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Abstract. We calculate the Yukawa corrections of order O(aewmf(b) /m?%) to charged Higgs boson produc-
tion in association with a top quark at the Tevatron and the LHC. The corrections are not very sensitive to
the mass of the charged Higgs boson and can exceed —20% for low values of tan 3, where the contribution of
the top quark is large, and high values of tan 3 where the contribution of the bottom quark becomes large.
These Yukawa corrections could be significant for charged Higgs boson searches based on this production
process, particularly at the LHC where the cross section is relatively large.

1 Introduction

There has been a great deal of interest in the charged
Higgs bosons appearing in the two-Higgs-double model
(THDM) [1], particularly the minimal supersymmetric
standard model (MSSM) [2], which predicts the existence
of three neutral and two charged Higgs bosons h, H, A,
and H*. The lightest neutral Higgs boson may be diffi-
cult to distinguish from the neutral Higgs boson of the
standard model (SM), but charged Higgs bosons carry a
distinctive signature of the Higgs sector in the MSSM.
Therefore, the search for charged Higgs bosons is very im-
portant for probing the Higgs sector of the MSSM and,
therefore, will be one of the prime objectives of the CERN
Large Hadron Collider (LHC). At the LHC the integrated
luminosity is expected to reach L = 100fb~" within sev-
eral years. Recently, several studies of charged Higgs boson
production at hadron colliders have appeared in the lit-
erature [3-5]. For a relatively light charged Higgs boson,
mg+ < my — my, the dominant production processes at
the LHC are gg,qq — tt followed by the decay sequence
t — bH* — brtu, [6]. For a heavier charged Higgs bo-
son the dominant production process is gb — tH~ [7-9].
Previous studies showed that the search for heavy charged
Higgs bosons with mg+ > m; + m; at a hadron collider
is seriously complicated by QCD backgrounds due to pro-
cesses such as gb — ttb, gb — ttb, and gg — ttbb, as well as
other processes [8]. However, recent analyses [10,11] indi-
cate that the decay mode HT — 77 v provides an excellent
signature for a heavy charged Higgs boson in searches at
the LHC. The discovery region for H™ is far greater than
had been thought for a large range of the (mg=«,tan /)

parameter space, extending beyond my+ ~ 1TeV and
down to at least tan 3 ~ 3, and potentially to tan 8 ~ 1.5,
assuming the latest results for the SM parameters and
parton distribution functions as well as using kinematic
selection techniques and the tau polarization analysis [11].

The one-loop radiative corrections to H~t associated
production have not been calculated, although this pro-
duction process has been studied extensively at tree level
[7-9]. In this paper we present the calculations of the
Yukawa corrections to this associated H ~t production pro-
cess at both the Fermilab Tevatron and the LHC in the
MSSM. These corrections arise from the virtual effects of
the third family (top and bottom) quarks, the charged and
neutral Higgs bosons, as well as the Goldstone bosons.
In order to get a reliable estimate this process has to
be merged with the related gluon splitting contribution
gg — H~tb. This leads to a suppression by about 50% at
LO [12]. However, the complete one-loop QCD corrections
are probably more important, but not yet available.

2 Calculation
The tree level amplitude for gb — tH ™ is
Moy = M + Mg", (1)

where Més),Mét) represent the amplitudes arising from
diagrams in Figs. 1a,b, respectively. Explicitly,

M(b) o lggs

= — 7 2m; cot Bpt' P
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Fig. la—u. Feynman diagrams con-
tributing to the O(aewmf(b)/m‘z,v)
Yukawa corrections to gb — tH:
a and b are the tree level diagrams;
c and e are gqq (¢ = b,t) vertex
diagrams; g and i are self-energy
diagrams; k-m and o—q are gbH™
vertices; s—v are box diagrams; d, f, h,
j, n and r are counterterm diagrams.
The dashed lines represent H, h, A,
H* G° G* for diagrams c, e, g and
i,and H, h, A, G° for diagrams k, o, t
and v. For diagrams 1, m, p, q, s and
u, the dashed line (2) represents H and
h when the dashed line (1) is H~, and
H, h and A when the line (1) is G~
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+ 2my, tan Bpj, Pr — my cot Sy* kP,
— my tan By" kPrlu(ps)en (k)T (2)

MO — 199

0 V2mw (t — m?)
+ 2my, tan Bpl Pr — my cot fy* kP

— my tan By* kPrlu(py)e (k)T 3)

where T are the SU(3) color matrices and § and # are
the subprocess Mandelstam variables defined by

§=(po+ k)= (pt+pu-)°,

U(py)[2my cot Bpy P,

and

t=(pe—k)* = (pu- —po)*.

Here the Cabbibo-Kobayashi-Maskawa matrix element
Vekm[bt] has been taken to be unity.
The Yukawa corrections of order O(aewmf(b) /m3) to

the process gb — H ™t arise from the Feynman diagrams
shown in Figs. 1c—v and Fig. 2. We carried out the calcula-
tion in the 't Hooft—Feynman gauge and used dimensional
regularization to regulate all the ultraviolet divergences in
the virtual-loop corrections using the on-mass-shell renor-
malization scheme [13], in which the fine-structure con-
stant . and physical masses are chosen to be the renor-
malized parameters, and finite parts of the counterterms
are fixed by the renormalization conditions. The coupling
constant g is related to the input parameters e, my, and
myz by g% = €%/s2, and s2 = 1 —m?2 /m%. The parameter
B in the MSSM we are considering must also be renor-
malized. Following the analysis of [14], this renormaliza-
tion constant was fixed by the requirement that the on-
mass-shell HT [y, coupling remains of the same form as in
(2) of [14] to all orders of perturbation theory. Taking
into account the O(aewmf(b) /m3,) Yukawa corrections,

the renormalized amplitude for the process gb — tH™
can be written as

Mren _ Més) + Mét) + 5MV1(S) + 6MV1(25) + 5Ms(s)
+ SMS® 4 SM V(s + SMVe(® + SMP) + SMP®
=M + M+ oM, (4)
l

Fig. 2a—e. Self-energy Feynman dia-
grams contributing to renormalization
constants. The dashed lines represent
H, h A H*, G°, G* ina

where SMV1(8) sAMVI®) §013() §A51) 5ArV2(9) SV
M) and §MP(® represent the corrections to the tree
diagrams arising, respectively, from the gbb vertex dia-
gram Fig. lc, the gtt vertex diagram Fig. le, the bot-
tom quark self-energy diagram Fig. 1g, the top quark
self-energy diagram Fig. 1i, the btH~ vertex diagrams
Figs. 1k-m and Figs. lo—q, including their correspond-
ing counterterms Fig. 1d,fh,j,n,r, and the box diagrams
Figs. 1s-v. >, SM'! then represents the sum of the contri-
butions to the Yukawa corrections from all the diagrams
in Figs. lc-v. The explicit form of §M' can be expressed
as
I TR Cu(p){fir" Pr. + for'P
4V2 x 1672my UL AL R

+ fipli P+ fipl PR + fipl Py + fipl Pr
+ fI" EPL A+ fit BPr + foplt KPL + fioph kPR
+ fhpl EPL + flopl KPrYu(py)en (k)T (5)

SM! =

where the C! are coefficients that depend on 3,7, and
the masses, and the f! are the form factors; both the co-
efficients C! and the form factors f! are given explicitly in
Appendix A. The corresponding amplitude squared is

Skl = At 4 45

+2ReS (Z 5Ml> (M +M(§”)T] . (6)
l

where
— 2 2
M a2 = 9 9s
—|—ml27 tan? B)(pp - kpt - k — mﬁpt -k
+2py, - kpy - pr — mipy - pr)

{ (3 _ITnQ)Q [(m? cot® 3

b

1
+2mimi (py - k —mp)] + = [(mf cot® 8
(t —mg)?
—I-ml% tan? B)(py - kps - k + mfpb k- m?pb - Pt)
1
2

+2mymi(py - k — - -
mbmt(pt mt)] (§—ml2))(t—mf)
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Fig. 3a,b. The tree level total cross
sections a and relative one-loop Yukawa
corrections b versus my+ at the Teva-
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—2(py - pe)® — mipe - k+mipy - k) 4+ 2mimi (py - k

—pb-k-—zpb-pa]}, (7)

B 993
64N¢ x 16m2mi, (5§ — m?)

12
SR (8)
=1

S =

X

and
B 9'g:
64Nc x 16m2m¥, (f — m?)

12
x OV R L, (9)

i=1

o)t =

Here the color factor N¢ = 3 and hl(-s), hl(-t) are scalar func-
tions whose explicit expressions are given in Appendix B.
The cross section for the process gb — tH ™ is

tmax 1 _ N
b= / — 3| M,en |2di
2

1
16742 (10)

min

180 200 220 240 260 280 300
Choarged Higgs mors

tron with s'/2 = 2TeV. The solid,
dashed and dotted lines correspond to
tan 8 = 2, 10 and 30, respectively

— VG (T PG~ (e — i ),

and

2 2 3
A _omytmy — S
max

2

b VB et ma PG~ (e — ).

The total hadronic cross section for pp — gb — tH ™~ can
be obtained by folding the subprocess cross section & with
the parton luminosity:

o(s) = /T: % (iii) (86)(gb — tH™ at § =7s), (11)

where 79 = (my+mp-)?/s, s'/? and §'/2 are the CM ener-
gies of the pp and gb states, respectively, and the quantity
dL/dr is the parton luminosity, which is defined as

dL |
dr /T ?xfb/P(I’q)fg/P(T/x"I)’ (12)

where fy/p(z,q) and fy/ p(7/2,q) are the bottom quark
and gluon parton distribution functions.

3 Numerical results

In the following we present some numerical results for
charged Higgs boson production in association with a top
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quark at both the Tevatron and the LHC. In our nu-
merical calculations the SM parameters were taken to be
my = 80.41GeV, myz = 91.187GeV, m; = 175GeV,
my = 4.4GeV, ag(mz) = 0.119, and qew(mz) = 1/128.8
[15]. We also used the one-loop relations [16] from the
MSSM between the Higgs boson masses my, i 4 g+ and
the parameters o and (3, and chose my+ and tanf as
the two independent input parameters. And we used the
CTEQ5M [17] parton distributions throughout the calcu-
lations.

Figures 3a and 4a show the tree level total cross sec-
tions as a function of the charged Higgs boson mass for
three representative values of tan 3. For mg+ = 200 GeV
the total cross sections at the Tevatron are at most only a
few fb for tan 8 = 2, 10, and 30, and for my+ = 300 GeV
the total cross sections are smaller than 1fb for all three
values of tan 3. However, at the LHC the total cross sec-
tions are much larger: the order of thousands of fb for
mpy+ in the range 100 to 300 GeV and tan 8 = 2 and 30;
and they are hundreds of fb for the intermediate value
tan 8 = 10. For low tan 3 the top quark contribution is
enhanced while for high tan # the bottom quark contri-
bution becomes large. These results agree with [8,9] and,
it should be noted, are larger than the W* H¥ associated
production cross section at the LHC [4].

In Figs. 3b and 4b we show the corrections to the total
cross sections relative to the tree level values as a func-
tion of my+ for tan 8 = 2,10, and 30. These corrections

decrease the total cross sections significantly for a wide
range of the charged Higgs boson mass, especially for the
smaller values of tan  where the top quark contribution
is greatly enhanced. In particular, for tan 3 = 2 the cor-
rections exceed —20% for my+ below 300 GeV and reach
more than —25% for myg+ below 200GeV at both the
Tevatron and the LHC.

In conclusion, we have calculated the Yukawa correc-
tions of order O(acwm?(b)/m%v) to the cross section for

charged Higgs boson production in association with a top
quark at the Tevatron and the LHC. These corrections
decrease the cross section and are not very sensitive to
the mass of the charged Higgs boson, but depend more
strongly on tan 3. At low tan (8 the top quark contribu-
tion is enhanced while at high tan g the bottom quark
contribution becomes large. For m g+ in the range 100 to
300 GeV the Yukawa corrections are as large as —30% for
tan 3 = 2, then become smaller for the intermediate value
tan 8 = 10, but increase to nearly —20% for tan 8 = 30.
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Appendix A

The coefficients C! and form factors f! are the following:

cVils) — m; oV — 721%
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2 2
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1) (2)
Z 5 (4,9) {77(1 J)
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mem
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_k7pt7mi>mb7mb7mj)

fi(S) {77(1) 2my
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Here the sums over (i,7) run over (H®,H~), (h°, H™),

(H°,G7), (h°,G7) and (A% G~), and U is a transforma-
tion defined by

Py — P, §—t, k— —k,
&%&,@%&)WH%

W @ O 2) @)
1 e n®, il el &y © iy

and Dy, D;;, D;ji, are the four-point Feynman integrals
[18]. All other form factors f! not listed above vanish. In
the above expressions we have used the following defini-

tions:
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