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Figurel: A generic set of diagrams for the Born level and examples of NLO diagrams.

1. Introduction

The Higgs mechanism [1] is a cornerstone of the Standard Model (SM) and its supersym-
metric extensions. The masses of the fundamental particles, electroweak gauge bosons, leptons,
and quarks, are generated by interactions with Higgs fields. The search for Higgs bosons is thus
one of the most important tasks for high-energy physics and is being pursued at the upgraded
proton—antiproton collider Tevatron with a center-of-mass (CM) energy of 1.96 TeV, followed by
the proton—proton collider LHC with 14 TeV CM energy scheduled to start taking data in 2010.

The minimal supersymmetric extension of the Standard Model (MSSM) requires two Higgs
doublets leading to five physical scalar Higgs bosons: two (mass-degenerate) charged particles
H*, one CP-odd neutral particle A, and two CP-even neutral particles h,H. The discovery of a
charged Higgs boson, in particular, would provide unambiguous evidence for an extended Higgs
sector beyond the Standard Model. Searches at LEP have set a limit My+ > 79.3 GeV on the
mass of a charged Higgs boson in a general two-Higgs-doublet model [2]. Within the MSSM, the
charged-Higgs mass is constrained by the pseudoscalar Higgs mass and the W-boson mass through
M,%li = Mi + Mg, at tree level, with only moderate higher-order corrections [3]. A mass limit on the
MSSM charged Higgs boson can thus be derived from the limit on the pseudoscalar Higgs boson,
Ma > 93.4 GeV [4], resulting in M+ 2 120 GeV.

The LHC will extend the search for charged Higgs bosons to masses up to My= < 600 GeV [7],
where the reach depends in detail on the values of the supersymmetric parameters. The most
promising search channel for heavy H* (with M= 2 m) at the LHC is the associated production
of charged Higgs with heavy quarks, pp — tbH* + X (see Fig. 1).

Note that the inclusive cross-section prediction for the four-flavor-scheme (4FS) process gg —
tbH* develops potentially large logarithmic terms [J log(Q?/ n‘%) which arise from the splitting
of gluons into bb pairs, since the b-quark mass acts as a cutoff for the collinear singularity. The
large scale Q corresponds to the upper limit of the collinear region up to which factorization is
valid. It has been argued that Q is of the order of My /4 or less [8]. The log(Q?/n%) terms can be
summed to all orders in perturbation theory by introducing bottom parton densities [9], provided
that the b-quarks are produced predominantly at small transverse momentum. The LO process
in this five-flavor-scheme (5FS) is charged Higgs-boson production through gb — tH*. The first
order corrections comprise the &'(d) corrections to gb — tH* and the LO process gg — thH* [8].

2. NLO Corrections

In the following we review the 4FS calculation of the QCD and SUSY-QCD corrections to
the parton processes d,gg — tbH~ in the MSSM [10]. The ultraviolet, infrared and collinear
singularities have been regularized in N = 4 — 2& dimensions. The pentagon tensor integrals of
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the virtual corrections have been reduced directly to box integrals following Ref. [11] so that no
inverse Gram determinants have been introduced which may spoil the numerical stability. Box and
lower-point integrals have been reduced to scalar integrals using the standard Passarino—Veltman
technique [12]. The real corrections have been calculated by applying the dipole subtraction for-
malism for the extraction of the infrared and collinear singularities [13]. Helicity amplitudes for
the real matrix elements have been generated with MADGRAPH [14] and HELAS [15]. The phase
space integration has been stabilized by implementing a multi-channel integration.

The strong coupling ds(t) and the PDFs have been defined in the MSscheme with four active
flavors, i.e. the SUSY particles and the top and bottom quarks have been decoupled from their
running. The top and bottom quark masses have been defined on-shell, while the MS scheme
has been adopted for the renormalization of the bottom-Higgs Yukawa coupling with decoupled
sbottom-gluino contributions. The SUSY loops induce a modification of the tree-level relation
between the bottom quark mass and its Yukawa coupling. The leading terms for large values of tgf3
can be summed to all orders [16] and absorbed in an effective Yukawa coupling. The corresponding
terms have to be subtracted from the full NLO result in order to avoid double counting. The finite
remainder of the genuine SUSY-QCD corrections turns out to be very small and thus negligible
after this subtraction [10].

3. Numerical Results

The on-shell top mass has been set to 172.6 GeV [17] and the bottom pole mass to 4.6 GeV
corresponding to a MSmass My(My) = 4.26 GeV. The Higgs mass calculation has been performed
in the effective potential approach including corrections up to two loops [18] as implemented in the
program HDECAY [19]. The strong coupling has been normalized to as(Mz) = 0.120 in the calcu-
lation of the Higgs mass and the resummed tgf3-enhanced SUSY-QCD corrections to the effective
bottom Yukawa coupling taking into account five active flavors. The scale of the strong coupling
in these tgf3-enhanced terms has been chosen as the average of the sbottom and gluino masses in
accordance with the recent NNLO results for these contributions [20]. The default renormaliza-
tion/factorization scale of the running bottom mass, the strong coupling O's and the PDFs has been
chosen as the average of the final-state particle masses, 4 = (m; + My + My=+)/3. The four-flavor
strong coupling of the hadronic cross section has been evaluated with the QCD scale A(4) = 0.347
GeV at NLO and A = 0.220 GeV at LO. We have used the MRST four-flavor PDFs [21]. For
the numerical analysis we have adopted the SPS1b MSSM benchmark scenario [22] which is char-
acterized by a large value of tg8 = 30 and a correspondingly large production cross section of
pp — tbH* at the LHC.

The total LO and NLO cross sections for pp — tbH ~ as well as the predictions involving a cut
of 20 GeV on the transverse momentum of the final-state bottom quark are displayed in Fig. 2 as
functions of the charged Higgs mass. This process is dominated by the gluon-induced contribution
at the parton level. The total K factor is displayed in the lower part of the figure together with
the error bands due to the scale dependence of the LO and NLO predictions. The K factor is of
moderate size over the whole range of charged Higgs masses. This moderate size, however, is
induced by a significant cancellation of the pure QCD corrections of ¢/(60%) and the genuine
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Figure2: Total LO and NLO cross sections for pp — tbH~ 4 X at the LHC as a function of the Higgs-boson
mass, without (Lh.s.) and with (r.h.s.) a cut of prp > 20 GeV on the b-quark transverse momentum. The
lower plots show the K-factor, K = dnLo/0Lo, and the scale dependence of the LO and NLO cross section
predictions for Hy/3 < 4 < 3o normalized to the LO cross section with the central scale choice 4t = L.
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Figure 3: Variation of the LO and NLO cross sections with the renormalization and factorization scales
for pp — tbH™ + X at the LHC, without (Lh.s.) and with (r.h.s.) a cut of PTp > 20 GeV on the b-quark
transverse momentum.

SUSY-QCD corrections for the SPS1b scenario. Requiring the bottom quark to be produced with
transverse momentum larger than 20 GeV reduces the inclusive cross section by about 60%.

The scale dependence without and with a transverse-momentum cut on the final-state bottom
quark is shown in Fig. 3 as a function of the identified renormalization and factorization scales
in units of the central scale tlo = (M + My + My-)/3 for a charged Higgs mass of 214 GeV. The
scale dependences are significantly reduced from LO to NLO with a residual scale dependence of
~ £25% (~ +10%) without (with) a transverse-momentum cut.

In Fig. 4 we compare the transverse-momentum and rapidity distributions of the final-state
particles, i.e. the top and bottom quarks as well as the charged Higgs boson. As expected the
transverse-momentum distribution of the bottom quark is much softer than those for the top quark
and the charged Higgs particle. However, there is a significant fraction of bottom quarks with
transverse momentum larger than 25 GeV. The transverse-momentum distributions of the top quark
and the charged Higgs boson are very similar with a maximum at pt ~ 100 GeV. The latter particles
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Figure 4: NLO transverse-momentum and rapidity distributions of the Higgs boson, the top quark, and the
bottom quark for pp — tbH~ + X at the LHC.
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Figure5: Total NLO cross section for pp — tH™ + X at the LHC as a function of the Higgs-boson mass in
the 4FS and the SFS. Shown is the central prediction and the scale dependence for Ly/3 < U < 3 .

are produced at central rapidities with |y| < 2.5, while the rapidity distribution of the bottom quark
is rather flat in the region |y| < 4.

The impact of the NLO corrections on the shape of the transverse-momentum and rapidity
distributions is different for the heavy particles, the top quark and charged Higgs boson, on one
hand and the light bottom quark on the other hand. We find that the shapes of the top quark and
Higgs transverse-momentum distributions are only mildly affected by the NLO corrections, while
the shape becomes much softer from LO to NLO for the bottom quark. This effect originates from
logarithmically enhanced contributions from collinear gluon radiation off bottom quarks. The NLO
corrections do not change the shape of the rapidity distributions significantly at central rapidities
vl <2

Fig. 5 displays the comparison of our 4FS cross section with the corresponding SFS cross
section [8] including the pure QCD corrections at NLO, i.e. omitting the genuine SUSY-QCD
corrections. The 5FS calculation has been evaluated with the five-flavor MRST2004 PDFs [23] and
our set of input parameters and scale choices. The error bands indicate the theoretical uncertainties
when varying the renormalization and factorization scales between 1/3 and 3 times the central scale
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Ho = (M + My + My-)/3. Even taking the scale uncertainty into account, the 4FS and 5FS cross
sections at NLO are barely consistent. The central predictions of the SFS are larger than those of
the 4FS by approximately 40%, rather independent of the Higgs-boson mass.
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