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The amplitude for the one-loop-induced decay H ™ — W "y is calculated in the 't Hooft—Feynman
gauge in the minimal supersymmetric standard model concentrating on the scalar sector only. It is
shown that Feynman graphs with gauge bosons, physical and unphysical scalars, and Faddeev-Popov
ghosts in the loops undergo large cancellations to contribute negligibly to the final amplitude. The dom-
inant contribution comes from graphs with internal ¢ and b quarks. A numerical evaluation shows that
if the charged Higgs boson is lighter than the ¢ quark, then the branching ratio for this process can be as
large as ~7X 107>, For a wide range of parameters, this could remain well within the range of detect-

ability at the CERN LHC and SSC.

PACS number(s): 13.40.Hq, 12.10.Dm, 12.60.Jv, 14.80.Cp

I. INTRODUCTION

Despite the lack of success of recent attempts at Z°
factories and the Fermilab Tevatron collider to find sig-
nals of new physics beyond the standard model (SM),
physicists have not given up hope of finding such evi-
dences. The reason for this is that the SM, as it now
stands, is a patchwork of theoretical and phenomenologi-
cal input, lacking credibility as an ultimate theory of the
fundamental interactions. Apart from this, an important
ingredient of the theory, the scalar Higgs boson, has not
yet been found, though one hopes that the more powerful
colliders of the future will be able to hit upon it. At-
tempts to go beyond the SM have been part of the lore of
particle physics ever since the 1970s and many alterna-
tive models have been proposed to make up for its vari-
ous inadequacies. A common feature of most of these
models has been the introduction of extra gauge sym-
metries in the Lagrangian, discrete as well as continuous,
and the introduction of complicated scalar structures to
break these symmetries spontaneously. Consequently,
when the Higgs mechanism operates in these extended
models, one is often left with whole families of physical
Higgs bosons which can lead to quite unexpected phe-
nomenological consequences.

Perhaps the simplest extension of the SM with extra
Higgs bosons is the one with two scalar doublets, origi-
nally proposed [1] to explain CP violation. This model,
though inadequate for the purpose for which it was intro-
duced, resurfaced in the 1980s as an integral part of many
newer models, e.g., supersymmetric models [2], left-right
symmetric models [3], etc. As supersymmetry continues
to be one of the most attractive theoretical options when
one goes beyond the SM, two scalar doublets have at-
tracted considerable attention and a substantial literature
has accrued [4] over the past decade.

A large portion of the phenomenological studies made
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with two scalar doublets have been in the so-called
minimal supersymmetric standard model (MSSM) where
the number of free parameters in the scalar sector is re-
stricted to just two, which can be chosen, without loss of
generality, to be the mass of the charged scalar m , and
tanf, the ratio of the vacuum expectation values of the
two doublets. Apart from the charged Higgs particle, the
model predicts three neutral states: H 0 O (scalar), and
A° (pseudoscalar). Evidence for these predictions has
been looked for at the Z° factories and at the Fermilab
Tevatron, thus far without success. Hopes are now being
increasingly centered on the upcoming hadron colliders,
the CERN Large Hadron Collider (LHC) and the Super-
conducting Super Collider (SSC), to produce and detect
the Higgs bosons of the MSSM.

Arguably the most important new phenomenon arising
in models with two scalar doublets (such as the MSSM) is
the existence of elementary charged scalars, popularly
called charged Higgs bosons. In the MSSM, the masses
of the charged scalar, m ., and the neutral pseudoscalar,
m 4, are related by the important sum rule

mi =mp+mj , (1)
which immediately tells us that m , Zmy,. Thus, at an
e e collider such as the CERN e e~ collider LEP II
with Vs =2my,, charged Higgs pair production through
ete” —>y* or Z*SHTH™ will be kinematically
suppressed if not disallowed. To produce these particles,
then, one has to turn to a hadron collider reaching ener-
gies of the TeV scale. The Fermilab Tevatron proves
inadequate because V's is not high enough to produce
detectable numbers, but one expects the LHC and the
SSC to produce charged Higgs particles copiously. At
these machines, one has to distinguish between two dis-
tinct cases.

(i) m, <m_, +m,: when the charged scalar H™ is too
heavy to be produced from the decay of a top quark. The
dominant processes [5] leading to charged Higgs boson
production are gb—7H ™ and tb—~H™". Although one
would expect these processes to be suppressed by the
lower flux of ¢ and b quarks coming from the proton com-
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pared to valence quarks, they are, nevertheless, rendered
somewhat viable by the fact that the TbH ™ vertex is
enhanced by the factor m,/my,~1.1-2.5 (for 91 GeV
<m, <200 GeV) compared to the ZdH*, &sH ™ vertices.!
(The competing Drell-Yan process gg—y*—H*tH ™ and
two-photon fusion ¥y —H *H ~ lead to production rates
which are an order of magnitude smaller [6] and need not
be considered further.) For example, with m,=m , =200
GeV, it has been estimated [5] that, at the SSC with a
luminosity of 10* pb~!yr~!, the above processes could
lead to annual production of 10° charged Higgs bosons.
At the LHC, the corresponding figure could be ~7X 105,
which is an extrapolation from [5] assuming the produc-
tion cross section varies as s and using the higher lumi-
nosity expected for LHC. These estimates correspond to
tanS~1 and fall as tanB increases. For example, for
tanS~2 the above values are suppressed by a factor of
about 0.25. While these numbers are reasonably large,
the dominant decay mode of the charged Higgs boson
will be H * —7b where the same factor m, /my, is respon-
sible for enhancing the branching ratio. Thus, charged
Higgs boson production at the SSC or LHC will be sig-
naled by two or three hadronic jets, which could be com-
pletely swamped by the enormous QCD background at
TeV energies [7]. Whether this will indeed be the case
will depend on possibilities of judiciously applying kine-
matic cuts to suppress the backgrounds [8,9] and calls for
further study. However, in order to detect the charged
Higgs particle, a better option may be to look for some
other decay mode with a cleaner signature which will
make up for the lower event rate.

(i) m,>m , +m;,: when the charged scalar is light
enough to be produced dominantly through top quark de-
cay. The branching ratio for the decay t —H b is a
function of tanB. For tanf=2, this branching ratio con-
voluted with the expected rate of ¢f production [10] can
lead, for m,=200 GeV and m_ =100 GeV, to 7
(1.4)X 107 charged Higgs particles per year at the LHC
(SSC) assuming a luminosity of 5X10° (10*) pb~!yr~ L.
We shall use these estimates as benchmark figures in the
subsequent discussions. (Note, however, that for
tan3=6, the rate of production would be a third of the
above estimate. This is near the minimum of the
t —H b branching ratio as tanf8 varies.) The principal
decay modes of the charged Higgs bosons, in this case,
are HF > Wth°, HY -5, H+——~>T+VT, all of which are
plagued by large backgrounds. The best bet in this case
might be to look for universality violations in the lepton
spectrum [5,8,11]; but here, once again, it may be in-
teresting to look for a rare decay mode with a small back-
ground. This may, in the long run, be easier to identify
than the principal decay modes of the charged Higgs bo-
son. It could also serve to clinch the issue of H* detec-
tion if an excess of heavy fermions is observed, since

IRecall that the couplings of u and d quarks to the charged
Higgs bosons carry factors m, 4/my < 10~° while the coupling
of the 7dH * vertex is suppressed by the corresponding element
of the Cabibbo-K obayashi-Maskawa matrix.
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universality violation could arise from other sources rath-
er than a charged Higgs boson decay (such as mixing
with a heavy vector doublet of fermions).

One of the most promising rare decay candidates is the
process H* —W™y. Being a two-body decay this will
produce a monoenergetic photon in the H ™' rest frame,
so that one may hope for a peak in the electromagnetic
spectrum corresponding to this energy. This photon may
also be expected to be isolated from the direction of the
W™ unlike photons produced by bremsstrahlung. Unfor-
tunately, there is no W+ H ~y coupling at the tree level,
so one requires to generate an effective coupling through
quantum corrections at the one-loop level. In the
’t Hooft—Feynman gauge, this calculation turns out to be
a highly nontrivial exercise with more than 100 Feynman
diagrams, including tadpoles (Fig. 1), contributing to the
one-loop amplitude. In this work, we have made an exact
calculation of the WYH y amplitude in the
’t Hooft—Feynman gauge in the MSSM considering the
scalar extension only. We have not included sparticle
contributions through loops because these have been
clearly shown [12] to be rather small. Our final result
shows [13] that a branching ratio for this process as high
as 7X 1077 can be achieved for some range of masses of
the charged Higgs boson in the event of a heavy top
quark in the mass range 150-200 GeV.? It should be
possible to detect such a signal at the LHC or SSC where
around 107 charged Higgs bosons could be produced
every year. For a relatively light top quark in the range
91-150 GeV, less charged Higgs bosons are produced
and the dominant H*—7b decay mode drives the
H* W™y branching ratio to ~107% or less. Even
then, detection of the H* — W ¥y signal could be a dis-
tinct possibility at LHC, especially for the right range of
parameters, viz., for tan8=<5.5. Of course, for a proper
study of these possibilities, one should consider the back-
grounds and ways to eliminate them. A brief qualitative
discussion of these is, therefore, called for.

The plan of this article is as follows. In Sec. II, the
structure of the scalar sector is briefly discussed and the
strategy of calculation laid out. Sections III and IV are
devoted to the evaluation of contributions with bosonic
and fermionic loops, respectively. Branching ratios for
different choices of the unknown parameters are then ela-
borated in Sec. V and collider signatures and their possi-
ble backgrounds are briefly discussed in Sec. VI. Finally,
our conclusions are described in Sec. VII. The Appen-
dixes contain most of the detailed formulas which are not
given in the text.

II. SCALAR MASSES AND COUPLINGS

We briefly describe the scalar sector of the minimal su-
persymmetric standard model [4], which is of relevance
for this work. There are two scalar doublets, carrying

2In Ref. [13], the branching ratio for m, <(m,+m,) was
overestimated by about an order of magnitude due to an error in
our formula for the H* — 7% v, branching ratio. This has been
corrected in the present work.
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hypercharge *1:
o=} ¢11,

(2)
®7=[4, ¢3].
The vacuum expectation values of these doublets are
(@)"=[v, 0],
(3)

(0,)7=[0 v,],

where v +v2=02=(V2G;)"'. In terms of these dou-
blets, the most general CP-invariant scalar potential ob-
tained from a supersymmetric Lagrangian can be written
in the form

V(®,®,)=m2®ld +midle,+m,(i®]o,®,+H.c.)
2

L8

1 :
(@i, — oD, 2+ —g2dl, .
860829W 191 ) 28 | 19,

(4)

After the electroweak symmetry is spontaneously bro-

FIG. 1. Diagrams contributing to
H* > W*y with internal (i) bosonic and (ii)
fermionic lines. Odd (even) numbered dia-
grams correspond to H(h°) propagators. Of
these, only odd-numbered diagrams are shown.

ken, the physical scalar spectrum consists of (a) two
charged Higgs bosons H*, which are obtained from the
equations

¢ =H *sinB—¢ cosB ,

(5)
¢, =H " cosp+¢*sing,

where the ¢+ are charged Goldstone bosons correspond-
ing to the longitudinal modes of the W?* and
tanB=v, /v,, and (b) three neutral Higgs bosons H 0 ho,
and A%, of which the first two are CP even and the third
is CP odd, given by the equations

#d=v, +—‘/l_2—[(H°cosa——h°sina)

+i( A%inB—¢ o0spB)] ,

1 .
#=v,+ W[(Hosma+h°cosa)

+i( A%osB+¢%inB)] ,

where the ¢° is a neutral Goldstone boson corresponding



to the longitudinal mode of the Z° and « is the neutral
Higgs mixing angle.

All the masses and couplings of these particles can be
expressed in terms of the standard electroweak parame-
ters with the introduction of just two new variables: viz.,
the mass m . of the charged Higgs boson and tanf. The
masses of the other scalars and the mixing angle a can be
obtained from the formulas [14]

mp =i m2+mi+V (mi+m? )P —am2im?cos?28] ,

@)

m%+m2
tan2a= -——2-—2—tan2[3 .
my—mz

There are also two important relations involving the
masses: viz., Eq. (1) and

mi+mi=mi+m? , (8)

which are easily proved from the above, and which are
required several times during the calculation of the
W™ H ™y coupling in the following sections. These iden-
tities, as well as complete Feynman rules for the above
Higgs structure, may be found in Ref. [4].

The variation of the masses of the neutral scalars H°
and h° with m . and tanf is shown in Figs. 2(i) and 2(ii),
respectively. It may be noted that, as m, — o,
my— o, m,—>mz|cos2B|. my is rather less sensitive to
variations in tanf than m,. Taken in conjunction with
the lower bound m;, =43 GeV from LEP [15], it is clear
that tanB=1.5 is ruled out at the tree level, but values of
tanB=2.5 are allowed, especially for m , =100 GeV—
which, it will turn out, is the region of interest for the
process studied in this paper.

The fact that there is no tree-level W' H ~y coupling
in the MSSM is simply because the photon cannot con-
nect two physical particles belonging to different irreduc-
ible representations of U(l).,,. This also shows up in the
following argument based on electromagnetic gauge in-
variance of the amplitude [16]. The coupling must have
the form iM €y (p,)€e'(p,) where M, , =Agmyg,,, at the
tree level, since it arises from the covariant derivative.
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Gauge invariance demands that p;M,, =0 implying
A=0. At the one-loop level, however, M,,, can have the
general Lorentz structure

1 1
M“v=A, Xg/,w+ m2 Yp]vp2y+ mz Zepvaﬂp‘lng ’ &)
z z

taking into account transversality of the polarization vec-
tors. The factor A is included to make X,Y,Z dimension-

less. Electromagnetic gauge invariance now merely
demands that the form factors X, Y satisfy the identity
X+——¥p,-p,=0. (10)
mz

The decay width for H™ — W™y can now be written in
terms of the form factors as

where
|M|>=20|X|2+8(r, —ry )Re(X*Y)
+(r, —rp)2| Y2 42(Z]?) (12)

and r y=m?% y/m3. Although the parameters m
and tanf in this model are theoretically free to be chosen
according to convenience, such a choice must be subject
to experimental constraints. Chief among these is the
lower bound [15] obtained from the LEP data on Z° de-
cays. Clearly, as illustrated in Fig. 2(i), values of m , and
tanf which lead to m, inconsistent with this bound
should be unacceptable. In using this constraint, howev-
er, there is a caveat. Recent work [17] on radiatively in-
duced electroweak symmetry breaking in supersymmetric
models with a heavy top quark has shown that the mass
of the light neutral Higgs boson m, receives large correc-
tions which can push it up above the mass of the Z° bo-
son. As a result, one gets an upper bound m;, <115 GeV.
Other masses such as my, m 4, etc. are largely unaffected.
This could lead to significant changes in the way the
above experimental constraint is imposed.

It has already been mentioned that the tree-level mass
relations (1) and (8) play an important role in the calcula-

100 (ii)
240 |
220 +
= 200 | FIG. 2. Variation of the (i)
[N §1 80 light and (ii) heavy neutral scalar
o 8 masses with m, for tanf=(a)
__ 160 F 1.5, (b) 2.5, (c) 3.5, (d) 4.5, (e) 5.5,
£ = .0 f (H 6.5. The broken line
£ represents the experimental
120 lower bound from LEP.
ol - 10 (a) (®) (& (@) (e) (1
80 100 120 140 160 180 200 220 240 80 U S
m, (GeV) 80 100 120 140 160 180 200 220 240

m. (GeV
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tion of the one-loop W+ H ~y amplitude. Incorporation
of one-loop radiative corrections to the mass relations
would necessitate the recalculation of the W+H ~y am-
plitude at the two-loop level for consistency. It would be
premature, at this stage, to consider such an approach
when there is, as yet, no thorough understanding of this
process at the one-loop level. In this work, therefore, we
have used the tree-level mass relations only. As a result,
we do not recommend that the constraint tan>2.5 be
taken too seriously in connection with this work.

In this context, it is also necessary to mention that we
have not taken renormalized values of the masses and
couplings. This is in accordance with the usual pro-
cedure for the calculation of one-loop generated process-
es which are absent at the tree level, since we expect the
net amplitude to be finite in a renormalizable theory as it
is not possible to have the corresponding counterterms.
The price of not taking renormalized couplings is that we
are forced to include the effects of all tadpole graphs in
the final amplitude. We have chosen to work in the pop-
ular ’t Hooft—Feynman gauge for a number of reasons.
In this gauge, the Feynman rules can be checked against
standard references, such as [18] and the very
comprehensive appendixes of [4]. A more serious reason
is the fact that the simple form of the gauge-boson propa-
gator in this gauge turns out to be crucial for the numeri-
cal analysis of the problem. The alternative choice—to
work in the unitary gauge where the number of diagrams
to be evaluated is considerably less [19]—fails to com-
pensate for a corresponding increase in the complexity of
the calculation of each of those diagrams.® Computation
of these, keeping all internal and external masses, in-
volves an enormous number of numerical steps leading to
J

_aS/ZmW

Ay=——"7
* 4V7rsin?0,

sin2(a—p) ,

roytr,.—r
X,= [mgr,,co(w, w,H)+ Y+ K
2ry

r
2C, (W, W,H)+ r—WBl( W, H;+)
A

a considerable loss of precision (due to round-off errors),
as a result of which checks of finiteness and gauge invari-
ance in this case could fail to work. With hindsight, we
may further predict that the fine numerical cancellations
between form factors obtained from different bosonic dia-
grams considered in our calculation may also get ob-
scured by round-off errors in this situation. In the ’t
Hooft-Feynman gauge, however, the problem is avoided
since we need to compute no more than tensors of rank
two in the three-point functions.

III. W*H ™y COUPLING WITH BOSONIC LOOPS

If one does not count fermions or sparticles, the
W H ™y coupling can be generated at the one-loop level
through a set of “bosonic” diagrams which are illustrated
in Fig. 1(1). These diagrams, in the 't Hooft—Feynman
gauge, can have massive gauge bosons W= and Z°, physi-
cal scalars H? h° and 4° Goldstone bosons ¢* and ¢°,
and Faddeev-Popov ghosts 7, and 7, in the internal
lines. In Fig. 1(i), we have assigned odd (even) numbers
to diagrams with H® (h°) propagators and shown only
the odd-numbered diagrams. The Feynman amplitude of
each can now be written in terms of the one-, two-, and
three-point functions defined in Appendix A. A full list
is given in Appendix B. There are large cancellations
among the different diagrams. The net amplitude, after
all cancellations have taken place, can be written in the
form of Eq. (9) with subscript b on A, X, Y, and Z indicat-
ing that these are contributions from loops involving bo-
sons only. These quantities are then given by

ry—2r r ry—2r
AT B (+,H; )+ 2By (W,H;+)—By(+,H; +)] | +4C,,(+, +,H)
4ry, r4 rw
ry+3ry 1 Ty
—————By(W,H; +)+By(W,H,W)——— |Ag—— (A, — Ay) | {—[Heh], (13)
4ry 4ry ry
1 rwtry—ry
—5 Y, = |2C(W,W,H)— —————[Cp(W,W,H)—Cpn(W,W,H)]
mz Tw
ry—2ry
“——r——[C23(+,+,H)—C22(+,+,H)] —[Heh], (14)
w
1
—Z,=0. (15)
mz

3To be precise, the 9.9./M 2 term arising in the gauge-boson propagator in the unitary gauge necessitates the inclusion of rank
three and four tensors in the two- and three-point functions [20,21] constituting the amplitudes (see Appendixes).



The ratios r; are defined by

ri‘——miz/m% . (16)

All C functions above have as arguments external masses
M,=my, M,=0, and M;=m . These have not been
exhibited in the interests of brevity. The arguments i, j,
and k shown correspond to the internal masses m;, m i
and m;. Other notation and conventions used above are
explained in Appendix B. An interesting feature of this
amplitude is that it vanishes in the limit when the two
particles H® and h° are mass degenerate. This is never
the case in the MSSM (Fig. 2), but could be of interest in
the context of a general two-Higgs-doublet model.

The above set of diagrams is both finite and gauge in-
variant. Finiteness is trivially checked following the
prescriptions given in Appendix B. Checking gauge in-
variance is more complicated, as we need to verify Eq.
(10) for this set of diagrams. Substituting the expanded
forms of X, and Y, in the left-hand side of the above
equation leads to a linear combination of one-, two-, and
three-point functions which can then be written as a
linear combination of the three basic functions 4, B,
and C, using identities listed in Appendix A. After a
straightforward, but tedious, calculation it turns out that
the expressions

QL =X} +—=Yip,-p, (i=1, 100) (17)
mz

can be written as linear combinations of the linearly in-
dependent functions

Co(W,W,H), Co(W,W,h), Co(+,+,H),
Col+,+,h),
Bo(W,W;y), Bo(W,H;W), By(W,h;W),

By(+,H;+), By(+,h;+), Byo(W,H;+), 18
By(W,h;+),

Almy), Alm,), Almg), A(m,), Alm,),
A(mgz) .

While the individual Q) are nonvanishing, 3!%,Q% van-
ishes, with coefficients of each of the above functions can-
celing out separately. This, as it were, term-by-term can-

1077
—
=
3
@]
N
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~
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—
T
+ 107"
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|
1074
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FIG. 3. Decay width for H* — Wy with only bosonic loops
for tanB= (a) 2.5, (b) 3.5, (c) 4.5, (d) 5.5, (e) 6.5.
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cellation happens to be an excellent check of the correct-
ness of the final expression since trivial errors in the cal-
culation of a single diagram would throw the correspond-
ing cancellations out of gear. Once gauge invariance is
established, finiteness, proved earlier, now follows quite

T T T T T T T T T T T T T T T T

107F *
F ]
107°F
i
3
i (@) (b) (c) (d) (e) ]
107° 3
r Top mass=100 GeV ]
1077 A S T
107°E 3
3
= “
o
&)
N’
107°
P
>~
+
=
T -8
+ 10
a
N
L‘ 3
r Top mass=150 GeV
10—1‘0.. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A 1 |
107

T T

107%F

107
S Top mass=200 GeV ]
1070 L0 v o e
80 100 120 140 160 180 200 220 240

m, (GeV

FIG. 4. Total decay width for H* — W™y for m,= (i) 100
GeV, (ii) 150 GeV, and (iii) 200 GeV for tanB= (a) 2.5, (b) 3.5,
(c) 4.5, (d) 5.5, (e) 6.5. In (iii), dotted lines show for comparison,
the decay width with only bosonic loops.
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easily. This is because the elements making up Y, are
finite by construction, so that the identity (10), written
out in terms of divergent and finite parts, immediately
tells us that div X, =3, div X?=0. The same argument
also tells us that the linearly independent 4, B, and C
functions (18) which appear in the X;’s, but not in the
Y;’s, will cancel out of the final X,. This is the origin of
the large cancellations which make the bosonic contribu-
tions so small.*

The form factors X, Y,, and Z, may be now plugged
into Eq. (12) to obtain the decay width of H* W™y
when only diagrams belonging to the above bosonic set
are considered. In Fig. 3, we have shown this decay
width for H* — W™y as a function of m , and tan3. We
have considered values of tanf ranging from 2.5 to 6.5
and shown that the corresponding decay width does not
exceed 6 X 1078, which is one to two orders of magnitude
smaller than the contributions from top and bottom
quark loops (see Fig. 4). For values of m | ranging be-
tween 80 and 120 GeV, the decay width is extremely
small, mainly because of the limited phase space avail-
able. The decay width grows rapidly with m | and satu-
rates around m , =150-200 GeV for different values of
tanf. It may be noted that an increase in tanf3 leads to a
fall in the width, though this variation is confined within
an order of magnitude. We have also studied values of
tanf3> 6.5 but these have not been shown in Fig. 3 as the
decay width continues to show a steady fall as tanf3 con-
tinues to grow. Values of tanS=<1 are uninteresting as
they mimic the results for tan8=>1. In any case, such
values are disallowed in supersymmetric models where
the electroweak symmetry is broken by radiative correc-
tions to the scalar potential.

J

IV. W*H~y COUPLING WITH FERMIONIC LOOPS

The W1H y coupling can also be generated at the
one-loop level through a set of “fermionic” diagrams
which are illustrated in Fig. 1(ii). These diagrams, in the
’t Hooft—-Feynman gauge, can have all generations of
quarks in the internal lines. In Fig. 1(ii), we have again
assigned odd (even) numbers to diagrams with H® (h°)
propagators and shown the odd-numbered ones only
(apart from the cases where there are no H%h° propaga-
tors). For leptons, the diagram involving coupling of the
photon to neutrinos is naturally absent. As before, the
Feynman amplitude of each diagram can now be written
in terms of the one-, two-, and three-point functions
defined in Appendix A. A full list is given in Appendix
C. It may be noted that the contributions due to leptons
and quarks belonging to the first two generations are
negligible due to their suppression by factors of m,/my,
arising from the corresponding H ¥ ff couplings. This
same factor, as has been mentioned before, is responsible
for an overwhelming dominance of diagrams with ¢ and b
quarks in the internal lines. Though some cancellations
among the different diagrams do occur in this case also, it
is not as dramatic as was the case with the ‘“bosonic” dia-
grams, mainly because the ewaﬁp‘{pg term is gauge in-
variant by construction, so that their coefficients Z; are
not constrained like the X; and Y;. The net amplitude
with diagrams containing only ¢ and b quarks, after all
cancellations have taken place, can be written in the form
of Eq. (9) with subscript f on A, X, Y, and Z indicating
that these are contributions from loops involving fer-
mions only. These quantities are then given by

Af=—a3/2mw/21/1_'rsin29W ,
2 rA Rb 1
Xf=mzr—W— R,Co(t,t,b)———é—Co(b,b,t) +—2—S[8C24(t,t,b)—4C24(b,b,t)—Bo(b,t;+)]
2R r _
3w 20 Lo p SWBTSosBB) gy 44+ 2SB, (b, 8+ )~ (4, — 4,) | + 2 DBob,5; W)
2ry rw rw sin23 rw 2
(19)
#Yf=—4S{[C23(t,t,b)—C22(t,t,b)]—%[Cn(b,b,t)—sz(b,b,t)}+2D[C12(t,t,b)~%C12(b,b,t)]
V4
+-L[2R,Cy(1,1,6)—R,Co(b,b,1)] , (20)
rw
—mLz—Zf=$[2R,CO(t,t,b)+RbC0(b,b,t)+2RbC“(b,b,t)]+2SC12(t,t,b)+DC12(b,b,t) , @1
z

with all ,=m?/m% and R,=r,cotB, R, =r,tan8 while
S,D=(R,%xR,)/ry. Other notation and conventions
used above are explained in Appendix C. Once again, it
can be shown, though not so trivially as in the bosonic
case, that this amplitude vanishes in the limit when the

4At this point it may be noted that the major contribution to
M fw comes from X, rather than Y, which is small.

r
two particles H® and 4 ° are mass degenerate.

This set of diagrams is separately finite and gauge in-
variant.®> As before, finiteness can be quite trivially
checked following the prescriptions given in Appendix C.

5We could, therefore, have calculated them in another gauge.
For example, the authors of Ref. [12] have used the unitary
gauge.



To check gauge invariance we need, once again, to verify
Eq. (10) for this set of diagrams. As before, the expanded
forms of X, and Y, in the left-hand side of the above
equation can be written as a linear combination of the
three basic functions A4, B,, and C, using the identities
listed in Appendix A. It is easy to check that the expres-
sions

. . 1 . .

Qp=X;+—5Yip,'p, (i=1, 10) (22)
mz

can be written as linear combinations of the linearly in-

dependent functions

Co(t,t,b), Colb,b,t),
Bo(t,b;W): B()(tab;+))
A(m,), A(my) .

It is now possible to check that 3)2,Q) vanishes,
coefficients of each of the above functions canceling out
separately. Thus, we again have an excellent check of the
correctness of the final expression. As Z is built up of
finite functions only, finiteness of the net amplitude fol-
lows quite easily because, as in the bosonic case, the ele-
ments making up Y are finite by construction. The iden-
tity (10), written out in terms of divergent and finite parts
immediately tells us that

divX,=3 divX/=0.
l

As before, linearly independent A4, B, and C functions
which occur in the X;, but not in the Y;, cancel out. This
cancellation, naturally, does not apply to the Z;.

Given the above expressions for the form factors X £
Y;, and Z, we are now in a position to calculate the total
decay width for H — W Ty taking all diagrams into ac-
count. This can be done by using Eq. (12) with the
overall factor

A=—a*my /2V msin’0y,
and

X=3sin2(a—B)X,+X, (23)

with similar equations for Y and Z, where, it may be re-
called, Z, =0. In Figs. 4(i), 4(ii), and 4(iii) we have shown
the variation in the H* — Wy decay width when con-
tributions from all graphs have been taken into account,
as a function of m, and tanf for three different values of
the top quark mass m, =100, 150, and 200 GeV, respec-
tively. Also shown with broken lines are corresponding
contributions from bosonic loops only, illustrating the
dominance of fermionic over bosonic contributions for
the case m, =200 GeV. When the top quark mass is tak-
en in the range 100-150 GeV, the bosonic contribution
remains unchanged, but the fermionic contribution in-
creases so that the dominance is even more marked. The
curves shown have kinks near the H * —tb threshold—a
well-known numerical effect. As in the bosonic case, it
may be seen that variations of tanf in the range 2.5-6.5
lead to no significant changes in the decay width beyond
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a gradual fall within the same order of magnitude. The
decay width remains small in the range m , =80-120
GeV as in the purely bosonic case because of phase-space
suppression and thereafter gradually saturates. It is in-
teresting that the decay width falls very slightly as the
top quark mass is increased from 100 to 200 GeV, though
the net variation is rather small. This is because the
enhancement resulting from the presence of couplings
proportional to m, is offset by suppression due to heavy
top quark propagators. Similar behavior has been no-
ticed [22] in the analogous cases of H*—yy, Z°—H%,
and H°—gg, which occur in the SM.

Finally, we should note that for these last three pro-
cesses, H'—>yy, Z°—H", and especially H°—gg, it
has been shown [23] that the fermionic contributions are
enhanced quite significantly by QCD corrections—
though this does not change the total width for H°—yy
and Z°— H% much because these amplitudes are dom-
inated by W loops. In the H — Wty case, however, it
is the fermions that dominate, which makes it analogous
to the purely fermion-mediated case of H’—gg. As a re-
sult, QCD corrections of the H™— Wy amplitude
could have significant effects. This is a point which mer-
its further study.

V. BRANCHING RATIOS FOR H * DECAY

In order to discuss branching ratios for the process
H* WYy it becomes necessary to consider the princi-
pal decay modes of the H' in the model in question.
These are as follows.

(@) H* —7%v_. This channel is always open. The cor-
responding decay width is given by

(m2 _m2)2
NHY >7v)=—2% " mltan’B. (24)
8sin“8y, mpm

(b) H™ —¢5. This channel is also open. The decay
width is given by

3a \/K(mi»mczymsz)

mpm3

INHY —>c5)=

8sin%6y,
X[(m% —m2—m2)(m2cot’B+m tan’p)
—4m?2m?)], (25)
where

Aa,b,c)=a?+b*+c*—2ab—2bc —2ca .

It is important to note that both H*—7"v_ and

H™" -5 have the same kinematic behavior as m_ in-
creases since, for all practical purposes, these fermions
are massless compared to the H' which has mass
m 2my. The only difference lies in the coupling
(mlcot’B/m¥,) vs (m2tan’8/m} ) and in the color factor
for quarks.

As the mass of the charged Higgs boson increases, two
other decay modes become kinematically accessible.
These are the following.

(¢ HY-WT'h% This channel opens for
m, Zmy+m,. The threshold is crossed for different
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values of m , depending on tanB.® The decay width is

NHYSW R
A'3/2(m2 ’mZ,mZ)
=— +2 ZV h cos?(B—a). (26)
8sin“0y, 2mym

(d) H' —th: This channel opens for m , >m,+m,.
Hence, the threshold depends crucially on our choice of
the mass of the top quark. The decay width is

V' Mm% ,m2,m})

mim’,

3a
8sin%0y,

[(H—th)=

X[(m?% —m}2—mE)(m?2cot’B+mitan’B)

—4m?’m})] . 27)
This channel, when it is kinematically allowed, is the
dominant decay mode of the charged Higgs boson.

These decay modes of the H ™ are illustrated in Figs.
5(i)-5(iv). It may be seen that for relatively small values
of the charged Higgs boson mass, the H —71v_mode
dominates, followed by the H* —¢5 mode. Broken lines
show the behavior of the rare mode H — W™y which
gradually rises as the phase-space factor increases. At
some point, for small values of tan8, the H* — W h°
mode is excited, leading to a drop in all the other branch-
ing ratios. For this range of parameters, the

6Recall that m, =m,(m . ,tanB) in this model.

80 100 120 140 160 180 200 220 240
GeV

H*—>W%'h® mode is the dominant one. For higher
values of m, the H* —tb mode becomes kinematically
accessible and dominates all the others, leading to further
drops in the corresponding branching ratios. The 7b
threshold depends on the mass of the top %uark only and
is independent of tanB, but the Wh® threshold is
pushed to higher values of m , as tanf increases. For ex-
ample, for tanB=6.5, in Fig. 5(iii) and 5(iv), this thresh-
old is pushed beyond the 7b threshold, so that it never be-
comes the dominant one. As a result, there are no
significant changes in the H™— W ¥y branching ratio
when the corresponding threshold is crossed.

The detailed behavior of the branching ratio for
H* Wy as a function of m , and tanB is shown for
three values of the top quark mass in Figs. 6(i)—6(iii). It
may be seen that the branching ratio rises sharply in the
range m_ =80-110 GeV because of the phase-space
effect and thereafter tends to saturate. The branching ra-
tio decreases as tanf increases from 2.5 to 6.5, though the
variation remains confined within one to two orders of
magnitude. Sudden drops in the branching ratio corre-
spond to the crossing of thresholds for H+ — W *h° and
H™ —>tb, as may be the case.” For large values of m |
the branching ratio remains steady at some value
~1073-1075. In Figs. 6(ii) and 6(iii), the variation of the
W * kO threshold is well marked.

"Drops in the branching ratio for values of m , just before the
threshold are a numerical artifact, as mentioned before. This
erratic behavior becomes more prominent for tan8>6.5.
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VI. COLLIDER SIGNATURES AND BACKGROUNDS

The possibility of observing this decay at the LHC or
SSC will depend on the backgrounds and possible ways of
eliminating them. As discussed in the Introduction, there

107
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FIG. 6. Branching ratios for H* Wy for m,= (i) 100
GeV, (ii) 150 GeV, and (iii) 200 GeV for tanB= (a) 2.5, (b) 3.5,
(c) 4.5, (d) 5.5, (e) 6.5.

are two distinct cases.

For m, <m_ +m,, the hadronic production process
will result in an H " and an associated 7 (or an H ~ and an
associated ?), which may be expected [7] to be moving
nearly parallel to the original beam. The principal back-
ground will be a similar process [24] involving a W and
an associated 7 (or a W~ and an associated 7). The H*
can then decay to W¥y. In the background process, this
will be mimicked by a photon bremsstrahlung from the
W+ or any of the other charged particles. Other back-
grounds to the basic process bg —7H © can be removed
almost completely [7] by triggering on a hard isolated
lepton with p;> 10 GeV. This has the effect of eliminat-
ing about 55% of the H* events also. It may be possible
to eliminate the bg —TW ** W "y events by applying
a suitable isolation cut on the photon. We should also
take into account the fact that the final W* will itself de-
cay into one or more charged particles and there could be
a bremsstrahlung from any one of these lines. The
forward-peaking of bremsstrahlung distributions will
probably ensure that these cuts need not be very severe so
far as the signal is concerned. For example, an angular
cut of 20°-30° should suppress most of the background
where a photon is radiated from a W or its decay prod-
ucts. Finally the possibility of a ¢t quark from the QCD
sea radiating a HY, h% 4° which subsequently decays to
two photons will have to be eliminated by ensuring that
there is only one hard isolated photon. It might also be
feasible to identify the W (though not, perhaps, very ac-
curately) from the jet-invariant mass when it decays had-
ronically. In summary, then, it does not seem unreason-
able to assume that roughly 80% of the signal will be lost
through various cuts. Assuming the remaining one-fifth
to be detectable, in order to see five distinct events in a
year’s run, assuming benchmark figures for H ™ produc-
tion as given in Sec. I, we require a minimum branching
ratio:

B (HY"—>W7'y)=3.5X10%2.5X1075)

at the LHC (SSC) for tanB=2.

The other case, m, >m , +m,, is more tricky. In this
case we have a (7 pair, one of which decays to a b-quark
jet and an HE. The H™ then decays to a W and a pho-
ton. As before, the identical process where the H™ is re-
placed by a W* and there is a photon bremsstrahlung
from any of the charged particle lines forms a serious
background [24]. In this case we can no longer bank on
the criterion that the final-state products will be moving
along the beam jets. It will be necessary to trigger, as be-
fore, on a hard isolated lepton from the associated ¢ or 7,
but this alone will remove 80% of the events. A photon
arising from an H* decay will then have to be identified,
as before, by its isolation from all charged particle tracks.
Such a criterion should eliminate photons produced by
bremsstrahlung from any of these charged particles. In
addition, we have to ensure that there is only one isolated
photon to avoid confusion with radiated neutral Higgs
bosons which decay into two photons. Another possibili-
ty that may be taken into account for eliminating back-
grounds without diminishing the signal drastically is the
tagging of the b-quark jets arising from ¢ decay. Some
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criteria for this are discussed in Ref. [8]. It is also in-
teresting that a b quark coming from t —bH " is almost
completely right handed. In view of the suggestion that
charged Higgs bosons may be detectable from the polar-
ization of 7’s in the decay H —7"v, (Bullock et al. in
Ref. [11]), it might be useful to consider some way of
identifying right-handed b jets. In the absence of a prop-
er study, which certainly needs to be done,? it may not be
a bad estimate to assume that the various cuts remove
90% of the signal while eliminating all backgrounds al-
most completely. Assuming the remaining one-tenth to
be detectable, one would require a minimum branching
ratio

B (HT W y)=7.2X10"7(3.6 X107°)

at the LHC (SSC). These benchmark figures should be
multiplied by a factor of ~3 for tanS~6 to take into ac-
count the dependence on tanf of the H* production pro-
cess from ¢ decay.

Prospects for observing this decay at the LHC or SSC
may now be (crudely) estimated by comparing these
minimum figures with the graphs shown in Figs.
6(1)—6(iii). There appears to be little hope of observing
the decay at the SSC if m, <m  +m, unless m,~=200
GeV and tanS~2. At the LHC, however, one could,
perhaps, observe the decay for the entire range of top
quark masses provided tanf=<5. The situation may im-
prove considerably for a light H™T satisfying
m,>m . +m,. In this case the decay is observable at the
SSC for tanB=<3-4 for almost the entire range of top
quark masses except possibly for a small window near
m,=100 GeV. For a light H* at the LHC, the decay
should be observable for the whole range of parameter
space studied.

VII. CONCLUSIONS

In this work, we have evaluated, in the minimal super-
symmetric standard model, the decay width and branch-
ing ratio for the decay of a charged Higgs boson into a W
boson and a monoenergetic photon in the H™ rest
frame—a rare decay mode which has good possibilities
of detection at the upcoming pp colliders LHC and SSC.
This is the first complete calculation of this process in any
two-Higgs-doublet model in which the effects of a heavy
top quark of mass 100-200 GeV have been analyzed in
detail. The calculation is complete in the sense that the
entire scalar sector contributions in the MSSM have been
taken into account. In view of the fact that contributions
to this process from graphs with sparticles in the internal

lines have been estimated to be rather small [12], this
may be taken as a reasonable approximation to the com-
plete H™ — W™y amplitude in the MSSM. Considered
in the context of two-Higgs-doublet models, this particu-
lar one (the MSSM) is the most predictive since it has the
smallest number of free parameters. For a more general
two-Higgs-doublet model, the results may be different in
the details, but we expect [25] the overall pattern to be
somewhat similar. It is apparent from our results that,
granted the problem of backgrounds can be handled,
detection of this mode may prove a useful way to identify
a charged Higgs boson at high-energy hadron colliders,
and thereby establish the truth or otherwise of this mod-
el. The overwhelming dominance of ¢,b-quark loops in
the MSSM, which has been proved in this work, is likely
to be of help in the pursuance of further studies in this
direction, since it renders computation of the decay width
comparatively simple. Though more work, in particular,
as regards backgrounds and QCD corrections, is obvious-
ly required, it appears that the H* — W Ty decay could
assume a dominant role in charged Higgs boson detection
at the upcoming supercolliders LHC and SSC.
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APPENDIX A: LOOP INTEGRALS

The one-, two-, and three-point functions of ’t Hooft
and Veltman and Passarino and Veltman are defined
below. All integrations are in Euclidean space.

One-point function:

1
Co(mlymZ)mS;Ml’MZ’MS)E—Zfd4q
T

where (p, +p,)*=M3, p} =M?%, and p2=M3.

1 4 1
Am=— | d*q——— . (A1)
) f qq2+m2
Scalar two-point function:
1 1
Bym, ,m,;M)=— [ d* ,
otmumai) = g T
(A2)
where p?=M?2.
Scalar three-point function:
]
! (A3)

(g2+mD)(g+p)*+m3)[(g+p,+p,?+m3]’

8We hope this will be facilitated by our observation in this paper that t,b-quark loops are quite enough to estimate the H*—W "y

decay width.
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Vector two-point function:

9u
(g*+m?)(g+p)i+m3)]

EpMBl(ml,mz;M).

1
B#(m,,mz;M)=;T7fd4q

(A4)

Vector three-point functions [C=C,,(m,m;,m3;M,M,,M3)]:

9u

1
c,=—|d*
=] T @ +m(q+p, P+ml(g+p, +pyP +m?]

=p1CntrPuCia -
Tensor three-point functions:

9.9,

(AS)

c,,vs#fd“q

=p1uP1vC21 +P2uP2Co +[P1uP2y HP2uP 1, 1C23 +8,,Co4 -

The form factors B, C,;, Cy3, Cy1, Cy;, Cy3, and Cyy
can all be written [21] as linear combinations of the basic
functions A4, B, and C,.

In order to prove gauge invariance of the amplitudes
given in the text, we require the two identities

2B1(m1,M2;M)+Bo(m1,m2;M)

o mi=m}
—F[A(mz)_A(ml)]_'M—zBo(ml’m2;M)'
(A7)
For
c,=C, m;,m;,m;,M,,0,M;)
with 4 =22, 23, 24,
4Cy +4p,py(Cy3—Cp)
=ML%[A(m3)—A(m.)
+(M3+m3—m})Bo(m ,my;M;)] . (A8)

These can be derived from the formulas given in Ref. [21]
which express all form factors in terms of 4, B, and C,,.

APPENDIX B: CONTRIBUTIONS
FROM INDIVIDUAL DIAGRAMS
WITH BOSONIC LOOPS

The W+H "y coupling arising from the bosonic dia-
gram numbered n [see Fig. 1(ii)] is given by Eq. (9) with
Z,=0;1i.e.,

a3/2

w
= W n2a—B) |Xts
V7 sintg,, SnHeTR

Mz,v= n uv+_12_Yreplvp2u 4
mz
where the X? and Y are listed below. It should be noted
that Y®=0 for n =11-100, so these have not been listed.
Some prior explanation of the notation used below is
called for. All three-point functions have as common ar-

(g>+m})(g+p)*+m3][(g+p,+p,)*+m]]

(A6)

I

guments the external masses my,, 0, and m,. These
have been omitted for the sake of brevity. The C func-
tions with internal masses m;, m s and m; have been
denoted C(i,j,k). For B functions, a similar convention
has been adopted. We have denoted by B(i,j;k) the
two-point function with internal masses m; and m; and
external mass m;. For one-point functions, a slightly
different notation has been used. We introduce the sym-
bol A4; which is defined by

A=—am,),
mz

while the symbols 7; are defined as in the text by the for-
mulas r,=m?/m2. The list of bosonic form factors is as
follows:

Xb=Lr,+ryg—2rp)miCo(W,W,H)+1Co (W, W,H)
+1[Bo(W,H; W)—Bo(W,W;y)—Bo(W,H;+)],

L yt=—acyw,w,H)~C,\(W,W,H)
mz

.—CIZ(W’ W,H)

—%022( W, W,H)+%C23( Wa WaH) ’ (Bl)
Xi=—Lr, +r,—2rp)miCo(W,W,h)

_';—C24( W, W,h)

—3[Bo(W,h;W)—Bo(W,W;y)—Bo(W,h; +)],

%Y';=2CO( W,W,h)+C, (W, W,h)+C,(W,W,h)
mz
+1Cp (W, W,h)—LCy(W,W,h) , (B2)
Xt=Lr, —ry)miCy(W,W,H),
i (B3)
—2YI3’=0 R

mz
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Xl47=_

1
___2.Y2=0 ,
mz

Xt=L1Cc,(W,W,H),

L yt=c oW, w,H)—C (W, W,H)
mz

(rp—ry,)miCo(W,W,h) ,

1
2

—1Cp (W, W,H)+1Cpy(W,W,H) ,
Xe=—1Cyu(W,W,h),

L yb=—C\ (W, W, h)+C (W, W,h)
mz

+%C22( W, W,h )_%C23( W, W)h ) ’

(B4)

(B5)

(B6)

ry—r
xt=—"""Tc,w,w,H),
rw
r,—r
—12—Y§’=—t——H[C23(W,W,H)——Cn(W,W,H)] )
mz rw
(B7)
r,—r
Xt=—""""C (W, W,h),
Y, —r
Loyp= T W (W W]
myz rw
(B8)
Fy —2r
xt="2"¥cC,(+,+,H),
Tw
ry—2r
—1_2Y3= 2 W[C23(+1+’H)_C22(+a+:H)] s
mz
(B9)
r, —2r
Xby=——"—"2C(+,+,h),
Ty
1 b rh_er
2 YlO - [C23(+7+’h)'—C22(+,‘+‘,h)] 5
mz Iy
(B10)
Yy, —r
X’h——%*iBo(W,H;H, (B11)
Ty
Yy, —r
xb,=—"—"lpB (W,h;+), (B12)
4ry,
ryg—2r
Xfy=— = Bo(+.H;+) , (B13)
Tw
r, —2r
Xfy=— "By, +) (B14)
Tw
X =1B(W,H;W), (B15)
Xbs=—1B(W,h;W), (B16)
(B17)

’
Xb=— 2W [B,(W,h;+)+2By(W,h;+)] ,
T4
s T+ TH -
X,g———~4 ——([2B(W,H;+)+B,(W,H;+)],
7 4
_ r+—rh
Xpo=— 4 [2B(W,h;+)+By(W,h;+)],
A
ry —2r
Xt =—I%[2B,(+,H;+)+B0(+,H;+)] ,
T 4
b r, —2ry ‘
X5, =————[2B(+,h;+)+By(+,h;+)],
4r ,
2ry
Xé)}: AW »
ATH
2ry
X[2)4=_ >
Falp
Xi=—1 4
25 4rA W
1
b —
X3 4r, D)
ybo—— ry—2ry
7 4ryr o
HT 4
rp—2ry
X5 ,
28 ar,r, +
Ty
X39=— ,
» 4ryr 4 W
r
b w
= Ay ,
0 4r,r 4 w
rw
b o—
X dryr, ’
T'w
X3 = ,
32 4r,r 4 w
1
Xh=-— ,
8 8ryra z
1
b —1 A s
34 8r,r 4 z
xbo=—1 4
35 Iy VAR
Xi=———4
36 Z>
nla
1
X§7:§U zZ >
1
X=———A4;,
38 87, z
3ry+3r,—6
X1379: —M—AH ,

N 8rA(rH—rh)

(B18)

(B19)

(B20)

(B21)

(B22)

(B23)

(B24)

(B25)

(B26)

(B27)

(B28)

(B29)

(B30)

(B31)

(B32)

(B33)

(B34)

(B35)

(B36)

(B37)

(B38)

(B39)
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3r}+3ryr, —2ry—4rn, b I+ "H
o= Ay, B40) X5~ W
0 8ryr 4(ry_ry) H ( dryr,
r+_rh
3rg+3ryr, —2r, —4r Xb = — Ay,
b= H H"n h H 4, , (B41) 60 arr, ¥
8ryr4(rg—ry)
ry—ry
3ry+3r,—6 Xt =——- ,
X22=_¥Ah , (B42) 8ryrury
8rA(rH_rh) .,
+ " Th
Xp=———4 B43) Xa="3 ’
BT gy, A ( TwrhT 4
ry—ryg
1 Xt =— ,
Xi=5 A4 Bag) Xo=— A
4
r.—r,
b 1 _
X45—4rA —Ay+24y Xeés oy Az
+(ry—2ry—2r )Bo(W,H; +)], Xt =— ry—ryg .
8rWrA
(B45)
T+ =Ty
1 Xb — A4, ,
X26=—4—[—Ah+2AW 66 8rpr, 2
T 4
(ro—ry)3ry+3r,—6)
+(ry—2r,—2r  )Bo(W,h;+)], Xt =t THTTHT T
(B46) 8rwr4(rg—ry)
B
( ) Xb — (r+ —rh)(3r}$+3rHrh_2rH—4rh)
rylry—r b=
X‘Ii7=_ H4r+r = Bo(W,H;+), (B47) 8rryr 4(rg—ry)
- Xb _ (r+ —rH)(37}21+3rHrh_2rh_‘4rH)
ri(ry—ry) 5= -
Xis= h4+ : Bo(W,h;+) , (B48) 8rwrur 4(rg—ry)
W Xt = (r+-'rh)(3rH+3rh_6)
(ro—rgXryg—2ry) o 8rwr (rg—ry)
Xyg= Bo(+,H;+), (B49)
4ryr 4 . Ti—ry
Xn= 8ryr 4>
b (r+ —rh)(rh—ZrW) W' A
X5o=— Bo(+,h;+), (B50) ri—r
arwr 4 xb =_ T+ ""h
2( ) 2 SrWrA 4>
ry—r
Xy=—— 4y, (B5S1) _,  rg—r
TaTH Xn=—5—4w,
wt 4
2r,—ry)
gzz_*:, Ay, B52  , _ra=rh
'y’ b = .,
2rWrA
ry—r
Xgaz‘;li/‘w ) (B53) y _ Tutryt2ry—2
4ryr, Xt = o
8rwr 4
=T +ry+2ry—2
547 4ror AW ’ (B54) Xb — rH rh Ty
" e 8ryry o>
(ry—rg)rg—2ry)
ng_ roAsr a + (B55) » _TH™Th
4rpryr 4 b= r— Y
wr 4
Xt —— (ry—rp)r,—2ry) 4 B56) o
% dryr,r 4 to Xby=— 8H b4,
Twr 4
Xy="r 4 (BS7) 2
T drgry T7 X€9_EAWa
i )
X3 ar,r, Aw , (BS8)  xb=—2 4, ,
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(B62)

(B63)

(B64)

(B65)

(B66)

(B67)

(B68)

(B69)

(B70)

(B71)

(B72)

(B73)

(B74)

(B75)

(B76)

(B77)

(B78)

(B79)
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Xt =-—1—4 (B81) o’ 1
= ) f A A—
81 4ry w M, = Ve sin2e X,,8m+ 2 Y"ph,pzy
1
Xt=— Ay , (B82) 1
% 4rW ¥ + 2 aneyvaﬁp (lng ’
mz
rg—2r
X5 = A ¥ PN (B83)  where the X/, Y/, and Z/ are listed below. It should be
Arurw noted that Y/=2Z/=0 for n=3-10, so these have not
y _ Th 2w been listed.
Xga= 4r.r Ay, (B84) It may be pointed out once more that only the dia-
i grams and amplitudes with ¢ and b quarks have been list-
Xb.=— 1 A (B85) ed here. Contributions from other quark generations will
85 4r wo follow exactly the same pattern if we ignore mixing be-

tween the generations. If we wish to include all genera-
Xb=— Ay, (B86)  tions with their mixings, it is only necessary to replace m,
and m, everywhere by m/,m ;1 and sum over all values
i,j=1,2,3 of the generation indices after multiplying

Xl =—4y, (B87) ndi :
4ry each diagram by the appropriate elements of the
Cabibbo-Kobayashi-Maskawa matrix. For leptons, the
Xt = N Ay (B88)  picture is somewhat different because the diagram corre-
4r), sponding to no. 2 in Fig. 1(ii) is absent and the factors
1 corresponding to x, vanish. The rest is easily obtained.
Xgo=— ot Az, (B89)  Inclusion of all these diagrams changes the result for only
HW t and b quarks by considerably less than 1%. It should
Xt = 1 (B90) also be noted that since the charged Higgs boson cou-
I T plings are proportional to the masses of the charge %
1 quarks, there is no Glashow-Iliapoulos-Maiani (GIM)
X5 = A, (B91)  cancellation.
"HTw The notation follows most of the conventions set up in
Xb = — 1 4 (B92) Appendix B. We need to introduce two new symbols R,
9 rrw 2 and R, which are defined by
Xé'3=-1—AZ ’ (B93) R,=r,cotB,
8ry R,=rytanf ,
X5, =— 1 Ay, (B94) and in terms of these we write S, D=(R,=R,)/ry. The
8ry list of form factors follows:
5 ___3rH+3rh—6 v R
S i e Ty S (B95) x{=——4‘- 2 ’:W” m%Co(b,b,1)
b _ 3rht3rpry —2ry—4r, 4, (B96) +S(8Cp4(b,b,1)—=2B,(b,t;+)]

8ryrwlrg—ry)

_ 3rf+3ryr, —2r,—4ry —2DB(b,t; W) J ,

5 A, , (B97)
7 8ryrw(ry—ry) ’ 1 R,
—2Y =—_“C0(b b t) 2S[C23(b,b,t)_sz(b,b,t)]
Xt _M (B98) mz "'w
B Brylry—r) —DCy,(b,b,t),
b 1 R R,
0
8ry mz
ry r
X{=-2"Cmlc,(t,1,b)

rw
APPENDIX C: CONTRIBUTIONS i .
FROM INDIVIDUAL DIAGRAMS +S[4C2‘};"”b) Bo(b,t; +)1+DBo(b,1; 1),
WITH FERMIONIC LOOPS Loy 2— Coltut,0)
As in the previous case, the W1 H ~y coupling arising mz
from the fermionic diagram numbered n [see Fig. 1(ii)] is +4S [Czs t,t,6)—Cyy(t,1,b)]

given by Eq. (9): i.e., —2DC,(t,t,b) ,
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1 R,
L Zf=2""Cy(t,1,b)+SCy(1,1,b) (C2)
mz rW

3rW Rb
x{=—"""|SB,(b,t;+)+—=By(b,t;+) |,  (C3I)
ry Tw

X{:——23—{D[A‘+Ab+r+Bo(byt;+)]
A

—S csc2B(D —S cos2B)By(b,t; +)} , (C4)

Irp .
X{=— sin(B—a)
TATH
Rt . Rb
X | — sinasecBA,+—cosacscfA4, |, (C5)
Ty Ty
3r
x{=—% cos(B—a)
Talh
Rt Rb .
X |— cosasecBA,—— sinacscBfA, |, (C6)
'w Ty

x{
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3 —_—
=——(L+——i)sin(ﬁ—a)

TATH

R R
X |— sinasecB4,+ —2 cosacscBA, | , (C7)
Tw Tw

ryo—r,)
—-——(ﬁ—rh—cos(B—a)

Rt Rb .

X | — cosasecBA,——sinacscBA, | , (C8)

Ty Ty

X{=—-sin(B—a)
TH

Rt . Rb
X |— sinasecBA,+— cosacscBA4, |, (C9)
w Tw

Xf= —3—cos(ﬁ—a)
Th

R, R, .
X [— cosasecfA,— ~_—sina cscBA, (C10)

Tw w

Finiteness of the sum 3, X/ is shown exactly as in the bo-
sonic case, while the Y7 and Z/ are finite by construction.
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