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Minimal supersymmetric standard model prediction for W=H ¥ production by gluon fusion
at the CERN Large Hadron Collider
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We discuss the associaté™H™ production inpp collision for the CERN Large Hadron Collider. A
complete one-loop calculation of the loop-induced subproggss W=H™ is presented in the framework of
the minimal supersymmetric standard mo@@SSM), and the possible enhancement of the hadronic cross
section is investigated under the constraint from the squark direct-search results and the low-energy precision
data. Because of the large destructive interplay in the quark-loop contributions between triangle-type and
box-type diagrams, the squark-loop contributions turn out to be comparable with the quark-loop ones. In
particular, the hadronic cross section via gluon fusion can be extensively enhanced by squark-pair threshold
effects in the box-type diagrams, so that it can reach the size of the hadronic cross section via the subprocess

bb—W=H* which appears at the tree level.
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. INTRODUCTION tion pp—W~H*: bb annihilation(at the tree levélandgg
fusion (at the one-loop level The production cross section

In the standard modéEM), a single neutral Higgs boson based ongg—W*H® can be comparable to that visb

is predicted as a direct consequence of the SM mechanism o \W*H7 because of the large number of gluons in the high

electroweak symmetry breaking. The detection of this par'energy proton beams at the LHC. The associatédH ™

ticle is, therefore, one of the most essential tasks at present

and future collider experiments, especially at the CERNProduction viabb annihilation andyg fusion was discussed
Large Hadron Collider(LHC) [1]. On the other hand, at first in [8] for a supersymmetric 2-Higgs-doublet model

charged Higgs boson@s well as aCP-odd neutral Higgs including the loop contributions from top and bottom quarks
boson are predicted in extended versions of the SM modely\”th th_e app_rOX|mat|omnb=0. Thatwork has been ex_ten(_jed
including the minimal supersymmetric standard model™ [9,] mpludmg a non-zerdn-quark. mass, thus allowing in-
(MSSM). Since the discovery of such an additional Higgsvestlgatlon of the process for arbitrary values of gariThe

boson will immediately indicate physics beyond the Swm,rate of W-H™ production mediated by quark loops turned
there is increasing interest in theoretical and experimenteﬂ)lJt to be sizable, especially for low and hlgh_values ofAan
studies to provide the basis for its accurate exploration. ~ The background, which mainly comes frorh production,

At hadron colliders, a mode for charged Higgs bosbn has been anal_yzed iMo]. These studies correspond_ to a
detection may be the top-quark—top-antiquark pair producMSSM scenario where the scalar quarks are sufficiently

tion f | fusi — inilati d sub ¢ heavy to decouple from the loop contributions.
lon from g ui)n u3|+on gndqq anniniiation and subsequen In more general scenarios the squarks need not be heavy,
decayt—bH"—b7" v, if the mass ofH~ is smaller than

e ) " and taking the MSSM seriously requires the inclusion of also
m;—m, . For heaviertH™, the main modes foH™ produc-  the squark loops in the gluon-fusion mechanism and to study
tion may be those associated with heavy quarks, such apeir effects on the predictions farp—W H*. There are
gb—H"t [2] and gb—q’bH™ [3]. Although these pro- several reasons to underline the importance of the squark
cesses give rather large production rates, they suffer froragntributions. In the subproceggy—W*H*, the quark-
also large QCD backgrounds, especially whenttiemass  loop contributions are destructive between the triangle-type
is above the threshold @b pair production. Pair production diagrams and the box grapf,9] in the MSSM; the effects
of H* via the tree-levet|q annihilation subprocesses and via from both types are almost of the same size, so that the cross
the loop-induced gluon-fusion mechanism has also beefiection obtained from the summedb loop contributions is )
studied in the literatur4—7]. more than one order of mag_mtude smaller than that W|_th
A further possibility is single-charged-Higgs-boson pro-ONlY triangle- or box-type diagrams separately. By this
duction together with a chargati gauge boson. In this paper mechanism of cancellation in the quark-loop terms the rela-

we focus on a discussion of this process of associateHve importance of the squark-loop contribution increases.

W*H* production for the LHC. There are mainly two par- ON 1P, the cross section f@g—W~H" can be sizably

tonic subprocesses that contribute to the hadronic cross segnhanced by threshold effects of squark pairs, such that in
special cases the hadronic cross section via gluon fusion can

be as large as that viab—W*H*. Moreover, the present

*Email address: obr@itp.uni-karlsruhe.de calculation of thenb annihilation is expected to overestimate
"Email address: Wolfgang.Hollik@physik.uni-karlsruhe.de the cross section, as has been mentioi&#€] by recalling
*Email address: kanemu@itp.uni-karlsruhe.de the problem of double countinfd 1]. Owing to the presence
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of also superpartners in the virtual states of the loop dia- M= =™K e“(K)e*P(p) M 2
grams, the gluon-fusion mechanism is more sensitive to the o = €50, (K)eX"(P) Mo @
detailed structure of the model than the tree-level process of

whereg*(K), s—(k) ande}”(p) are the polarization vectors
bb annihilation®

for incoming gluons and outgoing/ bosons. As a general

In_ this article we extend the previous calculat|_ons by in- feature of the amplitude, the transversality of gluons gives
cluding also the scalar-quark sector in the loop diagrams fo[lseful identities

gg fusion. We give analytical results and a detailed discus-

sion of the effects in the hadronic cross section. Our results _ 5 _ _

are for general parameters of the MSSM; for the numerical k”“si(k)s{”(p)/\/lw,p=eg(k)k”s;"J(p)wao, (3)
discussion, constraints from the direct search and from the

precision datd13,14 are taken into accout. which allows cross-checks of our one-loop calculation of
The paper is organized as follows. In Sec. Il the calcula-j, M,y
tion for the partonic cross sectiogg—W H", is ex- ~In the parton center-of-mags.m) frame, the momenta
plained, and numerical results for the partonic and hadronignay be expressed by
cross sections are presented in Sec. Ill. Our conclusion is
given in Sec. IV. All relevant coupling constants and analytic
formulas for the amplitudes are presented in the Appendixes \/— NS 40)3 \/— @
for a comprehensive documentation. 2700
Il. PARTONIC PROCESS gg—W ™ H™ ~ ~
(s s
A. Cross section kt= 5 —-0,0—- Euk ()
In our kinematical conventions, the momenta of the initial
state gluonsk andk, are chosen as incoming and outgoing u -
p*=(Ew,Pw)

for the momentap andE of the final state particles:

o _ =(Ew,|pw|sin®,0)py|cos®), (6
a(ka.c)+g(Kb.d) W (pA)+H (D). (Ew.|pwl |pwi ), (6)

and then the polarization vectors are given by
Besides by their momenta, the initial state gluons are char-

acterized by their color indices,b and their helicitiesr, o

(==1), and the final stat¥V boson is characterized by its Bk :i 01ic.0 v
helicity A (=0,+1). We make use of the parton kinematical (k) \/5( 1io,0), (7)
invariants
s=(k+k)? t=(k-p)? U=(k-p)? =L (01-15.0) @®
obeying the relation V2
Ala Ao " and
s+t+u=my.+my.
The spin- and color-averaged cross section for the parton Ipwl Ew . Ew
process s;‘ﬁo(p)I m—W,EVSII’I@,O,EVCOS@ s (9)
do 1 1 (ChH
o ~2 Z _E H|MU;)\|2’
dt = 16mws™ A=0= % 5 pou ext . (p)=——=(0,j\ cos®,1,—i\sin®). (10
6 ﬁ
. AN
with  (CF)= ; M= 5| =2 (1) Finally, the integrated partonic cross section

contains the helicity amplitudes

tmau('s) .d
Ogg—W~ HJr(S aS /u‘R)) dt (11)
mln(s) dt

'For the subprocessb—W H", the electroweak one-loop cor- s evaluated by numerical integration over the kinematically

rections have recently been studied in R&2], which can give rise
y Reg], 9 allowedt range for a given c.m. energyf The renormal-

to a 10—15 % reduction of the lowest-order result. . | th dified | subtracti h
2Quite recently, the squark-loop contributions to gluon fusmn'za ion scaleu in the modified minimal subtraction scheme

have also been derivefll5] with a study of their effects in a (MS) strong coupling constanis(ur) is chosen as/;, the
supergravity-inspired grand unified thedi®UT) scenario. hard energy scale of the process.
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TABLE I. Choices for the the soft supersymmetry breaking pa- TABLE II. Choices for the the soft supersymmetry breaking
rametersMg, Mg, Mp, X; and X, without squark mixing(i.e. parameterdly, Mg, Mg, X; andX, for three values of tag and
Xi=Xp=0). For all casesu is fixed to be zero. The resulting the resulting spectrum of the third-generation squark masses and the
spectrum of the third generation squark masses is also displayedmixing angle in thet-sector. For all caseg is fixed to be zero.

Case A Case B Case C Case 1 Case 2 Case 3
Mg [GeV] 250 300 350 Mg [GeV] 250 300 350
Mg [GeV] 250 300 350 Mg [GeV] 250 300 350
Mg [GeV] 250 300 350 Mg [GeV] 250 300 350
X [GeV] 0 0 0 X, [GeV] 0 0 0
Xp [GeV] 0 0 0 tang 1.5 6 30 15 6 30 15 6 30
tang 15 6 30 15 6 30 15 6 30 X, [GeV] -470 -464 -463 -628 -621 -620 -813 -806 -806

m;, [GeV] 303 300 300 345 343 343 390 387 387 ny [Gev] 101 100 101 101 101 101 102 102 102
mi, [GeV] 304 303 303 346 345 345 390 390 389 ny, [GeV] 417 414 414 479 476 476 542 540 540
mp, [GeV] 250 251 251 300 301 301 350 351 351 mp, [GeV] 251 251 251 300 301 301 350 351 351
mp, [GeV] 253 257 257 302 306 306 352 355 355 ny [GeV] 253 257 257 302 306 306 352 355 355
6 [°] 44.9 447 447 449 448 448 449 448 4438

B. Calculation of the amplitude

In the MSSM, there is no tree-level contribution to the utilizing FEYNARTS and FORMCALC [16]. The agreement of
subprocesgg—W H™. The process is induced at the one-these three independent calculations and the transversality
loop level by diagrams with quark loogsee Appendix D)L test establish strong confidence in our result.
and with squark loopgsee Appendix D2 In the loop dia-
grams, also the neutral Higgs bosdifs H® and A° of the IIl. NUMERICAL RESULTS
MSSM appear as well as the scalar partners of the quarks.
The notation and couplings are collected in Appendix C.

The quark-loop diagrams can be subdivided into box-type We takem,, m,, andGg as the input electroweak param-
diagrams and into triangle diagrams wilchannel exchange eters, and use the values,=91.1882 GeV,my,=80.419
of a neutral Higgs boson. In each box diagram, the quarks iGeV andGr=1.1663% 10 ° GeV 2 [13]. For the strong
the loop couple directly to the outgoing charged Higgs bosorzoupling constanirg(ug), we use the formula including the
H™, while in the triangle diagrams the quarks couple to onéwo-loop QCD corrections fon;=5 with AgCD: 170 MeV
of the neutral Higgs bosonk®, H® and A°. Since these which can be found ifil3]. The masses of the top and bot-
Yukawa interactions are all proportional to the quark massesom quarks are fixed here as,=174.3 GeV andn,=4.7
the contributions from the loop diagrams of the third- gey.
generation quarkst(b) are dominant. The sfermion parameter sets are chosen in accordance

It has been known that there is a striking feature amongyith direct search resulfsl3]. In addition, the stringent ex-
the quark-loop contributions to the amplitude in the MSSM.perimental constraints on the new physics parameters from
Owing to supersymmetry, the box-diagram contribution tothe electroweak precision measurements are respected. In
the amplitude and the triangle-type one are almost of threfs. [14,17, this kind of constraint on the new physics
same size but the relative sign is negative, so that strongarameters has been studied in the framework of the MSSM
destructive interference occurs. The cross section resultingy using theZ-pole datam,, measurements, and low-energy
from all the quark-loop diagrams is therefore one to twoneytral-current data. Our parameter sets are chosen to be in
orders of magnitude smaller than the cross section obtainegccordance with the region inside the 99% C.L. contour on
from only box-type diagrams or only triangle diagrams,the S,-T, plane presented ifL7].
separately. o ) ~In cases without sfermion mixing, it is expected that

By the destructive interference in the quark-loop contri-jighter sfermions give larger one-loop contributions while
butions, the squark-loop effects become relatively large. Th@eayy sfermions tend to decouple from the observables. We
squark one-loop diagrams are subdivided ifttp diagrams  examine the cross section under this situation by introducing
with a 2-point loop and an intermediatechannel neutral  three cases, specified as A, B, C in Table I. Another inter-
.CP—even. Higgs bosor2) dlagra'ms with a trlangl_e and an esting situation is the case with larde-tz mixing. The
m_termec_hate nel_JtraCP-e\_/en ngg_s bos_on(3) diagrams magnitude of the mixing is determined by the off-diagonal
with a triangle without an intermediate Higgs boson, é&id ~ ) . .
box-type diagrams. As has been verified explicitly, eachP@rt Of thet-mass matrix, especiall¥; (see Appendix A

o study the cross section in this situation, we select three

group separately satisfies the transversality relat®n . ) : .
The cross section has been derived in two completely inpara~mgter setcases 1, 2, 3 in Table)llin which the maxi-

dependent calculations and perfect agreement has bedl t -tr mixing occurs with the mixing anglé;~45° and
achieved. Furthermore, these results have been confirmed lylight t; with nm; ~100 GeV.

A. Parameters

095001-3



OLIVER BREIN, WOLFGANG HOLLIK, AND SHINYA KANEMURA PHYSICAL REVIEW D 63 095001

0.6 T T T

T 3 T T T T

Ioom;laleteI ' cornlpleteI
(a) quarks ------- (b) quarks -------
squarks e squarks e
05 [ mys = 100GeV . 25 my+ = 210GeV -
Eoaf - 2 2t ]
B B
E 03| - % 15 F .
i S
o2 ™ or
=) =)
) )
ot 4 g o5t ) _
FIG. 1. Partonic cross section
7 o evaluated using all Feynman
0 L )y | $. 1 L L 0 1 1 e 1 1 1 1 . .
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000 lgraphs (50“(:] “”(‘23’ rc]’n(ljy qll_Jar)I;
= = oop graphs (dashe ine
\/5 [GeV] \/'; [GeV] and only squark loop graphs
(dotted lineg for a sequence
3 Ve v 06 L e of charged-Higgs-boson masses
t t
© aarks - @ complete . (100,210,360,450 GeV and
25 — 360GV squarks e 05 — 450GeV squarks - tanB=1.5. The parameter set 1
S Mt = N S MEE= © (see Table Nis used in the squark
=) = sector.
= of - Eoal
R T
E 15 | E 03 |
& &
™ oF T ozf
=) =)
) )
T o5 T ot
0 1 1 1 o 0 1 1 1 L1
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000

V3 [GeV] V3 [GeV]

B. Partonic cross section \/§~v2rngl~2mg2 from the squark-box diagrams are visible.

B‘iforf proceeding to the hadronic cross sectipm,  Nevertheless, thbb thresholds turn out to be of less impor-
—W H", we want to illustrate the partonic cross section oftance for the hadronic cross section, because they are too far
the subprocesgg—W H™ numerically. Although the par- s the threshold of the associatéti* W~ production. An-

tonic process is not accessible experimentally, it is useful fopiner effect of the squark-loop diagrams is present near the
understanding the features of the hadronic cross section, in

particular its dependence on the MSSM parameters. thqr)rodpctmn thresholq, whe_re the tail Pf thet, threshold still .
_ s as influence and gives rise to a slightly enhanced hadronic

gluon-fusion processes, the threshold reglon/;_(v Mw  cross section with respect to the squark decoupling e

+my=), where gluon pairs are most numerous in protongig. 4).

collisions, gives the dominant contribution to the hadronic “a; 5 charged-Higgs-boson mass of 210 GEig. 1(b)]

e cross section is largely dominated by the quark-loop dia-

sector as an example. grams. The peak corresponds to thehreshold effect in the

In Fig. 1 the integrated partonic cross section is shown aguark-box diagrams. A constructive squark-loop effect ap-

. = pears above the sbottom pair threshold, but this is negligible
a function of\/; for a sequence ofny= values. Each plot in the hadronic cross section.

displays three curves: the cross section evaluated from all For my,- =360 GeV[Fig. 1(c)] a novel enhancement of

(solid lineg, only squark-loogdotted line$ and only quark- i .
loop (dashed linesdiagrams. The last case corresponds tothe partonic cross section occurs around the thresholds of

the scenario where the squarks decouple. sbottom pair production \/§~2mgl~2mf,2, where the
Form,- =100 GeV[Fig. 1(a)] the cross section is mainly squark-loop contributions are dominant. Since the peak in
dominated by the quark-loop diagrams. Totethresholds at the partonic cross section is near i H ™ threshold where
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FIG. 2. Hadronic cross section fét* W~ production via gluon ) L -
fusion versus the charged-Higgs-boson nrags for two values of 0.001 1 10
tang (1.5,6. The three squark scenarios without mixii#g B, C in tan ﬁ
Table ) are compared with the case of decoupling squéskdid

lines). FIG. 3. Hadronic cross section fét "W~ production via gluon

a lot of gluons are supplied, a large squark contribution apfusmn versus tap for three values of the charged-Higgs-boson

Is0 in the hadroni i hich assmy= (100,300,1000 GeV). The three squark cases without
pears aiso in .e adronic cross S?C lon, whic . correspon ixing (A, B, C in Table ) are compared with the case of decou-
to the local maximum of the hadronic cross section at around,. -
. ling squarkgsolid lines.
my+=360 GeV in Fig. 4.
For my==450 GeV|[Fig. 1(d)] there is neither a quark- . .
pair nor a squark-pair threshold slightly above theH*  Wherefy (X, ug) denotes the density of partons of typén
threshold, but the enhancement due to virtual squarks is stifhe proton carrying a fractior of the proton momentum at
quite relevant. the scaleur. In our case the sum over unordered pairs of
partons{n,m} reduces to two terms; i.e., there are two parton
C. Hadronic cross section subprocesses contributing to inclusmé& H* hadroproduc-

The hadronic inclusive cross section féf H* produc- tion: gluon fusion andb annihilation. Our main concern is
tion in proton-proton collisions at a total hadronic c.m. en-the gluon-fusion process and the possible enhancement of

ergy /S can be written as a convolutidd ] the cross sect.ion t.hrough virtual .squark effects with.respect
to the approximation of decoupling squarks. We will also
- 1 dLhP compare the cross section for gluon fusion with the one for
o(pp—WH +X):{§n} ,OdT dr bb annihilation. The numerical evaluation has been carried
out with the Martin-Roberts-Stirling set BMRS(G)] gluon
X onmow-n+ (7S, as( 1Rr)) (120  distribution functiond19] and with the renormalization and

factorization scalewg, g chosen as equal.
The input parameters in the MSSM Higgs sector can
r ) be chosen to beny+ and tarB. Thus we study here the

with the parton luminosity

dchh ridx 1
dr ). X Tto. FrupOX, e) Frwp| 5o 1e

dependence of the hadronic cross section YwrH™*
production via gluon fusion on these two parameters
” for the different squark scenarios mentioned in

I
+fm/p(X!MF)fn/p(_rMF (13 Sec. Il A.

X
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FIG. 4. Hadronic cross section fét* W~ production via gluon 0.001 ‘ L

fusion versus the charged-Higgs-boson nrags for two values of i 10

tangB (1.5,6. The three squark scenarios with large mix{ggR,3 in tan ,3

Table Il) are compared with the case of decoupling squéskdid

lines). FIG. 5. Hadronic cross section fet"W~ production via gluon

fusion versus tap for three values of the charged-Higgs-boson
massmy - (100,360,1000 GeV). The squark caséHick lines is
compared to the case of decoupling squdthkin lines.

Figure 2 shows the variation of the hadronic cross
sectiorf with my= for the squark scenarios without mixing ~ The tan3 dependence of the hadronic cross section is
(cases A, B, C; see Tablg &nd for two values of tag (1.5  shown in Fig. 3 for the non-mixing casésases A, B, C,
and 6. The cross section is decreasing rapidly with increasTable ). The case in which all squarks decouple is also
ing charged-Higgs boson mass, except for the region arounghown for comparison. One can see that the squark-loop con-
my==210 GeV where a peak appears. The decrease of tHgbutions enhance the hadronic cross section foptamlues
cross section comes from the gluon luminosity, while the risgnainly below the point where the cross section takes its
of the cross section in the peak area is due to the top-garkninimum, The enhancement is bigger for smatigy-, e.g.
pair threshold in the quark-box diagrams, which gives rise tat0% for squark case A a,+=100 GeV and tag=5. For
a sharp peak in the partonic cross section[$ég. 1(b)] at my==100 GeV and 300 GeV the enhancement is highest for
\/§:2mt when the production threshold for the H* is the squark case A with the Iow_est squark mass scale, and
near 2n, . The squark scenarios without mixitigases A, B, lowest for. the sqlljark-cas.e C with the h|ghest squark mass
C; see Table)lshow generally an enhancement of the cros$cale, while the situation is just the oppositemaj- =1000
section with respect to the decoupling case of about 25-35 dgeV.
over the depictedny+ range, except for the peak region .
between about 180 GeV and 250 GeV. Clearly, in this range 2. Maximal t, -tr mixing
the quark loop graphs dominate and the squark contribution |n Fig. 4 the hadronic cross section for the squark sce-
corrects the quark-loop result only by a few percent. narios with maximalt, -tz mixing (cases 1, 2, 3; see Table

II) is shown as a function o+ for tang=1.5 and 6,
comparing the three squark scenarios with the squark decou-
Swith the “hadronic cross section” we denote henceforth thepling case. The general feature of all three scenarios is that
cross section fo'v"H™ production via gluon fusion and take care there is a second peak besides the one due to quark-box
that no confusion arises when the hadronic cross section for pradiagrams. This second peak originates from the squark-pair
duction of W"H* via bb annihilation is addressed. threshold effects in the squark-loop diagrams. If thieH "

1. Unmixed sfermions
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FIG. 6. Hadronic cross section fét*W~ production via gluon FIG. 7. Hadronic cross section fét"W~ production via gluon

fusion versus tag for three values of the charged-Higgs-boson fusion versus ta@ for three values of the charged-Higgs-boson
massmy = (100,410,1000 GeV). The squark caséliick lines is massmy = (100,470,1000 GeV). The squark caséldck lines is
compared to the case of decoupling squdthm lines. compared to the case of decoupling squdtk# lines.

production threshold is somewhat belown2 _, then the CaS€ of decoupling squarkhin lines. From the logarithmic
bott K threshold of the box di 1(2)' It %ot one can read off the fact that the enhancement due to
ottom-squar reshold of the box diagrams results in quark effects in case 3 with respect to the squark decoupling

pronounced peak in the parton cross section & case keeps almost the same relative size forBtamlues
=2mg, ,» Which is even slightly higher than the peak due topelow the position of the minimum of the hadronic cross
guark loopgsee Figs. (b) and Xc)]. The magnitude of the section. With further increasing tghthe enhancement di-
peak can be traced back to strongly enhanced couplings ahinishes slowly. Taking the case ofy+=470 GeV as an
the charged Higgs td.b; and1,b, involving the non- example, the magnitude of enhancement ranges from a factor
diagonal entries of thé-mass matrix(see Appendix € It of a.b.out 3in th_e rangeitan,BilO tp 1'.1 a'g ta|ﬁ=50._ln
turns out that in the region of low tgh the contribution to addltlon, thereis a thm dot-dgshed !ln_e in Fig. 7 showing the
the hadronic cross section from gluon fusion can be compahidron'_c_ cr_oss section which originates ) only f_rom the
rable and even slightly larger than the contribution frbim bb-annihilation subprocess for th_e ”."'OSt mterestlmg,.i
annihilation in the MSSM. This important feature is also Value of 470 GeV, where the contribution by gluon fusion to
shown in Fig. 4, where the hadronic cross sectiorViorH * th inclusive hadron process gets as important as the one by
production viabb annihilation for tanB=1.5is also depicted bk.) ann|h|!at|on for ta_rﬂz 1.5 (see F'.g'. 3 It urns .OUt th_at
for comparison. this special feature in the large mixing cases is valid for
The tang dependence of the cross section in the Iargesmall values of tap. The range of validity is limited from
mixing cases is shown in Figs. 5-7. The squark cases witA20V€ roughly by the position of the minimum of the had-
mixing are all rather similar in their behavior. Therefore we ONiC cross section originating only frorb annihilation,
concentrate on case 3 in Fig. 7 as the most interesting exvhich is at tang~5 in the case considered here. This is
ample for a more explicit discussion. In Fig. 7, the hadronicbecause for ta greater than 5, th&b-annihilation cross
cross section is displayed for three valuesmgf+ (100,470, section is again rising, while the gluon fusion cross section
1000 GeV) in case 8thick lines and it is compared to the has not approached its minimum yet.
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The figures discussed in this paper are based on calculéion examined in comparison with the quark-loop effects for
tions assuming stable virtual particles; i.e., the finite widthsvarious MSSM parameters, which are chosen respecting
of quarks and squarks have been neglected. This treatmentbsunds from the electroweak precision measurement and the
a reasonable approximation since the widths of the heavgquark direct search. We find that the squiddp squark and
quarks and squarks are small compared to their masses. Thettom squarkloop effects can be of about the same order
widths of the squarks depend on the mass spectrum of thes thet-b loop effects. In addition, for the maximum mixing

gauginos, which determine the_ kinematically ~allowedpetweent, andty with the mixing angled,~ /4, the had-
squark-decay channels but otherwise do not enter our calCypnic cross section fromgg—W=H* is extensively en-

lation. For example, the light bottom squark, which plays th.ehanced by the threshold effects bf andb, ,, wheret, is

crucial role in the threshold effects in the squark-box ampl"the lighter top squark. Therefore, the hadronic cross section

tudes, has a W'~dth of Eh(a_ ord.er of 1.GeV, or much less if the;, gluon fusion can reach the size of the cross section via
decay channeb,—ty" is kinematically closedsee e.g. the treebb annihilation subprocess for smaller t@n

[22]).
For a quantitative statement, we have estimated the finite-
width effects for the squarks and the top quark in our calcu-
lation. Taking into account a finite squark width yields a  This work was supported in part by the Alexander von
slight reduction of the threshold peak in the hadronic crosgHumboldt Foundation and by the Deutsche Forschungsge-
section(Fig. 4) and no change outside of the peak. Specifi-meinschaft. Parts of the calculations have been performed on
cally, we get a reduction of the peak value displayed in Figthe QCM cluster at the University of Karlsruhe, supported by
4 of 1-3% in the various scenarios for squark widths of 0.1the DFG-Forschergruppe “Quantenfeldtheorie, Computeral-
GeV and of about 10% for 1 GeV, almost independent ofgebra und Monte-Carlo-Simulation.”
tanB. The inclusion of the top quark width results in a re-

duction of 9% for tarB=1.5 and 18% for tapg=6 of the APPENDIX A: SQUARK MASSES AND MIXING
threshold peak located at+=210 GeV in Fig. 4.

ACKNOWLEDGMENTS

Squarks are introduced as the super-partners of quarks, so
IV. CONCLUSIONS that there are thr_ee generations of isospin doublets and sin-
glets corresponding to the quarks. The scalar partners of the
We have discussed the charged-Higgs-boson productiob- and R-chiral quarks, in general, mix to form the mass
process associated withVd boson at hadron colliders. The eigenstates.
hadronic cross section from the subprocggs-W H* has For the third generation of squarks, the mass-squared ma-
been calculated in the MSSM and the squark-loop contributrices in thelL-R basis have the form

2 2 2 1 2 X
) M(~3+mt+mZ E—etsw cos 28 My X¢
M2= , (A1)
mX M2+ m?Z+ m2e,s2cos 28
and
2 2 2 1 2 X
) MG+ my+mg ~5 @Sy cos 28 MpXRp
M2 , (A2)
mpXp MZ +m2-+m2e,sicos 28
where
Xb:Ab_ ,U/ta.nﬁ. (A4)

For squarks of the first two generations, the mass matrices are obtained analogously (A1 Fgsd(A2), the symbols, and
e, denote the electric charge of top and bottom quawkss the supersymmetric Higgs mass parameég, the soft-breaking

mass parameter for the squark iso-doubtet B, ), andMy andMp are the soft-breaking mass parameters for the iso-singlets

tr andbg. They can be different for each generation, but for simplicity we will assume equal values for all generations in our
numerical analysish; andAy are the parameters of the soft-breaking scalar three-point interactions of top and bottom squarks
with the Higgs fields.
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We restrict our analysis to real parameters, so that the mass matrices for sfermioasd(fg) are real and can be
diagonalized by introducing the mixing anglés. The mass eigenstatés andf, are obtained as

L
T
The off-diagonal parts in the mass-squared matri@ds,(A2) are proportional to the fermion masses. Therefore, the mixing
effects are important mainly for third generation squarks.

T\ [cosé; —sine;
¥,/ \sing; cos

APPENDIX B: HELICITY AMPLITUDES

In the analytic expressions for the helicity amplitudes scalar 3- and 4-point functions appear for which the following
conventions and shorthand notation are introduced:

CImABC _f 4 1 ’
i 772 [k2—m31[(k+p)) 2= m3][ (k+ p;+ pm)2—ma]

Dglm'ABCD:jf“ 2_ 2 2_ 2 : 2_ 2 2_ 21
i [k*=mz][(k+p) = mg][(k+ px+p)“—me][ (K+ pe+pi+ pm)“—mg]

Furthermore, in the box amplitudes tensor coefficients appear, where the upper indices denote momenta and masses in the
same way as above. The lower index of the tensor coefficients gives the number in the tensor decomposition and corresponds
precisely to the naming if20] except for the fact that the Minkowski metric is used as implemented ir@dR&RAN package

AAFF [21], which has been used in the numerical evaluation. To match the definition of the loop integrals the external momenta
are all chosen as incoming. Thus we have the following translation to the definition of Sec. Il A:

p1=k, p2=E pP3=—p, p4=—5

In someC functions a sum of two momenta + p, appears as one of the momentum arguments, which is then denoted by
(Ik). The amplitude fogg—W H™* is divided into contributions from quark and squark loops and further into triangle-type
and box-type diagrams:

M= M“A+MQD+M“A+M‘*D (B1)

oo\’
Regarding the squark loops, we include the 2-point loops in the triangle contribution and the triangles without Higgs exchange
in the box contribution.

1. Quark contributions

Triangle contributions:

M 20%\ (Kigon T Kogo) TT2 + (Kiggon + K11y TS (B2)
mgq[ H"tt mpgs H" bb =
T = gs(g[HOH Va M (__2 )Cl2ttt 1} M (——2 )C(l)beb_l +g[h°H*W™]
- s—m? 2 s—m3 2
0 0 S
><[mtgs[h tt] (__2 )Clzttt 1}+M (E_ng)cézbbb_ 1“)

1942 gsg[A’H W]
2(5_ A)

The universal helicity factorK;,,, are listed below in Appendix B 3.
Box contributions:

(mtgp[AOtt]Clznt—l— mbgp[Aob b]Clebb)

24
M= ;1 Kigon T (B3)

oo\
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1_4\/—2

+ mbg—(R1+ Dé|.)32bbtt+ 4D122bbtt+ D%glbbtt_,’_ D%glbbtt_,’_ 3D%§2bbtt+ Di§3bbbt+ D%%Sbbbt'l' 3D%§3bbbt+ D%§4Ittb

'9592
o_ 132bbtt, 132bbtt_ ~231bbtt_ ~1241tth 2141t , ~123bbbt_ ~124itth , ~213pbbt_ 214tttb
Ti [Mg+ (Ry+ D"+ D3 =D =Dy " =D+ D33 —D23" "+ D33 —-D3" )

213pbbt 2141tth
+3D313pPbbty p2laittby

Tg’D = Tg'D( P1>P2)

_ 132bbtt | 231bbtt_ y124fttb _ ~y214fttb , 132pbtt, 123bbbt, ~124fttb | 231bbtt, y213pbbt, ~214tth
R;=2(D3;""""+D3% D33 D337 +D3g™" 4+ D37 +D37" 4+ D3gg" + D53 +Dgg )

gsgz 1 ” 2 b bb 32pb 24fttb 2bb bb b
-I-g,EJZZ\/E 5 8{mtg+[ u+m\2lv)DOl41tt D123b %"‘(t mH+)(Dl 2pbtt__ Dé 4ttt )+4(D%§ b ’[t+ Dg%Sb t_ D%%Mtt

231pbtt , 123bbbt_  124ftth 341bt_ ~34ptb 2 ~ 2. 123pbbt_ ~132pbtt:
— D33PPU4 DFZ3PPPL D R2AP) 4 2(C3MPI— C3*P) + Ry ]+ myg [ (MF . — 25— 1) D?*PPP'— D 3PPls
(1454 mp, )D2IODL L2 (4 2 ) p23IBDILY 4 3182bbit, gy213pbbEY [y2Laittb 4 [y 231bbit

+ 3D%§3bbbt+ D%%‘uttb) _ 2(C84Ibt+ 3C84btb) + Rz]}

O_—q0
T4 —Té’, (P1P2)
Rz—s( D124mb D123bbbt D132bbtt D213bbbt D2141ttb+D2141ttb+D1241ttb D231bbtt)+8(D123bbbt+D132bbtt

1241tth | ~2141tth | ~213bbbt, 231bbtt_ ~214ftth _ ~124tttb 12)3pbt | ~(12)41th _ ~(12)4tth
+D311 +D35p D3 +D3is —Diig D33 —4(c{P*P+ Cf? C{P)

i2
19502 1 N
T = o 8{mtg+[s( D2Mitib 4 p124ittb | [y132bbit, [5123bbt, [213pbbY _ (o2 5 ofy(p124ith | p2ditid

D231bbtt) FRI4+ mug_[S( DéZSbbbt_ Dgl3bbbt+ Dgslbbn_ D%gﬂttb_ D%Mttb_l_ Diglbbtt) n (2m\2N— s—2b)

132pbtt , ~132bbtt , 123bbbt, ~213bbbty , o—
X(Dg +D33" "+ D13 +D13 )+ Rz 1}

A _ 79,0
Te =T2 (p1—P2)
=+ 32pbtt 231pbtt 123bbbt 213pbbt 214t1ttb 124ttth 132pbtt 2(13) bbt__ ~24ttb 241th
R3 =8(D132pbtty p23ihbtty (123hbbty [y 213bbbt_ fy2L4tib_ y 1241ttb 4 (y182bbtty _ 55 c2(13)bbt_ c241tb 4 2

4 Cg_::LLg)tht) T 2( Cg?»,’[tb_,’_ C§£l4) ,ttb+ C?%btt)

2
gsg, 1
O _ 132bbtt 123pbbt 213pbbt 123bbbt 132pbtt 213pbbt
T4 = —[mMg. (Ry+ D3P + myg_ (Rs— D?3PPP4+ DEI3PPPI D 133PPPLy pI32PPbtty p2I3hbbY |

2\27% 4

950, 1
T37=5 5,7 41MO[~Ru(Prpy) ~ DI+ mug [~ Re(pypy) ~ DI

2141t ~2141tth _ ~124ftth _ ~231pbtt_ ~123bbbt, ~124itth
R4=—-Dg D11 D13 D13 Di3 +Di3

_ ~132bbtt | —231pbtt_ —231pbtt ,  124ftth
Rs=Dg +D1; =D+ Das

2
9sg2 1
O_ 124ftth | ~214ftth , ~124fttb_ - 214ftth 123pbbt_ 213bbbt_ 123pbbt, ~213bbbt
g PN 2[M@+ (D17 4+ D7 4D =D ) +mpg - (D= D1 = Dzt D) |

939>

O_ 124ftth_ ~214ftth | 214ftth , ~124ftth | 124ttt _ ~124ftth_  124fttb
T T o2n 24[mtg+(R6+D M- DM+ DM+ D+ D - D - D) + myg (R7+Rg)]
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2
059, 1
H= N Z{mtg+[R6( p1pa) + D3P+ DM+ DM — 2D 2T+ myg [Ry(pyrpo) + Rel}

_ ~1241tth | ~132bbtt | 123bbbt, 213bbbt, 132hbtt, ~213bbbt, ~123bbbt, ~231pbtt
Re=—-D31 " +Di17"+D13 +D13 +D2;7 "+ D% +D2; +D2%s

R7: DéZSbbbt+ Dé32bbtt+ D%l3bbbt+ 2Di%3bbbt+ D%ibett_’_ D%§4tttb+ 2D%§3bbbt+ Di%4tttb+ D%%Sbbbt_i_ D%%Mttb_’_ D%gﬁttb

+ D§%4Ittb+ Dgglbbtt‘f' D%‘2141ttb+ DgiSbbbt— D%§4Ittb+ D%gabtt_ D%§41ttb_ ZDgéMttb

— 124ttth 132bbtt_ 2141ttb 231pbtt
Rg=—Di3" +Dg3 D37 +D13

2
9592 1
2= 52 4L+ (Re Ryt D™= DFH04 D0 - D) + myg - (Ryy) )

2
9592 1
Ty = 2\2m? Z{mtg+[_ Ro(P1P2) + Ryo— D35 #1°— 2D 5P+ 2D P+ myg [~ Ryy(prp2)1}

RQZ _ D%%Mttb_ Digabtt_i_ Di§41ttb+ ZD%gabtt_i_ D§%3bbbt+ 2D§é3bbbt— 2D%é41ttb+ ZD%gabtt

_ ~1241tth 214itth _ ~132hbtt | ~231bbtt | 123pbbt_ ~124fttb _ 213bbbt
Rio=D33" +2D3%; Do, + D%+ Do D26 D%
_ ~132bbtt | 213bbbt, 132pbtt , ~213pbbt, ~231bbtt | 231bbtt, ~123bbbt, 132hbtt | ~213bbbt_ ~214ftth__ 231pbtt
R11=Dg +Dg +D3;7 "+ D1 +D1; 7+ D+ Dag +D33" + D13 —Di3" D33
| DIt | p2141tb | H231pbIL_ [5123pbbLy [3213bbbt_ p2Laitth | p(3123bbbL_ [y 12411th | [132bbit | (y2141tid

_ ~231pbtt
D%

2

9502

q.0_ - _ 124ftth_ ~124ftth | ~132bbtt_ ~214ftth  ~123bbbt, 214ftth | ~132hbtt_ ~214ftth_ -~ 124ftth
PN 4[mtg+( Do Dyt +Dn D" +Di3 + D3+ Doy D3+ D23

2141tth | ~123bbbt_ ~124ftth 2141tth | ~231bbtt 123pbbt , ~132bbtt 123pbbt |, ~132pbtt , 132bbtt
— D33P 4 D3Z3PPPIpJ2aMtb o ZAMID D3P g (DFPPPPN D3RPy 2 1E3PPL pIF2hbiy p182P

213pbbt_ ~124ftth , ~123bbbt, 124fttb | ~132bbtt_ ~124fttb , ~213pbbt
+D13 —Di3" "+ D3 +D357 T+ Dy =D T+ D% )]

2
9592
Tl '=

1
124ftth _ ~124ftth _ ~214ftth | ~231bbtt | ~123bbbt, ~214ftth | ~124ftth _ ~214ftth  214ftth
222 2Lmg+ (D1 D12 D"+ D+ D3 T+ D3 T+ Do D23 D24

+ Dgilbbtt+ D%gabtt_’_ D§é4tttb+ D%§3bbbt_ D%thtb_}_ DgéMttb) + mbg_(DéZSbbbt+ D%%Bbbbt_i_ Dii3bbbt+ Dig3bbbt

 ~1241tth | ~132pbtt , (124ftth , ~123bbbt, ~213pbbt_ 124ftth |, 132bbtt
D37+ D33+ D33+ D3y +D%s D2s " +Dz )]

2
9502 1
O_ 132pbtt, 124ttth 2141tth 132pbtt , ~231bbtt, ~123bbbt, ~124itt 213pbbt 2141ttb
T T2 > 7LM9+(D12 PP DM+ 2D M0+ 2D 332+ D ISP DS DM P+ 2D 537 3D 5
77

132pbtt_ ~214ttth 132pbtt 132pbtt 231bbtt | ~123bbbt, 213bbbt, ~132bbit 231pbit
— D3P = DZRM) + myg (D4 2D 137PP 2D 5310 DIEPPPP DIPPPPY D3PPP 2D 23T

123bbbt 124tttb 213pbbt 2141ttb 123pbbt
+2D323Pbbty pI24mtb y p213bbbty Hpy2laitb_ [123bbbiy )

2
0502 1

q.0_ - 132pbtt ~124ftth | ~231pbtt, —123bbbt, 124ftth_ 214fttb | 132bbtt ~214ftth

PN ZLMg+ (D™ 4+ D33 4 Do+ Dag™ 7+ Dag Do3™ "+ D™+ D% )

132pbtt 132pbtt , ~123bbbt, ~213bbbt, ~132bbtt , ~124ftth , ~213bbbt, 123bbbt
+myg_ (D PP+ 2D 132PP DIEPPPP DIPPPPY: DI32PPM DI D3RP DIZ3PPPY ]
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q,00_
18

q,0_

19

q.0 _

_2\/5772 4

20

q,00_

21

q,0_

22

q,00 _
23

_2\/5772 4

940, 1
D2L4:+ b p2lasttby iy oy (01236bbt, [p213pbbt, HpyLazbbity 124t 4 1y 123pbb)

\/— 2 8{ tg+[2m +(
+(m§ + mH+)(D132bbtt+ D132bbtt D214Ittb+ D2141ttb)+(u mH+)D23lbbtt+ m§(2D323bbbt_2Dg3lbbtt
124ttth 2 2 124tttb 12)41tb 12)41tb 13ttb 24tth 121ttt 211ttt 132pbtt 213pbbt
+Dg ) — (mf—mfy. ) D+ (CEA P — CP P — CpP+ 205 — Co?t - CT3 1 — 4D 3777 - 4D 5P

+2D123bbbt+ 2D23lbbtt+ Rg)]+mbg [(u+mb)(D123bbbt+ D123bbbt) (u mH+)(D132bbtt+ Di§2bbtt)_(mg
)D213bbbt+ (t mH +)D23lbbtt+ (Cé4,ttb+ C(2)4,ttb_ Ci%bbb_ Cg_223)1btt_ 2C(1)2bbb+ Ci%btt_,’_ C(2)4bbt_ C%Sbbt
+ 2D%§2bbtt+ 2D§%3bbbt_ 4D§§1bbtt_ 4D%§3bbbt+ Rg)] + thzmbgp[H + Out,t il’l,b Out](Dé23bbbt+ 2D%241ttb

+ 2D‘Z:L)32bbtt+ Dgl3bbbt+ DiiSbbbt)}

14tth | ~24ttb | ~(13)2btt__ ~2(13) bt ~14ftb_ ,~214ftth 1241tth
—Ciy +C T+ Cy Cis +C11 4D5;" "+ 2D55

2
050> 1
1241tth _ ~1241tth _ ~2141tth _ ~132pbtt | 132bbtt_ ~213pbbt, ~214ftth _ ~214ftth__ ~132pbtt
N 2Lmg+(—Dp D11 D11 D"+ D13 D13+ D13 D23 D22

_ ~214ftth | (~132bbtt | 214tth _ ~213pbbt, 214ttth _ ~123bbbt, 123pbbt, 214fttb _ 231pbtt_ ~214ftth
D5, +D3™ + D33 D% +D% ) tmpg-(—Di7 +D13 +D13 D13 D23

123pbbt_ ~123pbbt, 214ftth _ ~231pbtt
+D2 D35 +D% D% )]

2
9892 l 214
ftth_ ~213pbbt, 214ftth _ —214ftth , ~132hbtt_ 214ftth [ 213bbbt 2141tth _ ~ 132bbtt
—[mg(—D11 Di3 +D13"  —D3 T+ D3 =Dz — Do +2D% =D )

231pbtt_ ~231bbtt_ 231bbtt | ~2141tth , ~123bbbt_ ~214ftth _ ~231pbtt | ~214itth__ ~123bbbt
+myg_(—Dg —D1; =D+ D3 T+ D =Dz =Dy D% =Dy )]

2
992 1 132pbtt | ~213bbbt, ~214ftth _ ~214ftth _ ~132pbtt 231pbtt 231pbtt | ~231pbtt
~[mg., (D33?PP14+ DZ3POPY DIHP — DA — DI3ZPOY) 1 my g (DEPMPP!4 2D T3P DI

_2\/5772 4

+ D%%Sbbbt-i- D%%Mttb_ D%ngbbt)]

2
050> 1
~[myg., (2D23IPbt, D 124ittb 4 H21atttb 4 [132bbit | o [3231bbit | H3123bbbt, Hy124itib 4 [y 2L3bbbY

214fttb | y2141tth | 132pbtt 231pbtt 132bbit 231pbtt 123bbbt 213pbbt 132bbtt
+D5% "+ D5+ Dy )+ mpyg_(Dg +2D15 + 2D+ 2D +2D13 +2D55

231bbtt, y123bbbt 1241ttb 213pbbt__ y214fttb | ~123pbbt
+D5 "+ Dag +2Dy5 " "+ 2D5%; +D%3 T+ Doy )]

gSgZ 1{mtg+[2mb(Do32bbtt+ D213bbbt)+ m m (2D231bbtt+ 2D2141ttb D123bbbt)+2mH (D214 +++b

2\272 8

D214+++b)

A~ o 231pbtt , ~231pbtt 2 2 132pbtt , ~214ftth _ — 214ftth 123pbbt 213pbbt
+(0—mj. ) (D3P DIFPPY) 4 (mZ— mZ+ md ., ) (D3P DI — DEHP) + (4D 3530 2D 5P

2141tth 231pbtt 132bbtt , ~(12)41th _ ~(12)4fth__ ~21ftt_ ~24bbt_ ~2(13)bbt
+4D5MP 4+ 4DZIIPPI_ oD 132RbUy TN CIMMD _ cTH_ CIPDL_ CIIIPPLL R, )]

+myg_ [2m D123bbbt+(u mH+)(D123bbbt Dl32bbt’[)+(t mH+)(D231bb“ D231bbtt)+(u+mb)D123bbbt

132pbtt 2141ttb 231pbtt 123pbbt 213pbbt 23)1ptt 24tth 24pbbt 32 ptt 23bbt 12bbb
+(4D332Pbu_pp2lattth _ oy 231bbtt_ 5y 123bbbty 4y Z13hbbi_ c(23)1btt_ c24ltb | c2abbt_ o32btty c23bbt_ 12

+CI{MPPY Ry [+ 2mimyg [HT outt inb out](D13*PPP'— 2D PP —2DH4H0)}

1241tth _ ~14{th__ ~14fth | ~24fth _ ~24ith | ~(13)2btt
Ri0=4D37 Co  —Ci+Ch Cim +Ci3
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2m D214Ittb+(m -m +mH+)D132bbn+(u mH+)D231bbtt

D123bbbt_ (C84tbt_ 2Cg41tb+ C%Z)Mtb_i_ C%gl:;) ,bbt_ 6D2141Itb+ 6D132bbtt

27
+Rll)]+mbg [Zme123bbbt (U mH+)(DO32bbtt+ D132bbtt)+(t mH+)(Dg31bbtt+ D23lbbtt)+(u+mb)D123bbbt

(C(23)lbtt C34btb C13,ttb CﬂanrCza,ttb_cg4,ttb+cﬁbn_ C%B),bbt C24bbty gp123bbbL R )1
+2m; mbgp[H+ outt in.b out]Dizsbbb‘}

_ ~148th _ ~(13)2btt , ~141th _ ~24fth
=Co Ci1 +C12 Ci2

Here the shorthand

has been used.

Triangle contributions:

=gJH" outt in,b outl*=g,[H" outt in,b ouf]

2. Squark contributions

A _ QA
M g;)\ = (Kl(r(r)\ + KZU(T)\)T?_' (B4)
in = 195 g[HOH W]
TeA=3 = [OlHTGT (1 +2m¢ 2 C124t) 1 g[HOB bib;](1+2mg €,
g[ho W] irses 1211, 12bibib;
= [g[h ,t,](1+2mC "')+g[h b](1+2m~C DINE
h
Box contributions:
6 ~
9.0 — 79,0
Min=2 Kien T} (B5)
- 2 |gé ~ e~~~ ~~ ~ o~~~ ~~ ~ o~~~ ~ o~~~ ~ o~~~ ~~
3,0 132bbitit; 1321t bb; 132bbjtit; 13211, bb; 132bbjtit; 1321t b;b; 132b/b;tjt; _ ~1321;bib;
T =10 2(D12 s D12H +Dzz : DzzJJ +Dy Y D24IJI+D36 I D’ :
123p.bibit; 1231t 1:b; 124p;b;b;t 1241 1:1;b; 123p;bibi t; 1231 1:t:b 124D bibit;
+Do =Dy Dy J_Dss P D = Dy =Dy T
+ D324 g T, W* Jg[HT;B]
- 2 |gé ~ ~ ~ ~ ~ o~ ~~ -~~~ ~
q.0_ 132b;bitit;  ~132ft;bib; 132p;b;tit; 132t b;b; 123pbjbit;  ~123f;1;t;b; 124hbibit;  ~1241tt;b;
LE: —”2:1 277_2(D26 =Dy 4Dy = Dgg™ it '+Do "=Dy Y '+ D33 D33 Lk
123Db;b;bit; 1231 t:1:b 124Db;b;b; 1245510y 1
+Dg I =Dgg 1T =Dy "'J+D39 P gt bW ]g[H~t;b;]
~ 2 ig2 o . 5 . o ~
4.0 _89s  ,n132hbit 1321;1bib; 132p;b 1321;1/bb; | ~34bitjb_ ~341D (12)
T3 Dy —2( 2D, 1+2D —2D,1" J+2D311 +C, T =Cy I+ CY
J=1 47
(12)31:1.b; 123p;b;d 2311 ;b; 123p;b;b;t; 1231t 1, 124D;b;bt; 1241t tib; 124D;b;b;t;
Cy o m=2D" i J+2D 2D +2D311 it '+2D5," 2D311 it —2D5
+2D 3224440 o[ bW g[H* )]
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2 2
19 5511 e 535 1B 55 i
9,0 _ 5 132hbitt 1321 t;bjb 34pitib;  ~34%bjt (12)3bjb;t (12) 123p;b;b;t
T _IJ=l _4772 2D 2D+ C T = C T+ C -C; —2D,; i
1237 11;b 123p;b;b;t 1231 1:1;b 124p;bbit 124%1;t:b 124p;b;b;t
+2D27 H I_2[)312' H +2D312]JJ I+2D312II I _2[)312]JJ I 2D313 g
12411t }b =
+2D5,7 gt bW Jg[H = tjb ]
5 2 i92 e e e e e e .
T D_I >, 47T52(Cc2)4,b,b,tj_cc2)4t tb; C(13) '+C(13)2 Jb,b,_I_ZD;ga,b.t]tJ 2D;§2,t]tjb,bl+ZD;igb,bltJtJ_ZD;iz,t]tJb,b,
123b;b;b;t 1231:1;1;b 124b.bibit 1241 11;b
+2D5 2D T 2D T T = 2D T gt bW Jg[H Tt by ]
2 gz e N L o e e o
3.0 S 132bbitit; 5~ 1325tbib 1(23) bibit 1(23)1;t:b; 123bbibit; _ -, 12311;1b; 124p;b;bt;
Te i 4772(2D312 =205, T = CT T L+ 2D 5 . 2D5 T+ 2D, 5 .

3. Helicity factors

The factorsK;,, contain all the helicity information of the amplitude. They are obtained by contracting kinematical
tensors with the helicity four-vectors defined in Sec. Il A. In the following these factors are listed. The symib@hotes a
transverse polarization of th& boson, i.eAt=*1:

[48[Bul 2~ (1 0) 212 Pul2V5+ En(0-1)]
Kl(r{rO KZ{rrrO ’
32(s[Pw| M)

E a
K30'0'0 8 ( 2|pW|\/— W ) 0-0-+1)1

Kagoo=Kzgoo(teU),

Ew
My

KS,U;O KGU’O’O 8 §|.p |
w

1(t-w? 1
| Pwl |

K7 050=—1(5/2)0Ks 550,
Kaooo=1(5/2)0Ks a0,
Kgoo0=0,

i [Ew(t—0)

Kioro=ggme |~ o~ 2VSIPul [S(o+ o),

K11500= K1ggoo(tU),

K12500= K13500= ~Kg g0 s

i[2/puwl2Ve—En(i-0)](2VeEy-1+0)  —
— (o+0),
32Pwlmw

14000~

i[2/pwl2Vs+ En(i-0)1(2VsEy—T+0)  —
— (o+0),
32| pw| My

15000~
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K160~ K7 om0 (Ew\S),  Kizsm0= Ko momad (Ew ),
Kigo00=(2/5)K 10,50,  Kigpeo= —Kisgeo(t—U),
K20000=— K14,a;0(f‘—’ u), K21000= ~K16500:

K22500= ~Ki7500:  K2300= —Kiggoo(trt),

imy(t—u)
Koagoo=———=
4[Bwl \/;

In the following an additional shorthand is used:

(o+0).

20 2 m?2

2 tu_meHi

==
S

[ - (t-uw
Kigon,= _Kz,mﬁ\T:3_2( 4\/;| Pwl — . |\/—) Pt\/_)\T:
Pw

[ \/_Dt\/— S(co+1)\y

Kaoon,= ~Kagor,=
SoohT dorktT 8 [Pl

i [(t—u)\
Ksgon, =~ —(—T+2cr) P2,
8\ \a/py

Keoor;=Ks oo (0——0),

1. — 1s(-u

- (T)\T
K7,(To')\-|— E ( ZSUU— g | pW| ) Pt \/E,

Ksoor,=Kzoon (0=~ 00— —0),
1 —. —

Koson, =gV2spioo+1),
Kiogor,= = Kirgon, =i (s/2) Kagony s
Kizgon, =1 (§/2)UK5,¢7;>\T '
Kisoony=Kizeon (0= =),

1 (25Ey—1+0)Vap 2 o+a>xT

Kisgon, = = Kispor; =~ 35 B

! {(_ Eul -0 +2|pw|\/_ onp+(T—u)— 2\/;Ew P2,

K16,0;AT:1_6 |p |
K17g0n,= Kisgon, (0 = 0),
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1 Pt\/g\/z(fﬂ‘;))\T

Kiggon,= Kzs,(r;)\ng Bl

Kigoorn:= ~Kaogor, = Kisgon (T U),

1
Kzl,u;xTzﬂs

En(t-0) .. -
(V\[—r)—w|+2|pw|\/; oA+ (T—U)+2VSEy|piy2,

K22,U;)\T: K21,U;)\T(o-_> _;):
Kosgor,= = V2( Ew/\/g)Kls,a;xT .

APPENDIX C: MSSM COUPLINGS

In the following all couplings of the third generation quarks and squarks to MSSM Higgs patrticles, which are relevant to
the process, are collected. The factpr=e/s,, denotes thesU(2) coupling constant of the weak interactics),= sin 6,
¢, =cosé,, andt,=tand,, with the weak mixing angled,,. The scalar and pseudoscalar couplings in the Higgs-boson—
fermion interactions are distinguished by adding subscsptsdp to the coupling symbols. Analogously, the subscripend
a distinguish the vector and axial vector coupling of quarks toWwhboson.

1. Quark couplings to Higgs bosons

Neutral Higgs bosons:

HOt = — m; Sina HOb b — m, COS« -

gs[ ]_ gz 2mW SInIB! gS[ ]_ gZ 2mW COSB' ( )

hott] = — m; COSa b= + m, Sina co
0dn*tt]=—0, 5= g 9dh%bl=+g, 5o =g, (€2
gp[HCtt]=gp[°tt]=0, gy[Hb]=g,[h’bb]=0, (C3)

0 . m; 0 . My

gplA"tt]=ig, ZchotB, gplA"bb]=ig, metanﬂ, (C4

g4 A%t]=gA%b]=0. (CH

Charged Higgs bosons:
mptanB+ m.cot
gfH" outt in,b ouf]=g, lanf m 'B=gS[H‘ outb in,t out], (C6)
2\2my,
mptan—m;cot
gp[H" outt in,b out]=-g, olans— m Bz—gp[H* outb in,t ouf]. (C7

2\/§mW

2. Squark couplings to Higgs bosons

Neutral Higgs bosons:

mycog a+ B)

g[H% t,]1=0, [(AsSina— u cosa)sin26;— 2msina ]+ 5o [(5—8c2)cog@;—4s2]|, (C8)
'

t
2mysinB
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g[H%,t,]=0, [ —(Asina— u cosa)sin 26;— 2m;sina]

2m sm,B
mzcos a+ B) ) 5
+T[—(5—8cw)co§e;+(1—4sw)] , (C9
w
] b L . B mgcoda+pB) 5
g[H blbl]_gz_—mecosﬁ[(Abcosa mSina)sin2 6 2mb005a]+—6cw [(4ci,—1)cogby+2s5] |,
(C10
- [ m, . .
g[H b2b2]=gz_2mWTsﬁ[—(Abcos(x—usma)sm 2605 —2mucosa ]|
mzcoq a+
+#[—(4c@—1)c0§05+(1+20@)] : (C11)
W
g[h%;0;1=9[H°q;,q;] (sina—cosa, cosa— —sina). (C12
Charged Higgs bosons:
g[H”lel]:%{nL2mtmb(tan,3+cot,8) sin #gsin A;sin 28] m3(1+ tar?B) + mZ(1+ cofB) — 2mg]
My
X cosfpcost; — 2my(u+AptanB) sin #pcosd;—2m,(u+AcotB) coséysin i}, (C13
g[Hfflf)z]=L{—2mtmb(tanﬁ+cotﬁ) cosdsin 65 + sin 28] m3(1+ tar? ) + mZ(1+ cofB)
2\/§mw
—2m3,] sin@gcosd;+2my(u+ AgtanB) cosfzcosi—2m,(u+ AcotB) sindgsinb;}, (C19
g[H*t,b;]=——— \/_ ————{—2mmy(tanB+cotB) sin@rcose;+ sin 28] m3(1+tarfB)+m?(1+cofp)
My
—2m3,] cosbgsing;+2my(u+ AgtanB) singgsin 62m(u+ AcotB) cosdycost;}, (C1H
g[HiT252]=%{2mtmb(tan,8+ cotB) cosecosd;+ sin 28[m(1+tarfB) + mZ(1+cofB) —2ma,]
My
X sin @gsin 67+ 2my(u +AptanB) coséysin 6;+2m(u+AcotB) sin #;coss}. (C16
3. Couplings to gauge bosons
Quarks and squarksThe indicesa, 8,a,b are color indicesi andj denote squark mass eigenstates:
)\aﬂ
9.[a°0°g"]=gs—"~ 9a[aqgl=0, (C17)
o Nag
9la“9”g"]=—9gs—~ 5 (C18
~ ~ NN
0l9“a’g°e"1=08 5 5| - (C19
2'2 s
0. [tPbW* |= 2 gul bW |= 2 (20

5, a3
\/Eaﬁ 2\/—ﬁ
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g[t,B]Wi]: ——R

V2

ij

gl tPbrg®W*1=20,95R;;

The R;; are the following functions of the squark mixing angles:

R

Ry cos#;coséy,

R21

R12
R22

coséssin 4y
Higgs bosons:

g[h®H=W*]= %sin(

a
Nag

5 -

sin g;cosdy,
singisingg |

B—a),

o4~ a),

g[H°H* W™ ]=— %c
g[AOHiWI]:—i%.

APPENDIX D: FEYNMAN GRAPHS

Feynman graphs with opposite direction of charge flow are not depicted.

1. Quark graphs

H+

'

f b

%

t 4

t

o |

g H*
&/b; /
-~
TN ROJHO /
,— —————
AN //
-
t;/b;
9 w-

095001-1
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(C2)

(C22)

(C23

(C29

(C29

(C26)

"\/’ hO/HO 4
E,'/EiA /\)' """" %

P&

T h/b
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