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Abstract. The production of pairs of charged Higgs bosons as predicted by the minimal supersymmetric
standard model (MSSM) via the gluon fusion mechanism is investigated. The amplitudes at the leading
one-loop order for the parton process gg — HTH ™~ are calculated with the complete set of MSSM particles.
Numerical results are presented for the cross section of the inclusive hadron process pp — gg - HTH™ +X

at the LHC.

1 Introduction

The search for Higgs bosons and the study of the mech-
anism for the electroweak symmetry breaking is a basic
task for future high energy colliders. Charged Higgs par-
ticles are part of an extended scalar sector with at least
two isodoublets of Higgs fields. Such a minimal scenario
with two Higgs doublets is realized in the minimal su-
persymmetric standard model (MSSM). A possible detec-
tion of charged Higgs particles would therefore be a clear
signal for the presence of non-standard physics, with a
strong hint towards supersymmetry. For an accurate iden-
tification a precise determination of the production and
decay properties of the non-standard particles is a cru-
cial requirement. At hadron colliders, Ht H~ pairs can
be produced by two basic mechanisms: annihilation of
quark-antiquark pairs and gluon-gluon fusion. The gluon
fusion mechanism is particularly interesting since, as a
loop-induced higher-order process, it depends on all vir-
tual particles with couplings to gluons as well as to Higgs
bosons. In the MSSM, at the one-loop level, the process
is mediated through quarks and squarks (predominantly
from the third generation), involving also neutral Higgs
bosons and the Higgs self-interaction. Although the cross
section for HY H~ production by ¢g annihilation [1,2] is
larger, it is less sensitive to the details of the underlying
model than the gluon fusion mechanism. In particular,
through the virtual presence of scalar quarks, the MSSM
cross section in general is different from the cross section
for a non-supersymmetric two-doublet-model even with
identical Yukawa couplings. At the LHC, the supression
of the cross section for gg — HTH™~ by a factor a% com-
pared to q7 — HTH~ is partly compensated by the high
gluon luminosity.

Gluon fusion into charged Higgs particles has been
studied previously in [3] based on the loop contributions
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from top and bottom quarks. Scalar quark contributions
are neglected, which corresponds to the decoupling sce-
nario of sufficiently heavy squarks. In this article we ex-
tend the calculation by including also a non-decoupling
scalar quark sector in the loop diagrams; we give analyti-
cal results and a detailed discussion for the size of the var-
ious contributions. In a quite recent paper [4] the squark
loops to the gluon fusion process have also been derived.
We find agreement with our results.

The paper is organized as follows: After a short de-
scription of the MSSM entries for the calculation of the
H+H~ cross section, we derive the parton cross section
in Sect. 3. Section 4 contains the hadronic cross section
and a numerical analysis. The appendix collects the ana-
lytical expressions, the list of coupling constants, and the
Feynman graphs for the gluon fusion process.

2 MSSM entries

The cross section for HTH~ production by the lowest
order Drell-Yan mechanism depends only on the mass
mg+ and the gauge couplings of the charged Higgs boson.
H™ H~ pair production via gluon fusion, as a higher-order
process merging the strong and electroweak interactions,
depends on the detailed structure of the Higgs and the
quark/squark sector of the MSSM.

2.1 Higgs sector

Besides the charged Higgs particles H*, the MSSM Higgs
sector contains the two neutral CP-even scalars' HY, HS
and the neutral CP-odd ‘pseudoscalar’ A° as physical mass
eigenstates. The free parameters of the Higgs sector are
frequently chosen to be the mass m4 of the A% boson and

1 The notation HY, HY is equivalent to H°, h° in the con-
ventions of [7]
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MEQ _ (M% + m? +m2z(% — e452) cos 20

my¢(As — pcot 3)

ME = (Mé +mi +m%z(—% — epsy,) cos 23
2=

mp(Ap — ptan 3)

the ratio tan 8 = v9 /vy of the vacuum expectation values
of the two Higgs doublets. For the present analysis it is
more convenient to choose the mass my+ of the charged
particles instead of m 4 as the free mass parameter. The
relation between my+ and my4 in lowest order is given by

my. = miy +m3 (1)

with the W mass my,. The CP-even Higgs masses, at the
tree level, are given by:

1
2 2 2
mH?,ngi mA+mZ

:I:\/(m?4 +m%)? — 4mim? cos? 26| . (2)

The angle a of the rotation diagonalizing the neutral CP-
even mass matrix, an entry in several coupling constants,
fulfills the tree level relation

2 2
my +m

tan 200 = %talﬂﬁ . (3)
m? —m%

Both relations (2) and (3) are sizeably modified by quan-
tum corrections, predominantly proportional to m}. They
are taken into account in the approximation given in [5].
The relation (1) between my and mg+ is also modified
by radiative corrections [6]; the effects, however, are es-
sentially smaller and are neglected in our analysis.

2.2 Squark sector

The main entries from the scalar quark sector are from
the third generation of top (fz,tx) and bottom (bz,bg)
squarks. For simplicity we assume a flavor-diagonal squark
sector. For the © and b case the mass matrices have the
form see (4) and (5) on top of the page, and analo-
gously for the other generations. The symbols e; and e
denote the electric charge of top- and bottom-quarks; pu
is the supersymmetric Higgs mass parameter?, Mg the
soft-breaking mass parameter for the squark isodoublet
(tr,br), and My and Mp are the soft-breaking mass pa-
rameters for the isosinglets t and br. They can be differ-
ent for each generation, but for simplicity we will assume
equal values for all generations in our numerical analysis.
A; and A, are the parameters of the soft-breaking scalar
three-point interactions of top- and bottom-squarks with
the Higgs fields.

We restrict our analysis to real parameters. Therefore
the mass matrices for t and b are real and can be diago-
nalized by means of rotations with angles 0; and ;. The
mass eigenstates t; and ty are obtained as

2 Our sign convention for p is opposite to that of [7]
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t1) [ cosf; —sinb; tr
to ) \sinf; cosb; tr )’
and analogously for b1 and bs.
For the pair production of charged Higgs particles via
gluon fusion all couplings of charged and neutral CP-even

Higgs particles to squarks appear at leading order. The
couplings for mass eigenstates are listed in Appendix C.

3 The parton process gg —+ H " H™*

The production of charged Higgs pairs by gluon fusion
in the MSSM is a loop-induced process, at leading (1-
loop) order mediated through quark and squark loops. The
Feynman graphs are depicted in Appendix D.

In our kinematical conventions, the momenta of the
initial and final state particles are all chosen as incoming;:

9(p1,a,A) + g(p2,b,N) = H™ (—p3) + H (—pa) .

Besides by their momenta, the initial state gluons are char-
acterized by their colour indices a,b and their helicities
A, \'. We make use of the parton kinematical invariants

§=(p1+p2)?, t=(p1+ps)’, = (p1+ps)’
obeying the relation
§+t4a=2m%.

The spin- and colour-averaged cross section for the parton
process

2

do 11 13
df 1678 4 > 64 > M (6)
A

N=£1 " a,b=1
contains the helicity amplitudes

. 2@ /\b
M = < (et (o) My - (mae) T 55 ) (1)

where a pure QCD factor is written separately. The re-

maining tensor M, can be decomposed with respect to
a complete set of orthogonal tensors A" [8,9] according
to

4

The explicit formulae for the basic tensors are listed in
Appendix A. The tensor M, is transverse:

plf]\;l/,uv =0, pg-/f\;l/;w =0 y (9)
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and the A" are chosen to be individually transverse as
well. This transversality guarantees that the spin-averaged
cross section is proportional to MM M7 and, together
with the orthogonality of the basis tensors, that the differ-
ential cross section for the parton process can be expressed
in a simple way in terms of the form factors:

do T - M2
iy > |F(s.1) (10)
i=1

The form factors can be divided into contributions from
loop diagrams with virtual squarks (q) and quarks (q) aris-
ing in 2-, 3- and 4-point integrals (denoted by the symbols
o for 2, A for 3, and O for 4 internal lines):

Fy = F3° + 44 4 p30 4 pod 4 pod
F = G%° + G4 4 G3H 4 goH

F3=0

Fy = HE

(11)

The tensor A5” projects on a CP-odd gluon state with a
total spin component = 0 along the collision axis in the
CMS. Since the final state is CP-even for this spin config-
uration, F3 vanishes identically. Analytic formulae for the
form factors in terms of scalar 3- and 4-point-functions
are presented in Appendix B. The analytic formulae for
the form factors of the quark loop graphs are in agreement
with [3]. For a complete and coherent documentation they
are also included in Appendix B.
The integrated parton cross section

tAmax (é) do—

Jgg—)H‘*‘H_ (gaaS(MR)) = / th ~
Tomin (8) dt

(12)

is evaluated by numerical integration over the kinemati-
cally allowed #-range for a given CMS-energy v/3 of the

gluon-gluon system. The renormalization scale pug in the
strong coupling constant is chosen as v/§, the hard energy
scale of the process.

In Fig. 1 the parton cross section is displayed for un-
mixed squarks (A = p = 0) for four characteristic values
of the squark mass scale which we assume to be common
for the various entries in the mass matrices: My = My =
Mg =: Myquark- The parameters of the Higgs sector are
mpy+ = 200 GeV and tan $ = 1.5. The Figure contains a
sequence of graphs with rising values of the squark mass
scale, beginning with squark masses below my+, then
slightly above my+, followed by squark masses around
2my+, and finally at 1000 GeV. The decoupling property
of heavy squarks is clearly visible, but it also becomes clear
that squarks of intermediate mass scales can give rise to a
sizeable enhancement of the cross section. Due to signifi-
cant interferences, the cross sections including both quark
and squark loops are not simply the sum of the individual
contributions. The spikes in the plots correspond to the
squark pair thresholds of the loop diagrams.

4 The hadron process pp -+ H-H*T + X
4.1 Total hadronic cross section

The hadronic cross section for H* pair production from
gluons in proton-proton collisions at a total hadronic CMS
energy /S can be written as a convolution [10]

c=o(pp— HYH™ + X)
Lodcee
_ / Ar 2 g0 e (7S, as(ur))  (13)
To
with the gluon luminosity
acer bz T
= [ Chpenn) e, (04)
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where fy/,(z, i) denotes the density of gluons in the pro-
ton carrying a fraction z of the proton momentum at the
scale pp. The numerical evaluation has been carried out
with the MRS(G) gluon distribution functions [11] and
with the renormalization and factorization scale ug,ur
chosen as equal.

Table 1 collects a sample of numerical results for the
hadronic cross section for typical sets of MSSM parame-
ters. Quark masses are m; = 175GeV, m, = 5GeV. We
always assume a common squark mass scale Msquark(=
Mg = My = Mp), which in Table 1 has been set to
200 GeV (where the squark diagrams give a big contri-
bution) and to infinity describing the case of decoupling
squarks. An unmixed squark mass scenario is assumed
(A= p =0). tan 8 = 6 is chosen as a reference point for
the minimal cross section (see also Fig. 7), and tan 8 = 50
as a representative value for the large tan 3 scenario.

Cross sections and numbers of events in Table 1 are
given for the projected collider energies and integrated
luminosities of LHC and Tevatron Run II. At the Teva-
tron, the gluon fusion mechanism for charged Higgs pair
production is irrelevant. Therefore, for the subsequent dis-
cussions we will focus on the LHC with v/S = 14 TeV.

The variation of the cross section with the MSSM pa-
rameter p is displayed in Fig. 2. Except for tan 3 values
around the minimum of the cross section, the u-dependence
is very flat and the choice u = 0 already illustrates the typ-
ical size of the cross section very well. For tan 3 = 1.5 a
sizeable increase occurs for larger values of |u| by an order
of magnitude, but still far below the high tan 3 scenario.

4.2 Dependence on the Higgs parameters

The input parameters for the Higgs sector are my+ and
tan 3. Figure 3 shows the dependence of the hadronic
cross section (13) on the mass of the charged Higgs for
three representative values of tan 8 (including the mini-
mum at tan &~ 6). The common squark mass scale is
Misquark = 200 GeV and all squark mixing is switched off
(A¢ = Ap = p = 0). The hadronic cross section decreases
almost exponentially with rising mg+. This behaviour is
essentially explained by the decreasing number of gluons
at large values of x. For Higgs masses near m;, the top
threshold gives rise to a step with a slight increase of o.

The dashed lines in Fig. 3 show the cross section for
decoupling squarks. The difference demonstrates the large
effect squarks can have on the cross section whenever they
are not too heavy. In the special case of my+ = 170 GeV
and tan 3 = 6 the cross section is more than 3 times the
decoupling limit and even for Myqyark = 500 GeV the cross
section is still 15 % higher than in the decoupling case,
independent of tan 8 and for charged Higgs masses in the
range of Fig. 3.

The variation of the hadronic cross section with tan 3
is displayed in Fig. 7. The cross section has a pronounced

minimum at
me
tanf~,/— ~6 ,
mp
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Fig. 2. p-dependence of the hadronic cross section for my+ =
Mquark = 200 GeV and A¢ = 0 and for three values of tan g3
(1.5/6/50). For tan 8 = 50 the graph is not extended over the
full range because one of the stop masses would become too
light
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Fig. 3. Variation of the hadronic cross section (solid lines)
with the mass of the charged Higgs particle for three values
of tanf (6/1.5/50) and a squark mass scale of Msquark =
200 GeV. Additionally the contribution of only the quark loops
to the cross section is depicted (dashed lines), which corre-
sponds to the limit of large squark masses
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Table 1. Cross section for charged Higgs pair production via gluon fusion
in pp (pp) collisons for hadron energies of 2 and 14 TeV, corresponding to the
Tevatron and LHC. Additionally the number of events in one year of running is
given, assuming 2 fb~* of integrated lumiosity for the Tevatron and 100fb~* for
the LHC
tanB  mpyg= [GeV]  Maquark [GeV] V'S = 14 TeV VS =2 TeV
o [fb] events o [fb] events
50 100 200 140.7 ~ 14000 0.48 ~ 1
00 79.7 ~ 7900 0.26 ~ 0.5
200 200 60.7 ~ 6000 541072 =~0.1
00 49.4 ~ 5000 3.7-1072 -
6 100 200 0.71 71 3.2107° -
0 0.38 38 2.1.107° -
200 200 0.16 16 1.7-107* -
00 6.0-102 6 5.4.107° -
10 T T T T T T o 30 T T T T T —
= o —
o(pp— HYH™ + X)
2R Muguak = 200 GeV A
My = 200 GeV \ auark ¢ /
1F 4
20 - \‘-\ /:‘ 4
my+ = 400 GeV
o otf ~
)
mas = 600 GeV
0.01 | 3
myg+ = 800 GeV 5t 7
olpp— HtH + X),tan =15
0.001 L L L L L L L ; o L . 1 L L
100 200 300 400 500 600 700 800 900 1000 -300 -200 -100 100 200 300

quuark [GeV]

Fig. 4. Hadronic cross section for different values of my+
(200/400/600/800 GeV') versus the squark mass scale Msquark
with tan 8 = 1.5 (solid lines). For comparison the contribution
of only the quark loops is displayed in terms of the horizontal
dashed lines

which is a consequence of the tan 3-dependence of the
quark and squark couplings to charged Higgs bosons.

4.3 Dependence on the squark sector

The contribution of the squark loop graphs (Appendix
D.1) to the cross sections vanishes for large squark masses,
due to the decoupling property of the scalar quarks, and
the pure fermion loop result of [3] is recovered (see Fig. 4).
The squark contribution is especially significant for squark
masses close to m g+, where the parton cross section near
the Higgs production threshold is enhanced by about a
factor of 2 compared to the cross section from quark loops
only (see Fig. 1). For squark masses lower than m =, the

0
At [GeV]

Fig. 5. Hadronic cross section for mg+ = 200 GeV and two
values of tan 3 (33: solid, 1.08: dashed) versus the mixing pa-
rameter A;. For comparison the dot-dashed line shows the cross
section for tan = 1.08 with the pure fermion loop contribu-
tion

squark loop amplitudes interfere mainly destructively with
the quark loop amplitudes, thus diminishing the cross sec-
tion as compared to the decoupling case.

The predominant squark contribution comes from the
third generation with their large Yukawa couplings. The
structure of these couplings gives rise to the minimum be-
haviour of ¢ as a function of tan 3. There are, however,
also squark couplings independent of the quark masses
and hence not suppressed by light quark masses for the
two other generations (see Appendix C). These contribu-
tions, although much smaller in size, are not completely
negligible: for tan 3 ~ 6 they constitute 45% of the cross
section. Since they are essentially tan 3 independent, their
relative influence decreases at other values of tan 8 with
larger cross sections.
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Fig. 6. Comparison between the hadronic cross section versus
the charged Higgs mass with and without the trilinear Higgs
coupling (solid and dashed line, respectively) for three values of
tan 8 (6/1.5/50). The squark mass scale is Msquark = 200 GeV

100 T T T T T r . . :
complete
no Higgs self-interaction -------
o(pp— HYH™ + X)
10 |
S
1F i
0.1 i
L ' L L N N X ) .
0 S 10 15 20 25 30 35 40 45 50

tan 8

Fig. 7. Variation of the hadronic cross section with tan 8 cal-
culated with (solid line) and without (dashed line) the trilin-
ear Higgs couplings. The mass of the charged Higgs is my+ =
200 GeV and the squark mass scale is Msquark = 200 GeV

The effects of mixing in the stop sector are visualized
in Fig. 5, where the non-diagonal entry A; in the stop
mass matrix is varied (for g = 0), for two tan S-values
(1.08 and 33). For small values of A;, the cross sections are
nearly identical. In the low tan 3 case, however, a signifi-
cantly higher cross section can be obtained by increasing
the value of A;, with a strong dependence on A;.
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4.4 Sensitivity to the Higgs self interaction

Analogously to the standard Higgs case [8] one may ask
wether charged Higgs pair production is sensitive to the
Higgs self interaction that enters through the neutral Higgs
exchange graphs (see Appendix D.1). The situation here
is less transparent than in the standard model because of
the two neutral Higgs particles with different couplings to
the charged Higgs pair.

To illustrate the influence of the Higgs self interac-
tion, Figs. 6 and 7 show the complete cross section (solid
lines) versus the cross section evaluated with the Higgs
self interaction turned off (dashed lines). In both figures
the same squark mass scenario as in chapter 4.2 has been
adopted (i.e. Msquark = 200 GeV and no squark mixing).
Except around the minimum, the relative contribution of
the Higgs self interaction is much smaller than the con-
tributions from the box diagrams (the observation of the
smallness of the diagrams with the quark/squark triangles
has already been made in [2]).

5 Conclusions

Gluon-gluon fusion is an important mechanism for pro-
ducing charged Higgs particles at the LHC. Although at
smaller rates than in ¢¢ annihilation, it is sensitive also to
the scalar quark sector if the Higgs bosons are supersym-
metric. For not too large masses, virtual squarks are not
negligible and can increase the cross section up to a fac-
tor 2, in special cases even 3, compared to the decoupling
limit with heavy squarks. For squark masses not smaller
than my+ the squark contribution is always positive. An
interesting behaviour is observed for squark mixing: For
low values of tan 3 the cross section is strongly dependent
on the trilinear top squark coupling A;, yielding a steep
rise for increasing values of A;. Charged Higgs boson pairs
can thus provide a valuable source of information, useful
to disentangle various classes of models.

Acknowledgement. We would like to thank A. Barrientos and
B. Kniehl for helpful discussions.

A Tensor basis

The amplitude M{;, for the fusion of two massless vector
particles into two scalar particles is decomposed as follows:

4
M{f\/ = Ny eh(p1)eX (p2) My, My = Z FAY
i=1

with a normalization factor Ny; and the following tensor
basis [8,9]:

Mo
Ay = g — BB (15)
pip2
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A/W _ g,uu + pgpgplll _ 2(p2p3)pl3lplll
5 =

pi(pip2)  pi(p1p2)
_2(pip3)phpy | 2515 (16)
pZ(p1p2) v}
A,u 6#”1’11’2 ( 7)
12 - __ 1
3 (Plpz)

AZV — {ngVp1p2p3 +p§€up1pzps + (pgp3)€”uplp3

+(prpa)e 2} [ {pE(pip2) § (18)

The transverse momentum squared p? is defined as

t V3

2 _ g (p1p3)(p2p3) o
(Plpz)

The properties of these tensors, which have been exploited
in the calculation, are tranversality:

pl,,uAé“j = 07 pQ,VAé“j -
and orthogonality:
Al A;

Juv = =2 51’3’

B Form factors

For 3- and 4-point functions the following shorthand no-
tations are defined:

CABC — — P /d4l<;{ }/{ —m4] [(k+mp)* —mE]
[(k+pl+pm)2 }} ’
DAY = gz Jan{u} /{2 =i [0 ? )

x [(k + p +m)? - mC]
x [(k+pr+pi+pm)* — mp) }

B.1 Squark contributions

The form factors from squark loops with two or three in-
ternal lines are:

2
1
Fg+FP =1z > l FEEA k) + £330, k)] (19)
1k=1
with
o+A 1
fait k) = ) [511@ <2 quqﬂl)
a=t,b

X (g[QZa(ilvH-i_aH_]

722391{0 HY H- ] [H?flzv‘il])] (20)

i

FEEA k) = 3i (CBP + Cl) (21
and
1 2 m2
o +
G +GA r Z ‘/lk 7 < pg )
=1 t
x(Clg 4 c;?fkgl)] (22)

Vi is a shorthand notation for the product of two cou-
plings of squarks to the charged Higgs particle which ap-
pears again in the box amplitudes:

Vi = g[HE, ., by)? (23)

The form factors originating from squark box diagramms
are:

tk,bl,t u)

1 &2
q—r;

+f2 (0 it 0) + (T o a)]

(24)

with

fE @, bt a)
2

(E=m¥s) iiehe 3 it b
— 2<§H C k kb gCSZ 1t 21c D'{Iétgktk 1
2
mg, +m +p
—— Dl (25)
and
61 4 ) Z ‘/lk tk‘vblvt U)
l,k=1
+98 by, ts ,0)) + (£ ¢ a)] (26)
with
9g (tk,Bl,t,U)
1|1 8\ i
— % [2 (m%}c — m%l + mfﬁ — 2) C’f’gt’“t"

A {:kf)lf;k
- 3)034

((m%k + m?)pf + (mg —m?2 ) )Dfi/étkazbl

(27)
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B.2 Quark contributions K
+ (z(mf +my) + Py(my, my, mHi)> Di?f)

The form factor due to triangle quark loops is:

Fy Wzlfq ) + 13 (Y )] (28)

t—m?2.)? (0] -
et C (it~ apih) - S @ - i)

(t — @)

ttth tttb 2 2
x (D123 + Day3) — ( my,my

with . N
—Py(my, mp, mHi)>Dit2t§ + ( — 1%+ 4Pmy (my +my)
fA(HO ) _ g[HiO7Q7Q] g[Hl-O,H"',H_]m
q §—m3, + imgolgo e —t(8m3my + 4mi + me) + 8mym? ((t — 1)
. o 2
x (2 + (4m? — s)cggq) : (29) (o= mi) ) G 2m§1i)m§)D§ﬁt§
8
. 1
and the form factors from quark box graphs are: +§(mf _ m%)z (2(m%{i + (me + mb)2)
1 )
o_ - + —t
Fo=1m l(gs Sl (f (e, m ,3) L 3 : )D%%b] (33)
O PN + 2
e ) + gp[H*, 1, b . .
a (o, mest, @) ) + gy ] containing the polynomials
O S O P
X (fq (mt7 —myp; T, U) + fq (mb7 —my; t, U))) P (mt’ mp, mHi) = 377’1,2l + Qm?mb — Zm?mg + thm'g’
) +3mi — m%s (m? 4+ mi) (34)
+ <t “ u)] (30)
. PQ(mtambamHi)
with =mS + 2mPmy, — mimi — 4mdmy — m?mi + 2m;m}
+m§ — mye(m? —mi) — 2mEamim} (35)

qu(mt’ mb;tAa ﬁ)

1 t—m?2
=+ m2Ct 4 (m%i ~ (e + mb)2) ( mHi)Cttb

- 1 .
2 . X HY = g, [H*,t.b)g,[H, .1 [(hE(mt,mb;t, a)
—mam Dtttb + Dttbb - 2 —(my +m 2 . R
' b4( 1 152) 4 (mig = (i o)) +hE(mb,mt§t»ﬁ)) —(te ﬁ)} (36)
x (92 +mE +m?) Dty + 4mE D) (31)
with
0 A
1 2 ~ hq (mt7mb; t?’u’)
GE = m [(gs[Hi7t7b] (gg(mt7mb;t7u> 1
[f((é —2m%,. + 2mj — 2m3)CiY

. 2 . ~ 92
+gE(mbamt;tau)> +gp[Hi7tvb} (gqu(mta _mb;tvu) Py

- . . (- 4mHi)Ctbf) - 2%@ +m2. Ot
9t (m (DU} + DY) + (md + mi) DI
ith )
O vitont i) (D + DI+ DI
9q (Mg, myp;t, a) (6 —m2,.)
u—m ~
1 8 2 _ 2 o (a—1) +| 22— - @ymimipe + (87 - ms)
4p + (mt + mb) - mHi 2pt + §
t

~ 2
« (Q(UZLHi)mf — U+ ng) §p?m§> Dgtzt?i;| - (37)

Xctbt ( (m%[:(: —|—mf —m%) )Cttt> _3 QCttt

£ m2 :
HM (m;lqi + 2 = 2E(my + my) )C“b C MSSM couplings

02 [ (8m2 — 2m2(2m2 — m2 + m2 . )) Dttt In the following all couplings of third generation quarks
be <( b £ (2my K Hi)) 123 and squarks to MSSM Higgs particles, that are relevant to
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the process, are collected. The factor g = e/s,, denotes
the coupling constant of the weak interaction, s,, = sin 6,,,
¢y = cos B, and t,, = tané,, with the weak mixing angle
6.,. The subscripts ’s’ and 'p’ in gs[---] and g,[---] dis-
tinguish between the scalar and pseudoscalar couplings in
the Higgs—fermion interactions.

C.1 Higgs self couplings

glHY, H H™]
= —gy {mw cos(fB — a) — ;nc—z cos 20 cos(a + ﬁ)} , (38)
glHY, H*  H™]
=—g [mw sin(8 — a) + ;Z—Z cos 2(3sin(a + ﬁ)} . (39)

C.2 Quark couplings to Higgs bosons

Neutral Higgs bosons

m; sina
5 H07tat = - )
95[H1, 1.1 92 2my sin 0
mp COSQ
S[HY, b, b = — , 40
gs[Hy ] g22mwcosﬂ (40)
my Cosa
S[HY 1] = —
g([237} 922mwsinﬁ )
myp Sin
JHY b,b) = , 41
95 Hy | =+9 2my cos (41)
GHY 1] =0 ,  gp[H),b,b]=0 . (42)
Charged Higgs bosons
t t
gs[H™ out, tin, bout] = gy mp tan § + m, cot §
2\/§mw
= gs;[H ™ out,bin,tout] (43)

my tan 8 — my cot 3

2\/§mw

= —gp[H ™ out,bin,tout] (44)

gp[H " out,tin, bout] = —go

C.3 Squark couplings to Higgs bosons

Neutral Higgs bosons

Q[H%Elagl]
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=g [Qijyni;nﬁ ((At sin o — g1 cos «) sin 26; — 2m, sin oz)
+%§+m ((5 —8¢2) cos? O; — 45721))} (45)
glHY, 2, ta]
=92 [vaTi;Hﬂ ( — (A¢sina — pcos ) sin 26;
—2m; sin a) L ALIC 2 COGSC(S +5) ( — (5 —8¢2) cos? b;
+1- 4330))} (46)
glHY, b1, b1
=g [2771;1#86 <(Ab cos o — jusin ) sin 205 — 2my, cos a)
+%§Hﬁ) ((46121} — 1) cos® 0 + 253))} (47)
Q[H?a 62, Bz]
= g9 [MT#SB ( — (Apcosa — psin o) sin 26
—2my, cos a) TR AN C%SC(Z +5) ( — (4¢2, — 1) cos® 0;,
+(1+2¢2))] (48)
glH3, 4,4,
= g[H?,q;,q,] (sina — cosa, cosa — —sina)  (49)

Charged Higgs bosons

g[H™" out, t; in, by out] = g[H ™~ out, t; out, by in]
[sin 20 (m%(l + tan? B) + m?(1 + cot? 3)

_ 92
2\/§mw
—2mg/v> cos B, cos O; + 2mymy(tan B + cot 3) sin 6
X sin Oy — 2my, (10 + Ap tan 3) sin 6 cos 6;
—2my (1 4 Ag cot ) cos O sin 6; (50)
g[H* out, t, in, by out] = g[H ™~ out, t; out, by in]

sin 23 (m%(l + tan? 3) + m?(1 4 cot? 3)

— 972[
2\/§mw
me%V) sin 0 cos 0y — 2mymy(tan 3 + cot 3) cos 6,
x sin 0 4 2my, (1 + Ap tan 3) cos 0 cos 0;
—2my(ju+ A, cot B) sinf; sin og} (51)
g[H™ out, ts in, by out] = g[H ™~ out, t; out, by in]

sin 23 (m%j(l + tan? B) + m?(1 + cot? 3)

— L[
Qﬁmw
—2m%4,> cos 0 sin 0; — 2mymy(tan 3 + cot 3) sin 6
x cos Oy + 2my (1 + Ap tan 3) sin 6 sin 6;

+2my (1 + Ay cot B) cos 0 cos 9;} (52)
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g[H™ out, ty in, Do out] = g[H ™~ out, t3 out, Do in]
sin 203 (mﬁ(l + tan? 3) + m?(1 4 cot? 3)

= 972{
2\/§mW
_Qm%/v) sin 0, sin 07 + 2mymy(tan B + cot 3) cos b
x cos Oy + 2my (1 + Ay tan 3) cos 6 sin O;

+2my (1 + Ay cot 3) sin by COSQ{} (53)
g[EhElaH+aH7]
211 2 1
= %2 [Stf” cos 2 — % cot? 8 — cos? 95< (2 + Zti)
24an2 B — m2 cot2
xcos?ﬂ+mb an® 3 thco ﬁ)] (54)
myy;
g[E27527H+7H7]
2 1 1 2
:g;l— (2+6t72”) cosZﬁ—::Tbtan2ﬁ+coszeg
w
1 5 2t 2 _ 2 t2
<[ (= +=t2 c0525+mb an” § 2mtco b (55)
2 6 myy,
9[617617H+7H_]
2 2
93 Lo my 2 2 I 1,
= — | — — 2 _— ~ — -
5 l 3twcos Ié] m2) tan® 3 + cos 9b<<2+6tw
2., 245 2 .2
X cos 20 + my, tan” 0 2mt cot ﬁ)] (56)
myy
9[627627H+7H_]
2 2
93 I 1, my 2
_ 72 - = 193 — — L
5 l(Z 6tw> cos 2 m2, cot” 3
1 1
2 2
- A (=+-= 2
X — COS 9b<(2+6tw) cos 23
2 tan2? 3 — m2 cot2
+mb an® 3 2mt co ﬁ)} (57)
myy

D Feynman graphs

Feynman Graphs with opposite direction of charge flow
are not depicted but indicated by dots.

D.1 Squark-Graphs

g . H- %‘
t; b1 / - !
t:/b;
g A Sy A
------ ‘\ t,’/bi‘ -
N / ! . \
~’ » 90} /b, »
ti/b; \ \ +
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/b 399} TN
. % A
e =
=7 Ab, (1 Ab,
Pl -t
i >
. AR
~ Bl
bi/,f/ %o-—b-—(/
_Y -} -
\\"\lti bi4 - -ot]
b; =
A Y \999} b &, N
% t, A
—<—-T’
. ks,

D.2 Quark graphs

o, b A o, L ./
bA vt t A bv}(
b \999‘ t \
i
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