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1. Introduction

This is a a contribution to the Charged Higgs Benchmark working group: general 2HDM. We
present a general discussion of the the different Yukawa types of a CP-conserving model with
no Flavour Changing Neutral Currents (FCNCs) at tree-level as well as their experimental and
theoretical constraints. We then proceed to define the production and decay processes to be studied.
We give an overview on how the different processes can probe each version of the model and also
if a distinction between the different model versions and also between each model version and the
MSSM can be expected for some regions of the parameter space.

2. The two-Higgs doublet model

We start with a brief review of the versions of the 2HDM used in this work. We have chosen
a potential with a minimum that does not break CP-invariance nor electric charge and that was
shown to be stable at tree level [1]. Under these constraints, the most general renormalizable
potential which is invariant under SU(2)⊗U(1) can be written as

V (Φ1,Φ2) = m2
1Φ†

1Φ1 +m2
2Φ†

2Φ2 − (m2
12Φ†

1Φ2 +h.c)+
1
2
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2 +
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2
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2
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2Φ2)+λ4(Φ†
1Φ2)(Φ†

2Φ1)+
1
2

λ5[(Φ†
1Φ2)

2 +h.c.] , (2.1)

where Φi, i = 1,2 are complex SU(2) doublets with four degrees of freedom each and all m2
i , λi

and m2
12 are real. Once the SU(2) symmetry is broken, we end up with two CP-even Higgs states

h and H, one CP-odd state, A, two charged Higgs bosons, H± and three Goldstone bosons. This
potential has seven independent parameters which we choose to be the four masses mh, mH , mA,
mH± , tanβ = v2/v1, α and M2. The angle β is the rotation angle from the group eigenstates to the
mass eigenstates in the CP-odd and charged Higgs sector. The angle α is the corresponding rotation
angle for the CP-even Higgs sector. The parameter M2 is defined as M2 = m2

12/(sinβ cosβ ) and is
a measure of how the discrete symmetry is broken. The discrete symmetry imposed to the potential,
when extended to the Yukawa Lagrangian, guarantees that FCNCs are not present as fermions of
a given electric charge couple to no more than one Higgs doublet [2]. There are a total of four
possible combinations [3] and therefore four variations of the model. We define as Type I the
model where only the doublet ϕ2 couples to all fermions; Type II is the model where ϕ2 couples
to up-type quarks and ϕ1 couples to down-type quarks and leptons; a Type Y [4] or III model is
built such that ϕ2 couples to up-type quarks and to leptons and ϕ1 couples to down-type quarks and
finally in a Type X [4] or IV model, ϕ2 couples to all quarks and ϕ1 couples to all leptons.
We will now very briefly discuss the main experimental and theoretical constraints which affect the
parameter space of these 2HDM types. New contributions to the ρ parameter stemming from Higgs
states [5] have to comply with the current limits from precision measurements [6]: |δρ | <∼ 10−3;
values of tanβ smaller than ≈ 1 together with a charged Higgs with a mass below 100 GeV are
disallowed both by the constraints coming from Rb and from BqB̄q mixing [7] for all Yukawa
versions of the model. It has been shown in [8] that data from B → Xsγ impose a lower limit
of mH± >∼ 300 GeV in models where the quarks have Type II or Type Y Yukawa couplings. In
models Type I and Type X charged Higgs bosons as light as 100 GeV are still allowed. The LEP
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experiments have set a lower limit on the mass of the charged Higgs boson 79.3 GeV at 95%
C.L., assuming only BR(H+ → τ+ν) + BR(H+ → cs̄) = 1 [9]. The limit becomes stronger if
BR(H+ → τ+ν)≈ 1 (see [10] for a discussion and a review on bounds for model X). These bounds
led us to choose two benchmarks for the masses - 100 GeV for models I and X and 300 GeV for
the four Yukawa versions of the model - the ones that maximise the cross section while complying
with all bounds. We will vary tanβ from 1 to 40. The allowed values of the remaining masses, of
M, sinα will be mainly contrained by tree-level vacuum stability [11] and tree-level unitarity [12]
of the potential. In Fig. 1 we show how vacuum stability and perturbative unitarity constrain the
parameter space of the model. In the left panel we plot M as a function of tanβ for mH± = 100
GeV and two values of sin(β −α). In the right panel we now take mH± = 300 GeV. The values
of the remaining parameters are shown in the plots. The most striking feature is that tanβ can
be constrained to be very small independently of the value of M. In any case as tanβ grows the
allowed values of M shrink to a tiny region that depends mainly on mH and sin(β −α).

ALLOWED

ALLOWED

mH = 300GeV ; mh = 120GeV

mH+ = mA = 100GeV

sin(β − α) = 0.1

sin(β − α) = 1

tan β

M
(G

eV
)

403530252015105

300

250

200

150

100

50

0

ALLOWED

ALLOWED

mH = 300GeV ; mh = 120GeV

mH+ = mA = 300GeV

sin(β − α) = 0.1

sin(β − α) = 1

tan β

M
(G

eV
)

403530252015105

350

300

250

200

150

100

50

0

Figure 1: Allowed regions of the parameter space when vacuum stability and perturbative unitarity are
imposed on the model.

3. Charged Higgs production and decay

This section describes all relevant production and decay channels of charged Higgs bosons in all
2HDM types at the LHC. We will start by listing the most relevant production modes. We can have
single H± production [13, 14, 15, 16, 17]:

gg,qq̄ → bt̄H+ and b̄tH−, (3.1)

bQ → bQ′H+ and bQ′H−, (3.2)

cs → H±(+ jet), (3.3)

gg,bb̄ →W−H+ and W+H−, (3.4)

(3.5)
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or pair production [18, 19, 20]

gg,bb̄ → H+H−, (3.6)

qq̄ → H+H−, (3.7)

qQ → q′Q′H+H−, (3.8)

where q,q′,Q,Q′ represent (anti)quarks (other than b’s and t’s). We do not consider associated
production of a charged Higgs with another scalar. As stated before we will concentrate on charged
Higgs boson masses of 100 GeV for models I and X and 300 GeV for all models. We use as
benchmarks the values of tanβ = 1, 3, 7 and 30. The production cross sections are the same for
models I and X and for models II and Y due to the coupling to of the Higgs fields to the quarks.
The remaining values for the benchmarks are defined as to cover the main different signatures that
arise in each model.

tanβ σ (pb) I (cs) (pb) I (τν) (pb) X (cs) (pb) X (τν) (pb)
1 522 162 360 162 360
3 82 26 56 0 82
7 15.6 4.9 10.7 0 15.6

30 0.86 0.27 0.59 0 0.86

Table 1: Cross sections for the different models and for the main charged Higgs decays for mH± = mA =

100 GeV and four values of tanβ . Remaining parameters are mH = M = 300 GeV, mh = 120 GeV and
sin(β −α) = 1.

The first process 3.1 on our list depends only on tanβ and on the charged Higgs mass. In table 3 we

tanβ σI,X (fb) σII,Y (fb) I (fb) II (fb) X (fb) Y (fb)
1 2189 2178 2189 (tb) 2178 (tb) 2189 (tb) 2178 (tb)
3 244 247 244 (tb) 247 (tb) 244 (tb) 247 (tb)
7 44 72 44 (tb) 64 (tb) 39 (tb) 72 (tb)

30 2.4 562 2.4 (tb) 433 (tb) 2.4 (τν) 562 (tb)

Table 2: Cross sections for the different models and for the dominant decay mode for mH± = mA = mH =

M = 300 GeV and four values of tanβ . Remaining parameters are mh = 120 GeV and sin(β −α) = 1.

present cross section values before (second column) and after (third to sixth column) the branching
fraction for each mode are taken into account. A study based on H+ → τν was performed by both
ATLAS and CMS [21]. Using the ATLAS results for mH± = 100 GeV, the values of tanβ = 1,3
and 7 will be probed at 95 % CL with less than 10 fb−1 at

√
s = 14 TeV. Contrary to the MSSM

(and models II and Y), very large values of tanβ cannot be probed with this process because the
cross section in these models falls as 1/ tan2 β . We now move to the mass benchmark of 300 GeV
where all models are allowed. In tables 3 and 3 we present the cross sections for the charged
Higgs main decay mode in the SM-like limit, that is, sin(β −α) = 1. It is clear from the tables
that searches based on H+ → τν cannot be used in this case. In fact, using the ATLAS study,
only in the mass point mH± = 175 GeV are we allowed to probe values of tanβ of ≈ 4 and only
for model X at 95 % CL with 30 fb−1 of collected luminosity at

√
s = 14 TeV (the MSSM and
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model II can be probed for very large values of tanβ ). Furthermore, it is also clear that the models
can only be distinguished for very large values of tanβ and that there are some slim chances of
distinguishing between models II and Y. A comparison of the signatures in the MSSM and in
Model II was performed in [22]. Finally, in table 3 we present a scenario where sin(β −α) = 0

tanβ σI,X (fb) σII,Y (fb) I (fb) II (fb) X (fb) Y (fb)
1 2189 2178 1576 (tb) 1568 (tb) 1576 (tb) 1568 (tb)
3 244 247 190 (HW ) 190 (HW ) 190 (HW ) 190 (HW )
7 44 72 42 (HW ) 66 (HW ) 41 (HW ) 66 (HW )

30 2.4 562 2.4 (HW ) 309 (HW ) 2.0 (HW ) 348 (HW )

Table 3: Cross sections for the different models and for the dominant decay mode for mH± = mA = 300 GeV
and four values of tanβ . Remaining parameters are mH = M = 130 GeV, mh = 120 GeV and sin(β −α) = 1.

which allows a wider tanβ range. Here, as in the remaining tables for 300 GeV, the Higgs decays
almost exclusively to tb for tanβ = 1. For larger values of tanβ the sum of the branching ratios to
WS, with S = h,H,A, is almost always close to 100 %. As the neutral Higgs decays are also model
dependent, a dedicated study for each case is needed ([23]).

tanβ σI,X (fb) σII,Y (fb) I (fb) II (fb) X (fb) Y (fb)
1 2189 2178 1394 (tb) 1387 (tb) 1394 (tb) 1387 (tb)
3 244 247 204 (AW ) 206 (AW ) 204 (AW ) 206 (AW )
7 44 72 42 (AW ) 68 (AW ) 42 (AW ) 66 (AW )

30 2.4 562 2.4 (AW ) 363 (AW ) 2.1 (AW ) 393 (AW )

Table 4: Cross sections for the different models and for the dominant decay mode for mH± = mH = 300
GeV and four values of tanβ . Remaining parameters are mA = 100 GeV, mh = 120 GeV and sin(β −α) = 0.

The most important contributions from the two next processes on our list 3.2, 3.3 could only im-
prove the limits obtained with the first process. The reason is that these contributions also depend
only on the charged Higgs mass and on tanβ . Although our preliminary studies show that no ma-
jor improvement can be achieved with processes 3.2, 3.3 a detailed study is still in progress [23].
A process that can clearly distinguish the MSSM for 2HDM, as shown in [17], is the next pro-
cess on the list pp → W+H−, but only when resonant production is allowed. In that case the
main contribution to the cross section comes from the triangle diagram from the gluon fusion pro-
cess. The same is true for pp → H+H− via gluon fusion, except that the region of the parameter
space probed is complementary in the two processes [23]. Finally, a detailed study for the process
qQ → q′Q′H+H− in the 2HDM is in progress and will appear soon [23].

4. Conclusion

We have presented a set of benchmarks for charged Higgs bosons searches in the 2HDM at the
LHC. We have listed all production processes and discussed their importance in constraining the
parameter space of the 2HDM and the different versions of the model. We have shown that in some
scenarios, different versions of the 2HDM could be distiguished even with low luminosity with the
LHC running at 14 TeV.
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