2) (B13)
s — mv
|
Fig. il.12:

M = Pglrgwwsgrws {[Co+ (mG — u)Do + (mjy —u)Di + (u — mis)Ds] As —4D1 A},

with the arguments for the integrals as C'(m2, mZ, s, m¥,,0,m%,), D(m¥,, m?

couplings are given in the following table:

with the arguments for the integral functions as
B(m%., m%j,m%l). The couplings are given in the fol-
lowing table:

Si S; | gyws,s; | 9zws.s; | 9HS,S;
ho gE cga/2sw |—Csa/2cw | gH-nom+
H® HE | —s50/2sw | 8pa/2¢w |gm-mom+
RO GE Sga/28w |—Sga/2¢w | gH-noG+
HY G* cga /25w |—Cpa/2¢w |9H- HOG+
Fig. il.11:
2
M = _W&)@‘eﬁfh + gt A5) (B14)
—my

with the arguments for the integral functions as
B(s,m%,m%). The couplings are given in the following
table:

S| 9zaws 9zzs
ho —Cﬁa/QCW mzsﬁa/swcw
HO Sﬁa/QCW mzcﬁa/swcw

(B15)

2 2 9 2 9 2
I, My, U, s, me, myy, 0,myy, ). The

S gww s JHW S

ho mwsﬁa/sw Cﬁa/QSW

HO mw Cﬁa/SW —Sﬁa/QSW
Fig. 9.1:

7 2 Nea L R R
Yy (k) = o. Iv [(meyizen + muyiiee) B + muyiie Bo (B16)
with the arguments for the integral functions as B(k?, m?, m?), for k being the external momentum.
Fig. 4.2 + 4.3
o
EZID/V‘*'H‘*' (k’z) = 3 [CﬁQSWgH—hDH+ (231 (k’z, miu 5 mlzqi) + Bo(k’z, miu 5 mlzqi ))

8msiy

sgaswgr- o+ (2B1(k*, mye, mys) + Bo(k*, m3pe, mfs))

SBaSW YH-hOG+ (231 (k’z, miu, m%v) + Bo(k’z, miu, m%v))
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+ cﬁasng_Hung(QBl(kz, mlzqu,m%,) + Bo(kz, mlzqu,m%/v))

— CRaSBaMW (BO (kza miuam%‘/) -

Bl (kza mlzzuam%/V))

+ CgaSgaMw (BO (kz’ mJZLIU ) m%/V) - B (kza mJZLIU ) m%/V))] . (B17)
Fig. 9.4:
N.a
Eé+H+(k2) = - Gy {(yl%Itbygtb + yf[tbyétb)A(mtz) + [mbmt(yl%ﬂbyétb + yf[tbygtb) + mg(@/ﬁnb@/gtb + yf[tbyétb)] By
+ kz(yl%ltbygtb + yf[tbyétb)Bl} ; (B18)
with the arguments for the integral functions as B(k?, m?, m?).
Fig. 3.5 + 4.6
(8%
2L (K = yp {9-nom+9m-noc+Bo(k®, mio, mys) + gm-mo g+ 9m- gog+Bo(k*, mipe, m3s)
+ gr-nog+9c-nog+Bo(k*, mie, miy) + gr- mrog+9a- mo+ Bo(k*, me, miy)
B (R ) Bo(K?, i, i) + 247 By (K, i, miy )]
w
+ Sio;# [(? + m%0) Bo(k? m¥a, m¥y) — 2k By (K2, mgo,mév)]} (B19)
W

Fig. b.1: The real part of W~ H~ mixing self-energy fixes the counterterms for the yW* H~ and ZW* H~ vertices,

followiﬁg Eq. :_1-4

dra
M = 5 — m2 gVRe(EW+H+(mHi))(gv A+ gy «42) (B20)
v
where gy = =1, g7z = sw/cw, and T+ g+ = E{/V+H+ + EW+H+ = Re(EW+H+) +im(Zw+ g+ )-

The W~ H~™

counterterm cancels the real part of the W~ H~ mixing self-energy, following the renormalization

condition defined in Eq. :l3| Therefore, only the imaginary part of the W~ H~ mixing self-energy contributes to
Figs. __'5, 2 and 5 3. Similarly, only the imaginary part of the G™ H ~ mixing self-energy contributes to Fig. 5.4 this 1s
related to the imaginary part of the W~ H~ mixing self-energy by Eq. :_15

Fig. H.2:
dragd, . 5
M = e — iIm(Zpw+ g+ (myz ) As. (B21)
H* w
Fig. b.3:
Amagvww .
M = oy (8 i Sy (g ) (07 A+ g7 A, (B22)
14 H w
where goww = —1 and gzww = —cw /sw.
Fig. 6.4:
dragywam; . . .
M = ) e — gy gy s () 6 A+ g o) (B23)
14 H w
where gywe = mw and gzwa = —mzsw.

APPENDIX C: MSSM CONTRIBUTIONS

The matrix elements for ete™ — WTH™ in the full
MSSM are given here for the first time. The sfermion tri-
angle that enters Fig. g.? was computed in Ref. [:ff(_):], and
agrees with our result. Fig. g.l(b) with x?, X? and x{ in
the loop is analogous to the top/bottom quark triangle

diagram and can be checked by substituting top/bottom
quark couplings for the gaugino couplings; the part in-
volving the W coupling to left-handed gauginos is con-
sistent with the top/bottom quark contribution given in
the previous section. Formulae were given in Ref. Bii:] for
the W+ H* and Gt HT mixing diagrams, Fig. -41 1-4; our
results are consistent with theirs, although not enough



detail was given in Ref. r;_3_§.j to check the overall signs of
the diagrams.

We define here our notation for the mixing matrices in
the stop/sbottom and gaugino sectors and various cou-

pling coefficients.
) @

The mixing in stop sector is defined by:

i cos gty — sin agly
ir sin gty + cos ayls
where tNL,R are the weak eigenstates and t~172 are the mass

()=

16

eigenstates, and analogously for the sbottom sector.
The chargino mass matrix is:

X:( ) ()

which is diagonalized by the matrices U and V via
VXUt = Mp.

The neutralino mass matrix is:

V2mw sin 3
1

My
V' 2mw cos 8

My 0 —myzsw cos B myzsw sin
v — 0 M, mygew cos B —mgew sin 3 ’ (C3)
—mygsw cos B myew cos 8 0 —
mygsw sinf3  —mygcew sin 8 — 0
which is diagonalized by the matrix N via NYTNT = Np. fined as:
The matrices that enter the W"’X?Xj_ couplings are ] ]
defined as: O;}L = —§NZ'3N;3 + 3 i4N;4a O;}R = _OQQL*~ (C6)

*

1 * * *
NiaVis+Nio Vi, —=NigUja+Niy U

V2 V2
(C4)

The matrices that enter the ZX;'I—X]'_ couplings are de-
fined as:

L _ R _

* 1 *
ng’ = —‘/Z'l jl_i‘/iz ]2+6Z]8%/V’
1
ng = —-UjUj - §Ui*2Uj2+5ij5%/V' (C5)

The matrices that enter the ZX?X? couplings are de-

0

The matrices that enter the H~y; X}I_ couplings are

defined as:
QF = NiVL+ i( 7o+ Niy tan 0w ) V5,
J J \/§ J
1
Qif = N;3Uji — —=(N;s + Niy tan 0w )Ujo. (C7)

V2

The H_ff’ coupling coefficients are given in the fol-
lowing table:

GHE D —my sin 28/ 2sw

Imd, a, —myy sin 23/ 2sw

- —mw sin 28/ 2sw + (m} tan 8 + m? cot ) /v/2myy s

I5-b,i;, w w b t W SW

IH-5,in me (g + Ag cot B) /v 2my sy

IH-inis my(p+ Ap tan 8) /v 2mw sw

IH-bnin memp(tan 8 4 cot ﬁ)/\/imw Sw
9gig, | cosarcosangy_j 7 + sin oy COS bYg-j, 7 T COS sin WIg-jai, T sin oy sin Y- i i
L sin oy COS gpg-j, 7, TCOSarcosangyj 7. — sin oy sin WbGg-pai, T COSQy sin I nin
IHb,i, |~ Cos oy sin S sin oy sin ObGpr-, iy T COS QU COS Qpgpr—j 7, + sin oy COS b - pnin
Ipii, | SINagsinapgy_j r, — COS Qi SIN Qg py—j 7, — SIN Q¢ COS QGG y—j ;7 + COS Q0 COS Qb pr—j 7

The G~ ff coupling coefficients are given in the following table:
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9Gero myy cos 23/ 2sw

9Gd,a, myy cos 28/ 2sw

Ja-b.t, myy cos 28/ 2sw + (mi — m}) /[ 2mw sw

9a-b.ix mt(_ﬂCOtﬁ"i'At)/\/imWSW

Ya-briy _mb(_/" tanﬁ'i'Ab)/ﬁmWSW

9G-bpig 0
9ai,i, | cosaicosavgg-p 7, tSInaicosapgq—j 7.+ cosarsinagg-j. 7,
9aii, |—Smarcosapgg_j 7, +COSQCOSabgg-j 7, —SIM QSN LG Gf 7
9gi,i, |—cosarsinavgg_j 7 —slogsinavgg-j 7, + COSQ:COSAGG-j .7,

9Ghai, | SMaSINAbgg_j 7, — COS Oy SN Apg i, 7, — SN QG COS MpG i 7,

We now list our results for the MSSM diagrams. It is to be understood that diagrams involving charginos xj are
summed over 7 = 1,2 and diagrams involving neutralinos y? are summed over i = 1,...,4.

Fig. 4.1(a):

202

T e 2
s —my;

M =

{[(F—G+H)Bo+(m (F—G—|—H) —k’l 'k’zH—lemxjmka)Co—i—(m%/VF—Fk’l 'k’zG—(kl k’z—m%/v)H)Cl

2

Xk
(ki ko F — s G — (ki ks — mips ) H)Cy — 2(F + H)Coo) (957 A1 + g§* As)
+ [HCo+ (=G 4 H)C1 + (F + 3H)Co + 2(F + H)(Ci2 + Ca2)] [¢77(As + As) + 955 (As + As)]
+ [HimCo + (Gim + Him)C1 + (Fim + Him)Ca] (957 A7 + g7" As) }

where

L L L R R R L R L R L R R L L L R R
F=my (9govow +9m9vew), G=my,(9g9vew +9m9vew) H =my (9g59vaw + 959v9w),

R R L L L R
J =9u9v 9w + 959v 9w

Fom = my, (959t 0% — 98 9898e), Gim = my, (95980t — gt aty), Him = my, (989t 9t — ahrgfaty). (C9)

The arlguments for the integra'l functions are B(s, mij , mil), C(miy, s, m%., mik, mij , mil)
Fig. 4.1(b): Similar to Fig. &.1(a), under the exchange of
gk & g A7, As terms flip sign. (C10)
The couplings are given in the following table:
Xi Xj Xk| 9k | 9B 9% 95 95 95 9ty i
?.l(a) i X}I_ X9 =65 |—dij O}%/SWcW Oﬁ/swcw — Q1B sin B/sw | —QIE* cos B/sw O,fj/sw ij/sw
@:.l(b) % X? X;;I— 0 0 Og}L/SWcW Og}R/SWcW — Q' sin B/sw | —QE* cos B/sw Oij/SW Oﬁ/sw
Fig. 4.2
AN, a2 . .
M = T 2 IV S H S5 IW S8 {Coo(gi/ A1 + gi" As)
v
— (C24 Cra2+ C9) [gxe/R(.AB + As) 4 g5F (Ag + -/46)] } , (C11)

with the arguments for the integral functions as C'(mj;, s, mlzqi , m%k,m%j,m%l), N, =1 for sleptons and N, = 3 for
squarks. The couplings are given in the following table:

Si S5 Sy 9~5,5; 9255, GHS, S, W S5

v U €r —gZL —g4t 9Hér o —gw

ér €r v 95" 97 JHéELD gw

ar ag dp —gﬁL —g%" IHdyar —gw

dp dp g 95" 95" IHd, a, gw

l; {j by —gﬁLMiiMij—gﬁRMéiMéj _H%LMiiMij_g%RMltﬁMlt%j IHb, T, _gWMingk
R g%lLMfiMfy' +9$RM§iM§¢ g%LMEngj ‘1‘9%RM1%M1%7 IHb.i, gWMIt/kng

(C8)
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where 11, 13, by, by are the stop and sbottom mass eigenstates, with mixing angle ay, ap, M, = Mk, = cosay,
¢ bo_ b bo_oagb
—M;., = ]\41,%1 =sina;, M7, = Mp, =cosap, —M;, = M}, =sinay.
Fig. }2: 3:

M = o? gng o fyl [(C’o + Cy)my, b + C2mxng] Ao, (C12)

with the arguments for the integral functions as C'(0, u, mlzqi , m2 ml , m ) The couplings are given in the following
table:

Xi xi | 9h g5 90 9

% X}I— er|— ’R* sin B/sw |— gf* cos B/sw Ni*z/\/isw —|—NZ»*1/\/§CW —Uj1/sw

el X? U ’R* sin B/sw |— ’L* cos B/sw =V /sw —Njs/\V2sw + Nj1/\ 2ew
Fig. i.4:

M = —azgwgi,e@gf,l,ggHéLﬁCzAz, (C13)
with the arguments for the integral functions as C'(0, u, mlzqi , mgL , mi ,m2). The couplings are given in the following
table:

Xi e, K
XN/ V2w + Ni/V2ew | —Nio /N 2sw + Nit/V2ew
Fig. 4.5(a,c):

M = O‘ng,engkef{ {mx g%gﬁ (_CO - mijDo - m%VDl - U(D2 + Dg) + 2D00)

+ my gl gl ( Co = (u+m2 ) Do — (u+miy) Dy — 2uDs — (u +m¥e) Dy + 2D00)

+ mxkgwg (C’o + m Do +u(D1+ D2) + mHiDg) + my, mxjmxkgWgHDo} Ao

+ [y, g9t (—2(Dss + Dis + Das) + mXJgWgH (=2D3 — 2(Da3 + D13 + Da3))] As

+ [mx,gng (—=2(D2 + D3) — 2(Ds2 4+ D33 + D12 + Dig + Das))

+ ijgg/gfI (—=2D¢ — (2D1 4+ 4D5 + 4D3) — 2(Das + Dss + Do + D13z + 2D53))

+ om0 g2D1] As ) (C14)

with the arguments for the integral functions as C'(0,0,s,m? ,mZ,m2 ), D(mi,,0,0, m%.,u,s,m%  m? 5 m? m2 -

. . . . Xk 7T X x50 Oxo T
The couplings are given in the following table:

Xi i xe L gyl ypel gk g5 9 95

2.5(a) | x? X}I— X2 ér \/J;;W —I—\/J;CIW \g’;; —I-\/J\z—f’;t/v 15 sin B/ sw | —Qik™ cos i/ sw O,fj/sw O,fj/sw

2.5(b)| x? X}I_ Y Er| —V2Ni1/ew | —V2N} Jew |~ ’R*smﬁ/sw Q’L* cos 3/ sw O,fj/sw ij/sw

2.5(c) |x; X5 XE v =V sw —Vi1/sw Q’R* sin 3/ sw Q’L* cos 3/ sw —Oﬁ/sw —Oij/SW

6(a)| X! xF XD fr|mt + e | A+ Qi sin 8/ sw | Qi cos B/ sw | —OF [sw | =0k [sw

2.6(b) [ x? XT Xp Er| =V2Nu/ew | =V2NG Jew |—QiE sin B/ sw | — QL cos B/sw | —OF /sw | —OL /sw
Fig. 4.5(b): Similar to Fig. &.5(a,c), under the exchange of

gH HgH, gﬁ/ Hgﬁv, As & A, Ay o Az, As & As, (015)

Fig. 4.6(a):

M = azgxlefngef{ {mxlgﬁ/gﬁ (CO + mijDo + mlzqi Dy +4(Ds + DB))

my, g8 gk (—00 — (m? 4+ )Do — (t + myx) Dy — 2Dy — (¢ + miy) Ds + 2D00)

My, I g (—CO - mijDo —t(Dy + Do) — miy D3 + 2Doo) + mx,mxjmx,cgévgffl)o} As
[my, 98 95:2D3 + my, gff gty (=2Dg — (ADy +4D3 + 2D5) — 2(D11 + Das + 2D15 + D1z + Dog))

kagg/gfI (=2(D1 + D2) = 2(D11+ Daz + 2D12+ Dis + D23))] As
[mxjg%gﬁr (—=2D1 — 2(D11 + D12+ Dhs)) + Wng%gfI(—Q)(Dll + D12 + Dis)] As}, (C16)

+ 4+ + + o+



with the arguments for the integral functions as C'(0,0, s, m?

. mlg, mil), D(m%,.,0,0,miy, t,s,m2  m2 m? m?).
Fig. 4.6(b): Similar to Fig. &.6(a), under the exchange of

X372 UXR? T X

gh o gl gh ogl, Ao AL Aie s, As o As, (C17)
Fig. 4.7:
M = =2a%gY o gF  gme,ogw [DooAs — (Ds + Dss + Dig + Dag) Ay
— (D2 + D3+ Das+ D3z + Dis + D13 + 2Ds3) Ag] (C18)

With the arggments for the integral functions as D(m¥,, 0,0, mlzqi Uy §, M2, mgL , mil, mgL) The couplings are given
in the following table:

. L R
Xi Ixeér Iyieér
YN/ 2sw + Ny /N 2ew | Nio /N 2sw + Niy [N 2ew

o

Fig. U.8:
M = _2azg§,eﬁg§,eﬁgHéLﬁgW [DooAs — (D1 + Dy + D11+ Dao + 2D15 + D1z + Das)As
— (D14 D11+ D12 + Dis)Ag], (C19)
where D(mlzqi ,0,0,m¥, 1, s, mgL ,m2, mil, m2). The couplings are given in the following table:
Xi| 9yer | Ges
XF | =Vii/sw | = Vi /sw
Fig. #.9:
2 L R
M = —2a gx,eﬁngeéLgW
{Doo(my, gt + my ;95 ) Az + [(Ds + D1z + Dag)my, g5 + (Dis + Daz)my gfr] As
+ [=(D2 4 Dia+ Daz)my,gir — (D12 + Daz)my g5;] As} (C20)

With the arggments for the integral functions as D(mj;,0, mlzqi ,0,u,t,m2, mgL , mij, mil) The couplings are given
in the following table:

L R L R
Xi X] gH gH gxleﬁ ngeéL
X§ G| =@ sin §/sw | —QYfr* cos B/sw | =Vii/sw | Nj2/V2sw + Nji /V2ew

Fig. ¥.10:
M = OzzgfieﬁgijeéLgHéLﬁ
{{mxlmxjgﬁ,Do —|— gﬁ;(—CQ — mijDo — m%VDl — UD2 —|— 2D00) ./42
+ 2055 (D13 + Daz)As — 285 (Dy + Dis + DZZ)-A6} ; (C21)

with the arguments for the integrals as C'(0, m%4,1, mil, m2, mgL), D(miy,,0,m%.,0,u,t, mij, mil, m2, mgL) The
couplings are given in the following table:

Xi Xi| 9l Giv | s T ety
i X? —Oﬁ/sw —07»LZ»/5W —Vi1/sw N;‘Z/\/?SW—I—N;}/\/?CW

Fig. 4.11:

N.a?

M = mngs,sngs,SjBo(gxe/RA1 + gt As), (C22)
- my

with the arguments for the integral functions as B(mlzqi , m%j , m%l), N, = 1 for sleptons and N, = 3 for squarks. The
couplings are given in the following table:



Si Sj|gHS.s; AW S5, 9ZW 5,5,

voer| gmes (ec + e}/ 25w —(ec + e,)/V2ew

ay dy, Ird.a, (ew + €d) /25w —(ew + €a)/V 2ew

i b 955,70, (ey + €q) cos ay cos ap/\ 2sw —(ey + €q) cos oy cos ap /N 2ew
i by 9557, —(ey + €4) cos ag sin ab/\/i‘;w (ey + €q) cos ag sin ab/ﬁcw
i by 9Hb, 7, —(ey + €q) sin ay cos ab/\/i‘;w (ey + €q) sin ay cos ab/ﬁcw
o by 9Hb.i, (ey + €q) sin oy sin ap/V 2sw —(ey + €q) sin ag sin ap/\ 2ew

Fig. 4.1:
0%

Stregs (K%)= o [, (gt gl + afioli) + my. (gRgiy + afiai)] Br + my (ol + gfiai) Bo} |

with the arguments for the integral functions as B(k?, m? m ) for k being the external momentum. The couplings

Xi bl
are given in the following table:
XX 9h 91 9 | 9w
% Xj ’R*smﬁ/sw ’L*cosﬁ/sw Z»Lj/sw Og/sw
Fig. 4.2:
N.a
Styeg+ (k) = — Tr 9ms:5;9ws,s; (281 + Bo),

with the arguments for the integral functions as B(k?, m% ,mS ), for k being the external momentum. The couplings

are given in the following table:

Fig. 4.3:

E2+H+(l‘72) =

o
T or

Si Sj|gHS.s; WS, s,

v er|9mers gw

ur dr |9, a, gw

i b 9gi,7, | 9w cos ¢ cos ap
{1 bs 9HiE, |—9w cosar sin o,
ts by 9gi.i, |—9wW Sin ary CoS v,
ta by Imig, | 9w Sin ay sin av,

+ k(9596 +9h98) B},

with the arguments for the integral functions as B(k?, m? m ), for k being the external momentum. The couplings

are given in the following table:

X

(9796 + 996 AL ) + [ (9598 + 9i98) + my.my, (9796 + 95798)] Bo

Xi Xj

gk g5

gk 98

Xy Xt

—ng* sin B3/sw —ng* cos B/sw

Q sin B3/sw ;fcosﬁ/sw

Fig. 4.4:
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(C23)

(C24)

(C25)

(C26)

with the arguments for the integral functions as B(k?, mS ,mS ), for k being the external momentum. The couplings

are given in the following table:

<
~
=9
~

Si Sj|gHs.s; |9Gs,s;
V €L\ gHérp | 9GéLs

Ipdrar |9adrar

t~1 Ijl It | dahi,
t~1 132 Iuii, | dGbai,
t~2 Ijl It | IGhiis
by b2 | 9pint, | Yaiat,
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