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Introduction: two Higgs doublet models

With two Higgs doublets we have four extra scalar degrees of

freedom compared to the Standard Model:
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Mass eigenstates:

h0 = − sinαφ0,r
1 + cosαφ0,r

2 , H0 = cosαφ0,r
1 + sinαφ0,r

2

A0 = − sinβ φ0,i
1 + cosβ φ0,i

2 , G0 = cosβ φ0,i
1 + sinβ φ0,i

2

H+ = − sinβ φ+
1 + cosβ φ+

2 , G+ = cosβ φ+
1 + sinβ φ+

2

This talk: phenomenology of H+.
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An automatic feature of the Standard Model:

Yukawas L = −ydijd̄RiΦQLj − y
u
ijūRiΦ̃QLj − y

`
ijēRiΦLLj + h.c. give

fermion mass matrices mf
ij = y

f
ijv/
√

2; diagonalizing gives fermion

masses (with y
f
ij diagonalized automatically).

No flavour-changing neutral Higgs couplings.

Generic multi-Higgs-doublet model:

LYuk ⊃ −ydijd̄RiΦ1QLj − ỹdijd̄RiΦ2QLj + h.c.

Mass matrix for down-type quarks: md
ij = (ydijv1 + ỹdijv2)/

√
2.

Diagonalizing md
ij does not in general diagonalize ydij and ỹdij

separately; leads to flavour-changing neutral Higgs couplings.

Can forbid flavour-changing neutral Higgs couplings by requiring

that each type of fermion (u, d, `) gets its mass from exactly

one Higgs doublet: called “natural flavour conservation.”

[Glashow & Weinberg; Paschos; 1977]
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Type I Type II Leptonic Flipped
Φ1 – d, ` ` d
Φ2 u, d, ` u u, d u, `

Charged Higgs couplings to fermions (all × ig√
2MW

):

Model H+ūidj H+ν̄i`i
Type I Vij(cotβmuiPL − cotβmdjPR) cotβm`iPR
Type II Vij(cotβmuiPL + tanβmdjPR) tanβm`iPR

Leptonic Vij(cotβmuiPL − cotβmdjPR) tanβm`iPR
Flipped Vij(cotβmuiPL + tanβmdjPR) cotβm`iPR

Resulting H+ branching fractions: controlled by tanβ and MH+
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FIG. 2: Decay branching ratios of H, A and H± in the four different types of THDM as a function

of tan β for mH = mA = mH± = 150 GeV and M = 149 GeV. The SM-like limit sin(β − α) = 1 is

taken, where h is the SM-like Higgs boson.

small or negligible. The decay pattern of h is almost the same as that of the SM Higgs

boson with the same mass at the leading order except for the loop-induced channels when

sin(β − α) = 1. In this case, H does not decay into the gauge boson pair at tree level, so

it mainly decays into fermion pairs2. We note that A and H± do not decay into the gauge

boson pair at the tree level for all values of sin(β − α).

The decay patterns are therefore completely different among the different types of Yukawa

interactions [11, 12]. For the decays of H and A, we take into account the decay channels

2 In the case with a more complicated mass spectrum a heavy Higgs boson can decay into the states which

contain lighter Higgs bosons [34].

8

Aoki et al, Phys. Rev. D80, 015017(2009)
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H+ search at LEP

LEP combined limit, assuming

BR(H+ → τν)+BR(H+ → cs̄) = 1:

MH+ > 78.6 GeV

(89.6 GeV for BR(H+ → τν) = 1)
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FIG. 2: Decay branching ratios of H, A and H± in the four different types of THDM as a function

of tan β for mH = mA = mH± = 150 GeV and M = 149 GeV. The SM-like limit sin(β − α) = 1 is

taken, where h is the SM-like Higgs boson.

small or negligible. The decay pattern of h is almost the same as that of the SM Higgs

boson with the same mass at the leading order except for the loop-induced channels when

sin(β − α) = 1. In this case, H does not decay into the gauge boson pair at tree level, so

it mainly decays into fermion pairs2. We note that A and H± do not decay into the gauge

boson pair at the tree level for all values of sin(β − α).

The decay patterns are therefore completely different among the different types of Yukawa

interactions [11, 12]. For the decays of H and A, we take into account the decay channels

2 In the case with a more complicated mass spectrum a heavy Higgs boson can decay into the states which

contain lighter Higgs bosons [34].
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Figure 3: The 95% CL bounds on mH± as a function of the branching ratio B(H+→τ+ν), combining
the data collected by the four LEP experiments at energies from 189 to 209 GeV. The expected exclusion
limits are indicated by the thin solid line and the observed limits by the thick solid one. The shaded
area is excluded at the 95% CL.

6

ADLO, hep-ex/0107031

Separate OPAL analysis for BR(H+ → τν) = 1:
MH+ ≥ 92.0 GeV Abbiendi et al [OPAL], Eur. Phys. J. C32, 453 (2004)
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H+ search at the Tevatron

Tevatron search for charged Higgs in top decay

Type-II model: coupling for t→ bH+ is
ig√

2MW
Vtb(cotβmtPL + tanβmbPR)
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FIG. 2: Decay branching ratios of H, A and H± in the four different types of THDM as a function

of tan β for mH = mA = mH± = 150 GeV and M = 149 GeV. The SM-like limit sin(β − α) = 1 is

taken, where h is the SM-like Higgs boson.

small or negligible. The decay pattern of h is almost the same as that of the SM Higgs

boson with the same mass at the leading order except for the loop-induced channels when

sin(β − α) = 1. In this case, H does not decay into the gauge boson pair at tree level, so

it mainly decays into fermion pairs2. We note that A and H± do not decay into the gauge

boson pair at the tree level for all values of sin(β − α).

The decay patterns are therefore completely different among the different types of Yukawa

interactions [11, 12]. For the decays of H and A, we take into account the decay channels

2 In the case with a more complicated mass spectrum a heavy Higgs boson can decay into the states which

contain lighter Higgs bosons [34].
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BR(H+ → cs̄) = 1

Look for Mjj 6= MW

BR(H+ → τν) = 1

BR(H+ → jj) > 0 also studied
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FIG. 2: The upper limits on B(t → H+b) at 95% C.L for charged Higgs masses of 60 to 150

GeV/c2 except a region for mH+ ≈ mW . The observed limits (points) in 2.2 fb−1 CDF II data are

compared to the expected limits (solid line) with 68% and 95% uncertainty band.

mH+(GeV/c2) 60 70 90 100 110 120 130 140 150

Expected 0.13 0.19 0.22 0.15 0.13 0.12 0.10 0.10 0.09

Observed 0.09 0.12 0.32 0.21 0.15 0.12 0.08 0.10 0.13

TABLE I: Expected and Observed 95% C.L. upper limits on B(t → H+b) for H+ masses of 60 to

150 GeV/c2.

dijet final state like the H+ → cs̄ in top quark decays. Here, we extend the search below the

W boson mass [20] down to 60 GeV/c2 for any non-SM scalar charged boson produced in

top quark decays, t → X+(→ ud̄)b. This process is simulated for the CDF II detector and

is similar to H+ → cs̄. In the simulation, we obtain a better dijet mass resolution for ud̄

decays than for the cs̄ decays. The difference in the mass resolution comes from the smaller

chance of false b-tagging from light quark final states of X+ than the cs̄ decays, thus result-

ing in a smaller ambiguity of jet-parton assignments in the tt̄ reconstruction. Consequently,

the upper limits on B(t → X+(→ ud̄)b) are lower than the limits on B(t → H+(→ cs̄)b)

regardless of the charged boson mass.

In summary, we have searched for a non-SM scalar charged boson, primarily the charged

13
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FIG. 4: Upper limit on B(t → H+b) for the simultaneous fit
of B(t → H+b) and σtt̄ versus MH+ . The yellow band shows
the ±1 SD band around the expected limit.

coupling at the electroweak scale; Xt = A − µ cotβ is
the stop mixing parameter; M2 denotes a common SU(2)
gaugino mass at the electroweak scale; and M3 is the
gluino mass. The top quark mass, which has a significant
impact on the calculations through radiative corrections,
is set to the current world average of 173.1 GeV [14].

Direct searches for charged Higgs bosons have been
performed by the LEP experiments resulting into limits
of MH+ < 79.3 GeV in the framework of 2HDM [18].
Indirect bounds on MH+ in the region of tanβ < 40
were obtained for several MSSM scenarios [19], two of
which are identical to the ones presented in Sect.VC and
VD of this paper.

TABLE IV: Summary of the most important SUSY parameter
values (in GeV) for different MSSM benchmark scenarios.

parameter CPXgh mh-max no-mixing
µ 2000 200 200
MSUSY 500 1000 2000
A 1000 · exp(iπ/2)
Xt 2000 0
M2 200 200 200
M3 1000 · exp(iπ) 800 1600

A. Leptophobic model

A leptophobic model with a branching ratio of
B(H+ → cs̄) = 1 is possible in MHDM [4, 5]. Here
we calculate the branching ratio B(t → H+b) as a func-
tion of tanβ, and the charged Higgs boson mass including
higher order QCD corrections [20] using FeynHiggs [21].
Figure 5 shows the excluded region of [tanβ, MH+ ] pa-
rameter space. For tan β = 0.5, for example, MH+ up to
153 GeV are excluded. For low MH+ , values of tanβ up
to 1.7 are excluded. These are the most stringent limits

on the [tanβ, MH+ ] plane in leptophobic charged Higgs
boson models to date.

 [GeV]+HM
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ta

n 

0.5

1

1.5
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3
)=1s c → +B(H

Expected 95% CL limit
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FIG. 5: Excluded regions of [tan β, MH+ ] parameter space for
leptophobic model. The yellow band shows the ±1 SD band
around the expected limit.

B. CPX model with generation hierarchy

B(H+ → τ+ν) + B(H+ → cs̄) ≈ 1 can be realized in
a particular CPX benchmark scenario (CPXgh) [7] of the
MSSM. This scenario is identical to the CPX scenario
investigated in [19] except for a different choice of arg(A)
and an additional mass hierarchy between the first two
and the third generation of sfermions which is introduced
as follows:

MX̃1,2
= ρX̃MX̃3

, (3)

where X̃ collectively represents the chiral multiplet for
the left-handed doublet squarks Q̃, the right-handed up-
type (down-type) squarks Ũ (D̃), the left-handed doublet
sleptons L̃ or the right-handed charged sleptons Ẽ. Tak-
ing ρŨ,L̃,Ẽ = 1, ρQ̃,D̃ = 0.4 and requiring that the masses
of the scalar left- and right-handed quarks and leptons
are large MQ̃3,D̃3

= 2MŨ3,L̃3,Ẽ3
= 2 TeV, we calculate

the branching ratios B(t → H+b) including higher or-
der QCD and higher order MSSM corrections using the
CPXgh MSSM parameters in Table IV. The calculation
is performed with the program CPsuperH [22]. Figure 6
shows the excluded region in the [tanβ, MH+ ] parameter
space. Theoretically inaccessible regions indicate parts
of the parameter space where perturbative calculations
can not be performed reliably. In the [tanβ, MH+ ] re-
gion analyzed here, the sum of the branching ratios was
found to be B(H+ → τ+ν) + B(H+ → cs̄) > 0.99 ex-
cept for values very close to the blue region which in-
dicates B(H+ → τ+ν) + B(H+ → cs̄) < 0.95. The
charged Higgs decay H+ → τ+ν dominates for tanβ be-
low 22 and above 55. For the rest of the [tanβ, MH+ ]
parameter space both the hadronic and the tauonic de-
cays of charged Higgs bosons are important. In the re-

CDF, PRL103, 101803 (2009) DZero, arXiv:0908.1811
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H+ search at LHC

LHC search prospects: Type II 2HDM

Light charged Higgs:

top decay t→ H+b with H+ → τν

Table 4: tt̄ → bH+bW → bτ(had)νbqq: Final event selection results. The cross-sections after all
cuts are given in fb and for tanβ = 20 as well as the relative cut efficiencies. Standard Model
cross-sections are given for tt̄ . Backgrounds not tabulated have been found to be negligible.

Channel Cut Signal tt̄ ≥ 1 e/µ/τ
[fb] [/] [fb] [/]

H+ 90 GeV LH > 0.6 56.2 0.413 55.8 0.182
mT >50 GeV 35.3 0.628 32.1 0.574

H+ 110 GeV LH > 0.6 53.6 0.478 52.7 0.172
mT >60 GeV 35.1 0.655 27.9 0.529

H+ 120 GeV LH > 0.6 42.6 0.455 45.5 0.148
mT >60 GeV 32.5 0.764 29.0 0.636

H+ 130 GeV LH > 0.6 38.3 0.483 50.7 0.165
mT >65 GeV 31.4 0.819 25.9 0.510

H+ 150 GeV LH > 0.8 14.0 0.467 26.9 0.088
mT >75 GeV 9.3 0.662 10.3 0.385
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Figure 2: tt̄ → bH+bW → bτ(had)νbqq: Discovery (left) and exclusion contour (right) for Scenario
B (mh-max) [1]. Systematic and statistical uncertainties are included. The systematic uncertainty is
assumed to be 10% for the background, and 24% for the signal (see Sections 5.2 and 5.1). The lines
indicate a 5σ significance for the discovery and a 95% CL for the exclusion contour.

depends on the mass point for which the analysis is performed, i.e. one will need to run a separate
analysis using a different likelihood discriminant for each mass point. Therefore the background rejection
will naturally depend on the mass point for which it is evaluated.

The shape-based Profile Likelihood method (see Section 6) is applied on the entire transverse mass
histogram for each masspoint, in order to extract the significance of the signal hypothesis. Fig. 2 shows
the discovery contour in the (tanβ , mH+) plane for an integrated luminosity of L = 10 fb−1 as well as
the exclusion reach for L = 1 fb−1.

3.2 tt̄ → bH+bW → bτ(lep)νbqq

The events of the leptonic τ channel are characterized by a single isolated lepton, and large missing
energy due to three neutrinos in the final state. A full reconstruction of the event is therefore impossible.
Instead, kinematic properties of the event are used to discriminate between the signal and the main
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Heavy charged Higgs:

associated production tH+ with H+ → τν

(BR(τν) ∼ 10% even above tb threshold)

H+ → tb also contributes but less sensitive
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Figure 19: Scenario B (mh-max): Combined Results. Left: Discovery contour, Right: Exclusion contour.
Statistical errors arising from simulation statistics are neglected.
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Figure 20: Model-independent: Combined light H+ results in the (mH+ , BR(t → H+b))-plane. Left:
Discovery contour, Right: Exclusion contour. Systematic uncertainties and statistical uncertainties are
included. BR(H+→ τν) = 1 is assumed.
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Figure 21: Model-independent: Heavy H+ results in the (mH+ , σ )-plane. Left: Discovery contour,
Right: Exclusion contour. Systematic uncertainties and statistical uncertainties are included.
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Lepton-specific two Higgs doublet model

Model H+ūidj H+ν̄i`i
Type II Vij(cotβmuiPL + tanβmdjPR) tanβm`iPR

Leptonic Vij(cotβmuiPL − cotβmdjPR) tanβm`iPR

Couplings to quarks: ∝ cotβ, same pattern as Type I 2HDM.

- Constraint from b→ sγ same as in Type-I model: tanβ & 4(2)

for MH+ = 100(500) GeV. [Su & Thomas, PRD79, 095014 (2009)]

- Production rates in t → H+b, tH+ associated production sup-

pressed by cot2 β.

Couplings to leptons: ∝ tanβ

- Decays to taus usually dominate

- Model used as “messenger” of dark matter for PAMELA/ATIC

positron excess [Goh, Hall & Kumar, JHEP 05 (2009) 097]
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Lepton-specific two Higgs doublet model: constraints

Below the tb threshold:

decays almost entirely to τν.

[Plot: Aoki et al, PRD80, 015017(2009)]

Use LEP limit from OPAL:

MH+ ≥ 92.0 GeV

Abbiendi et al [OPAL], EPJC32, 453 (2004)
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FIG. 2: Decay branching ratios of H, A and H± in the four different types of THDM as a function

of tan β for mH = mA = mH± = 150 GeV and M = 149 GeV. The SM-like limit sin(β − α) = 1 is

taken, where h is the SM-like Higgs boson.

small or negligible. The decay pattern of h is almost the same as that of the SM Higgs

boson with the same mass at the leading order except for the loop-induced channels when

sin(β − α) = 1. In this case, H does not decay into the gauge boson pair at tree level, so

it mainly decays into fermion pairs2. We note that A and H± do not decay into the gauge

boson pair at the tree level for all values of sin(β − α).

The decay patterns are therefore completely different among the different types of Yukawa

interactions [11, 12]. For the decays of H and A, we take into account the decay channels

2 In the case with a more complicated mass spectrum a heavy Higgs boson can decay into the states which

contain lighter Higgs bosons [34].
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τ → eνν̄ vs τ → µνν̄:

Tree-level charged Higgs exchange af-

fects lepton universality.

[Plot: HEL & D. MacLennan, PRD79, 115022 (2009)]
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Lepton-specific two Higgs doublet model: LHC prospects
Decays are to τν; also tb above threshold for tanβ not too large.
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[Plots: HEL & D. MacLennan, PRD79, 115022 (2009)]

Production rates in t → H+b, tH+

associated production suppressed by

cot2 β.

Have to rely instead on electroweak

production: H+H− → τ+τ−pmiss
T ,

H±A0/H0 → τ±pmiss
T ττ (µµ)
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Flipped two Higgs doublet model

Model H+ūidj H+ν̄i`i
Type II Vij(cotβmuiPL + tanβmdjPR) tanβm`iPR
Flipped Vij(cotβmuiPL + tanβmdjPR) cotβm`iPR

Couplings to quarks: same pattern as Type II 2HDM.
- Constraint from b→ sγ same as in Type-II model, MH+ & 200–
300 GeV [modulo cancellations with other flavor-violating contributions]

- Production rates in t→ H+b, tH+ associated production same
as in Type-II.

Couplings to leptons: proportional to cotβ instead of tanβ.
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FIG. 2: Decay branching ratios of H, A and H± in the four different types of THDM as a function

of tan β for mH = mA = mH± = 150 GeV and M = 149 GeV. The SM-like limit sin(β − α) = 1 is

taken, where h is the SM-like Higgs boson.

small or negligible. The decay pattern of h is almost the same as that of the SM Higgs

boson with the same mass at the leading order except for the loop-induced channels when

sin(β − α) = 1. In this case, H does not decay into the gauge boson pair at tree level, so

it mainly decays into fermion pairs2. We note that A and H± do not decay into the gauge

boson pair at the tree level for all values of sin(β − α).

The decay patterns are therefore completely different among the different types of Yukawa

interactions [11, 12]. For the decays of H and A, we take into account the decay channels

2 In the case with a more complicated mass spectrum a heavy Higgs boson can decay into the states which

contain lighter Higgs bosons [34].
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FIG. 2: Decay branching ratios of H, A and H± in the four different types of THDM as a function

of tan β for mH = mA = mH± = 150 GeV and M = 149 GeV. The SM-like limit sin(β − α) = 1 is

taken, where h is the SM-like Higgs boson.

small or negligible. The decay pattern of h is almost the same as that of the SM Higgs

boson with the same mass at the leading order except for the loop-induced channels when

sin(β − α) = 1. In this case, H does not decay into the gauge boson pair at tree level, so

it mainly decays into fermion pairs2. We note that A and H± do not decay into the gauge

boson pair at the tree level for all values of sin(β − α).

The decay patterns are therefore completely different among the different types of Yukawa

interactions [11, 12]. For the decays of H and A, we take into account the decay channels

2 In the case with a more complicated mass spectrum a heavy Higgs boson can decay into the states which

contain lighter Higgs bosons [34].

8

For tanβ & 3:

H+ → c̄b about 2/3,

H+ → cs̄ about 1/3

H+ → τν ∼0.9 for tanβ . 3.

[Plots: Aoki et al, PRD80, 015017(2009)]
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Flipped two Higgs doublet model: constraints

LEP: H+ → τν or c̄b: use best individual experiment.
Tevatron: t→ H+b same as Type-II; translate limits for new BRs.
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FIG. 2: Decay branching ratios of H, A and H± in the four different types of THDM as a function

of tan β for mH = mA = mH± = 150 GeV and M = 149 GeV. The SM-like limit sin(β − α) = 1 is

taken, where h is the SM-like Higgs boson.

small or negligible. The decay pattern of h is almost the same as that of the SM Higgs

boson with the same mass at the leading order except for the loop-induced channels when

sin(β − α) = 1. In this case, H does not decay into the gauge boson pair at tree level, so

it mainly decays into fermion pairs2. We note that A and H± do not decay into the gauge

boson pair at the tree level for all values of sin(β − α).

The decay patterns are therefore completely different among the different types of Yukawa

interactions [11, 12]. For the decays of H and A, we take into account the decay channels

2 In the case with a more complicated mass spectrum a heavy Higgs boson can decay into the states which

contain lighter Higgs bosons [34].
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Flipped two Higgs doublet model: LHC prospects

Light charged Higgs: BR(t→ H+b) same as Type II model, but

H+ → cb, cs at large tanβ! LHC studies with H+ → τν not

applicable. Need tt̄, t→ H+b, H+ → jj for LHC.

Heavy charged Higgs: H+ → tb decay always dominates;

H+ → τν negligible. ATLAS: tH+, H+ → tb limited by back-

ground uncertainty. Can this be improved?
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Conclusions

LEP, Tevatron, and LHC studies are well-developed for the Type

II model (and to some extent for Type I).

Some can be reinterpreted directly for other models using charged

Higgs coupling patterns.

New coupling patterns point to new search channels.

- Flipped 2HDM: t→ H+b with H+ → jj at LHC

- Lepton-specific 2HDM: can we do anything with H+H− → ττ?

Charged Higgs search at LHC is not easy!
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