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1. Introduction

Identifying the mechanism of electroweak symmetry breaking is one of the main goals of
the LHC. The spectacular discovery of a Higgs-like particlewith a mass aroundMH ≃ 126 GeV,
which has been announced by ATLAS [1] and CMS [2], marks a milestone of an effort that has
been ongoing for almost half a century and opens up a new era ofparticle physics. However,
even after accepting that this new particle isa Higgs boson, the crucial question remains what is
the underlying model, how exactly is electroweak symmetry breaking realized. Many possibilities
have been studied in the past, of which the most popular ones are the Higgs mechanism within the
Standard Model (SM) [3], the Two Higgs Doublet Model (THDM) [4], and within supersymmetric
(SUSY) models [5], which naturally contain at least two Higgs doublets. While the SM contains
only one physical (neutral) Higgs boson, models with two Higgs doublets contain, besides three
neutral Higgs bosons, at least two charged Higgs bosons,H±. Any evidence for a charged Higgs
boson would be an unambiguous sign of an extended Higgs sector, i.e. of physics beyond the SM.
However, even in the case of a charged Higgs discovery, the true nature of this object has to be
further determined, as it could be a charged Higgs boson in the THDM, the MSSM or even more
extended models such as the NMSSM.

In order to identify the Higgs sector realized in nature, thepredictions for couplings to SM
fermions and bosons as well as self-couplings have to be compared with the experimental results.
To perform this task precise theory predictions are needed for Higgs production cross sections and
decay widths (or at best for complete processes). Here we give a brief overview about this kind of
calculations concerning the charged Higgs bosons.

Within the THDM the Higgs potential contains 14 independentparameters, and the mass of the
charged Higgs boson,MH± , is usually treated as a free parameter. A dedicated code forproduction
cross sections and branching ratios in the THDM has been published in Ref. [6].

Within SUSY many results for the charged Higgs boson beyond the tree-level are available in
the Minimal Supersymmetric Standard Model (MSSM), see below. The only code that contains
higher-order corrections for a charged Higgs boson beyond the MSSM isNMSSMTools [7], pro-
viding masses, production cross sections and decay widths in the NMSSM, i.e. the MSSM with an
additional Higgs singlet. In the following we will focus on the MSSM.

2. The charged Higgs in the MSSM

The Higgs sector of the MSSM contains two Higgs doublets, leading to five physical Higgs
bosons. At tree-level these are the light and heavyC P-evenh andH, theC P-odd A and the
chargedH±. At lowest order the Higgs sector can be described besides the SM parameters by
two additional independent parameters, chosen to be the mass of theA boson,MA (in the case of
vanishing complex phases), and tanβ ≡ v2/v1, the ratio of the two vacuum expectation values.
Accordingly, all other masses and couplings can be predicted at tree-level, e.g. the charged Higgs
boson mass

m2
H± = M2

A+M2
W . (2.1)
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MZ,W denote the masses of theZ andW boson, respectively. This tree-level relation receives
higher-order corrections, where the loop corrected charged Higgs-boson mass is denoted asMH± .
Three codes exist for the calculation ofMH± and the various decay widths,FeynHiggs [8–12],
CPsuperH [13] andHdecay [14].

The charged Higgs bosons of the MSSM (or a more general Two Higgs Doublet Model) have
been searched at LEP, the Tevatron and the LHC, and will be searched for (or hopefully analyzed
at) a Linear Collider such as ILC or CLIC. The LEP searches [15, 16] yielded a robust bound of
MH± >∼ 80 GeV [17]. The Tevatron bounds [18] are by now superseeded by the LHC charged Higgs
searches [19]. Those searches are especially sensitive at lowerMA and large tanβ or very low tanβ ,
extending the LEP bounds in this region of parameter space. At the LHC the prospects for charged
Higgs boson searches are best at large tanβ , reaching up toMA

<∼ 800 GeV. At the ILC, if the
charged Higgs is in the kinematical reach, a high-precisiondetermination of the charged Higgs
boson properties will be possible [20,21].

The main production channels at the LHC are

pp→ tt̄ + X, tt̄ → t H−b̄ or H+b t̄, (2.2)

gb→ H−t or gb̄→ H+t̄ . (2.3)

The decay used in the analysis to detect the charged Higgs boson is

H± → τντ → hadronsντ . (2.4)

The“light chargedHiggsboson” is characterized byMH± < mt . The main production channel
is given in Eq. (2.2). Close to threshold also Eq. (2.3) contributes. The relevant (i.e. detectable)
decay channel is given by Eq. (2.4).

The “heavy chargedHiggs boson” is characterized byMH± >∼ mt . Here Eq. (2.3) gives the
largest contribution to the production cross section, and very close to threshold Eq. (2.2) can con-
tribute somewhat. The relevant decay channel is again givenin Eq. (2.4).

3. Production cross section of the light charged Higgs

To estimate the cross section for events with charged Higgs bosons in top quark pair pro-
duction, the following ingredients are needed: The top quark pair production cross section, the
branching ratio BR(t → bH+) and the light charged Higgs boson decay branching ratios (more
details can be found in Ref. [22]). In the following we will concentrate on the 7 TeV case, while
the 8 TeV case can be analyzed analogously.

Top quark pair production cross section:
The tt̄ production cross section at

√
s= 7 TeV is predicted to be 165+4

−9 (scale)+7
−7 (PDF) pb by

approximate NNLO calculations [23, 24] recommended by the ATLAS Top Working Group [25].
The scale uncertainty is obtained as the “envelope” from a variation of the renormalization scaleµR

and the factorization scaleµF from 0.5 to 2 timesmt (with 0.5≤ µF/µR ≤ 2). The PDF uncertainty,
obtained using MSTW2008 [26], is taken at the 68% C.L.; both uncertainties should be added
linearly. Finally, the uncertainty in the production crosssection from the experimental uncertainty
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in mt is estimated to be

∆σ/σ ∼ 5∆mexp
t /mt . (3.1)

This uncertainty is combined quadratically with the scale/PDF uncertainty. However, the contribu-
tion to the overall uncertainty is relatively small.

Top quark decays via a charged Higgs boson:
The decay width calculation of the top quark to a light charged Higgs boson is compared for two
different programs,FeynHiggs andHdecay, see above.

TheFeynHiggs calculation is based on the evaluation ofΓ(t → W+b) and Γ(t → H+b).
The former is calculated at NLO according to Ref. [27]. The decay to the charged Higgs boson
and the bottom quark usesmt(mt) andmb(mt) in the Yukawa coupling, where the latter receives
the additional correction factor 1/(1+∆b). The numerical results reviewed here are based on the
evaluation of∆b in Ref. [28]. Furthermore additional QCD corrections takenfrom Ref. [29] are
included.

TheHdecay calculation is based on the evaluation ofΓ(t →W+b) andΓ(t → H+b). The de-
cays were evaluated including the full NLO QCD corrections (including bottom mass effects) [27]
(and references therein). The top and (kinematical) bottommasses are taken as the pole masses
while the bottom mass of the Yukawa coupling is taken as running MS mass at the scale of the top
mass. SUSY QCD and electroweak corrections are approximated via ∆b based on Refs. [29–32].

In Fig. 1 we show the comparison between the evaluations of the decayt →H+b in FeynHiggs
andHdecay [22]. The top row shows the decay width, while the bottom row contains the result
for the branching ratios. The parameters are chosen according to themmax

h scenario [33] withµ
set to 200(1000) GeV in the left (right) column. One can see that the agreementbetween the two
codes, despite the differences in the∆b evaluation is excellent. In the following we assume a∼ 6%
uncertainty in the top decays to missing one-loop electroweak and two-loop QCD corrections.

Light charged Higgs boson decay:
Within the mmax

h scenario of the MSSM, the BR(H± → τντ) ≈ 1 for all parameter values still
allowed by the LEP experiments [17]. (Only for very large values ofMH± the off-shell decay totb
can reach a level of up to 10%. The strong dominance ofH± → τντ holds for most of the MSSM
parameter space if not tanβ becomes very small.) The uncertainty on this assumption is less than
1% and thus negligible compared to other uncertainties.

The overall uncertainty, evaluated in themmax
h scenario can be seen in Fig. 2. We show

σtt ·BR(t → bH±) ·BR(t → bW±) ·2 (3.2)

for
√

s= 7 TeV as a function ofMH± with all the above uncertainties combined. The result is
shown for tanβ = 5,10,30,50. As can be seen, the uncertainties are still substantial.They have to
be taken into account for reliable and robust bounds on the MSSM parameter space from the non-
observation of a light charged Higgs. Conversely, using a potential observation of a light charged
Higgs for a determination of the underlying parameters would require a substantial reduction of the
uncertainties.
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Figure 1: Comparison of theΓ(t →H+b) (upper row) and BR(t →H+b) (lower row) betweenFeynHiggs
andHdecay. The results are shown for various values ofMH± and forµ = 200(1000)GeV in the left (right)
column.

4. Production cross section of the heavy charged Higgs

For heavy charged Higgs bosons,MH± >∼ mt , associated productionpp→ tbH±+X is the
dominant production mode. Two different formalisms can be employed to calculate the cross sec-
tion for associatedtbH± production. In the four-flavor scheme (4FS)with nob quarks in the initial
state, the lowest-order QCD production processes are gluon–gluon fusion and quark–antiquark
annihilation,gg→ tbH± andqq̄→ tbH±, respectively.

On the other hand, potentially large logarithms∝ ln(µF/mb), which arise from the splitting of
incoming gluons into nearly collinearbb̄ pairs, can be summed to all orders in perturbation theory
by introducing bottom parton densities, i.e. in the five flavor scheme (5FS)[34]. To all orders in
perturbation theory the four- and five-flavor schemes are identical, but the way of ordering the
perturbative expansion is different, and the results do notmatch exactly at finite order. For more
details see Ref. [22] and references therein.
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Figure 2: σtt ·BR(t → bH±) ·BR(t → bW±) · 2 including scale and PDF uncertainties, uncertainties for
missing electroweak and QCD corrections, and∆b-induced uncertainties for

√
s= 7 TeV.

Santander matching:
A simple and pragmatic formula for the combination of the four- and five-flavor scheme calcu-
lations of bottom-quark associated Higgs-boson production has been suggested in Ref. [35], the
so-called “Santander matching”. The main idea behind this matching scheme is the following: The
4FS and 5FS calculations provide the unique description of the cross section in the asymptotic lim-
its MH/mb → 1 andMH/mb → ∞, respectively (whereMH denotes a generic Higgs boson mass,
i.e. the arguments are valid for the neutral as well as for thecharged Higgs production). The two
approaches are combined in such a way that they are given a weight, depending on the value of the
Higgs-boson mass. Since the difference between the 4FS and the 5FS is logarithmic, the depen-
dence of their relative importance onMH should be controlled by a logarithmic term. Consequently,
the proposal for the “Santander matching” reads [35],

σmatched=
σ4FS+ t σ5FS

1+ t
, (4.1)

with the weightw defined as

t = ln
MH

mb
−2, (4.2)

andσ4FS andσ5FS denote the total inclusive cross section in the 4FS and the 5FS, respectively.
The theoretical uncertainties in the 4FS and the 5FS calculations should be added linearly, using

6
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the weightst. In this way it is ensured that the combined error is always larger than the minimum
of the two individual errors [35]:

∆σ± =
∆σ4FS

± + t ∆σ5FS
±

1+ t
, (4.3)

where∆σ4FS
± and∆σ5FS

± denote the upper/lower uncertainty limits of the 4FS and the5FS, respec-
tively.

Numerical results are revied in Fig. 3. In the left plot we show the central values for the total
inclusive cross section in the 5FS (red, dashed), the 4FS (green, dashed), and for the matched cross
section (blue, solid). They have been evaluated as a function of MH± for

√
s= 7 TeV, tanβ = 30,

all SUSY corrections omitted and using the MSTW2008 PDF set [26]. The right plot shows the
corresponding uncertainty bands with the same color coding. An updated approach with a new
choice of the renormalization scale [36] has recently been presented [37], but still requires further
studies.
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Figure 3: Left: central values for the total inclusive cross section in the 5FS (red, dashed), the 4FS (green,
dashed), and for the matched cross section (blue, solid) as afunction ofMH± for

√
s= 7 TeV, tanβ = 30,

all SUSY corrections omitted. Right: corresponding theoryuncertainty bands for the total inclusive cross
section with the same color coding.

5. Charged Higgs branching ratios

An analysis for the charged Higgs branching ratios so far only exists for the light charged
Higgs case. The charged Higgs boson decay widths are calculated withFeynHiggs andHdecay
in the mmax

h benchmark scenario, where details can be found in Ref. [22].The decay channels
H± → τντ , H± → AW±, H± → cs, H± → HW±, H± → µνµ and H± → tb available in both
programs are studied, where the latter is mostly negligiblefor the light charged Higgs. ForH± →
τντ , FeynHiggs includes the Higgs propagator corrections up to the two-loop level. Concerning
the latter, inHdecay these corrections are included in the approximation of vanishing external
momentum. On the other hand, it includes the full NLO QCD corrections to charged Higgs decays
into quarks, which are incorporated inFeynHiggs only in the approximation of a heavy charged
Higgs boson.
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The experimentally most interesting decay channelH± → τντ shows a good agreement, as
can be seen in the upper row in Fig. 4 [22]. HereHdecay consistently predicting a 3.5% larger
decay width thanFeynHiggs, due to the differences described above. A good agreement is
also found in theH± → µνµ channel (not shown), again withHdecay predicting consistently a
∼ 3.5% larger decay width thanFeynHiggs. In the H± → cs channel, presented in the lower
row of Fig. 4 [22], a notable discrepancy of 7-19% is found. The differences in this channel may
be attributed to the QCD corrections implemented inFeynHiggs, which are valid only in the
limit of heavy charged Higgs masses (in comparison to the quark masses), whereas inHdecay
they are more complete. Conversely, the evaluation of∆s, which is crucial for the calculation of
Γ(H± → cs), is more complete inFeynHiggs. This channel can only play a significant role for
very low values of tanβ , and is numerically negligible within themmax

h scenario.
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Figure 4: Comparison of theΓ(H± → τντ ) (upper row) andΓ(H± → cs) (lower row) betweenFeynHiggs
and Hdecay in the mmax

h scenario. The results are shown for various values ofMH± and for µ =

200(1000)GeV in the left (right) column [22].

6. Conclusions

The current status of cross section and branching ratio calculation for charged Higgs bosons
in the MSSM has been reviewed. For the light charged Higgs boson (MH± < mt) the uncertainties
have been evaluated in themmax

h scenario and are still substantial. The production cross section
for a heavy charged Higgs (MH± > mt) are evaluated using the “Santander matching” scheme,
combining the 4FS and the 5FS. An analysis for the charged Higgs branching ratios is available
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only for a light charged Higgs boson. A comparison betweenFeynHiggs andHdecay shows
good agreement for the leptonic channels but aO(10%) difference in the (subdominant)H± → cs
decay channel.

Overall, a reliable and robust derivation of bounds on the MSSM parameter space from the
non-observation of a charged Higgs, as well as a determination of the underlying parameters from
a potential observation of a charged Higgs will require a substantial reduction of the present uncer-
tainties.
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