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Outline

๏ Exotic decays of non-SM Higgses
๏ Benchmark points

Type II 2HDM

after EWSB, 5 physical Higgses
CP-even Higgses: h0, H0 , CP-odd Higgs: A0, Charged Higgses: H±
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Searching for Other Higgses

New channels open up for non-SM Higgs decay
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Constraints

๏ Perturbativity and vacuum stability
๏ Δ ρ constraint
๏ Direct Higgs search results
๏ Flavor constraints (light charged Higgs)
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Figure 1: Region of parameter space allowed by perturbativity (red) and vacuum stability (green) in
tan� vs m12 plane for mH = mA = mH± = 400 GeV (left) and mH± = 200 GeV (right).
The dashed line denotes m2

Hs�c� = m2
12, which approximates the perturbativity constraint

at high tan�.
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Figure 2: The left panel shows the region of parameter space in mH± vs. mA plane allowed by �⇢
for mH = 400 GeV (red), 300 GeV (blue) and 200 GeV (green). The center and right panel
show the regions of parameter space excluded by flavor constraints. For more details see
Ref. [7].

�⇢ constraint

The experimental constraint: 0.0001 < �⇢ < 0.0025, imposes correlations between the masses
of the heavy Higgs H, A and H±. The regions of parameter space that are permitted by �⇢ are
shown in the left panel of Fig. 2.

Direct Search Results

We take into account all direct Higgs search results from LEP, Tevatron and LHC. This is done
by the program Higgsbounds 4 [6], which takes into account the most recent Higgs search results
from 7�8 TeV LHC.

Flavor constraints

Further constraints are imposed by flavor measurements as shown in the central and right panel
of Fig. 2 [7]. We can make three main observations:

• Small charged Higgs masses mH± < 300 GeV are excluded by the measurement of b ! s�.

• Small tan� < 1 are mainly constrained by the mass di↵erence �mBd .

• Large tan� > 20 are mainly constrained by the branching fraction of B ! ⌧⌫.

We mainly choose benchmark points that pass these flavor constraints. However, since flavor
constraints are typically model dependent, we also consider benchmark points for decays into a
light charged Higgs.

2

Δρ
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Benchmarks

๏ BP1

H in the final states

gµ � 2 Constraint

The gµ � 2 constraint (⇠ 3� deviation from the SM prediction) excluded both the SM and the
2HDM. We will not consider it in this analysis.

2 Benchmark points for exotic Higgs decays

2.1 Benchmark Points for Channels with H in the final state

• BP1: This BP is designed for exotic decays into the heavy CP-even Higgs H with mH = 200
GeV.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 200 GeV 350 GeV 400 GeV 1 2 0 GeV 3 3

Channel BR (%) Production Possible Final States
A ! HZ 77.6 ggF bbll, ⌧⌧ ll

H± ! HW± 61.7 H±tb-ass. bbbbWW , ⌧⌧bbWW

Channel BR (%) Channel BR (%)
H ! bb 87.7 H ! ⌧⌧ 9.3
H ! �� 0.00412 H ! µµ 0.0332

2.2 Benchmark Points for Channels with A in the final state

• BP2: This BP is designed for exotic decays into the CP-odd Higgs A with mA = 200 GeV. The
channel H ! AA is closed.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 300 GeV 200 GeV 375 GeV 1 2 0 GeV 3 3

Channel BR (%) Production Possible Final States
H ! AZ 79.5 ggF bbll, ⌧⌧ ll
H± ! AW 56.3 H±tb-ass. bbbbWW , ⌧⌧bbWW

Channel BR (%) Channel BR (%)
A ! bb 86.5 A ! ⌧⌧ 9.1
A ! �� 0.0103 A ! µµ 0.0324

• BP3: This BP is designed for exotic decays into the CP-odd Higgs A with mA = 200 GeV. The
channel H ! AA is open.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 500 GeV 200 GeV 525 GeV 1 1.6 0 GeV 3 3

Channel BR (%) Production Possible Final States
H ! AA 31.4 ggF bbbb, ⌧⌧bb, ⌧⌧⌧⌧ , ��bb
H ! AZ 55.0 ggF bbll, ⌧⌧ ll
H± ! AW 75.3 H±tb-ass. bbbbWW , ⌧⌧bbWW

Channel BR (%) Channel BR (%)
A ! bb 81.1 A ! ⌧⌧ 8.57
A ! �� 0.024 A ! µµ 0.0303

3
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๏ similar to EWCosmo2HDM BP1

2HDM Benchmarks
for Electroweak Cosmology

(EWCosmo2HDM)

The introduction of a second Higgs doublet can spectacularly alter the cosmology of
Electroweak (EW) theory by leading to a strongly first order EW phase transition, a pre-
requisite for EW baryogenesis1. Demanding this feature points to a distinctive realisation
of the 2HDM characterised by a unique ‘smoking gun’ signature.

The salient features of our proposed scenarios are a large mass splittingmA0�mH0 ⇠ v,
together with a fairly light H0 (mH0 . 250 GeV), which leads to a large Br(A0 ! H0Z)
as the distinctive signature. Our scenarios also feature a relatively small value of t�,
namely 1 . t� . 5, as required by successful EW baryogenesis [2]. We hereby propose
four such benchmarks for the CP conserving 2HDM with natural flavour conservation. A
preliminary collider analysis of two of these benchmarks (A1 & B1) has been performed in
Ref. [1] finiding promising prospects for discovery/exclusion in the next run of the LHC2.

The scalar potential we consider reads

Vtree(�1,�2) = µ2
1 |�1|2 + µ2

2 |�2|2 �
µ2

2

h
�†

1�2 + h.c.
i
+

�1

2
|�1|4

+
�2

2
|�2|4 + �3 |�1|2 |�2|2 + �4

����†
1�2

���
2

+
�5

2

⇣
�†

1�2

⌘2

+ h.c.

�
. (1)

Potential (1) has 8 independent parameters, which we may rewrite in terms of v =
246 GeV, mh = 125 GeV, s��↵, t�, mH0 , mA0 , mH± , and µ (we follow the ↵ and �
conventions of Ref. [3]). We consider four di↵erent benchmark categories A1, A2, B1 and
B2, with parameter values and possible search channels summarised in table 1, discussing
them in more detail below.

mH0 mA0 mH± s��↵ t� µ 2HDM Type Distinctive signature

A1 180 400 400 1 2 100 I, II A0 ! H0Z (H0 ! b̄b)

A2 180 400 180 1 3 50 I A0 ! H0Z (H0 ! b̄b)

A0 ! H±W⌥

B1 180 400 400 0.95 2 100 I A0 ! H0Z (H0 ! WW )

B2 160 430 160 0.95 3 100 I A0 ! H0Z (H0 ! WW )

A0 ! H±W⌥

Table 1: EWCosmo2HDM Benchmark Scenarios (masses in GeV).

1Our benchmarks are for CP conserving 2HDM. We find that the presence of a small CP phase in
the scalar sector (which may ultimately be required to allow for EW baryogenesis) does not have an
appreciable impact on the nature of the EW phase transition, nor on the LHC features of our presented
benchmarks.

2Note the use of a di↵erent convention for ↵ and � compared to this proposal.

1
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Benchmarks

๏ BP2

A in the final states

๏ BP3

gµ � 2 Constraint

The gµ � 2 constraint (⇠ 3� deviation from the SM prediction) excluded both the SM and the
2HDM. We will not consider it in this analysis.

2 Benchmark points for exotic Higgs decays

2.1 Benchmark Points for Channels with H in the final state

• BP1: This BP is designed for exotic decays into the heavy CP-even Higgs H with mH = 200
GeV.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 200 GeV 350 GeV 400 GeV 1 2 0 GeV 3 3

Channel BR (%) Production Possible Final States
A ! HZ 77.6 ggF bbll, ⌧⌧ ll

H± ! HW± 61.7 H±tb-ass. bbbbWW , ⌧⌧bbWW

Channel BR (%) Channel BR (%)
H ! bb 87.7 H ! ⌧⌧ 9.3
H ! �� 0.00412 H ! µµ 0.0332

2.2 Benchmark Points for Channels with A in the final state

• BP2: This BP is designed for exotic decays into the CP-odd Higgs A with mA = 200 GeV. The
channel H ! AA is closed.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 300 GeV 200 GeV 375 GeV 1 2 0 GeV 3 3

Channel BR (%) Production Possible Final States
H ! AZ 79.5 ggF bbll, ⌧⌧ ll
H± ! AW 56.3 H±tb-ass. bbbbWW , ⌧⌧bbWW

Channel BR (%) Channel BR (%)
A ! bb 86.5 A ! ⌧⌧ 9.1
A ! �� 0.0103 A ! µµ 0.0324

• BP3: This BP is designed for exotic decays into the CP-odd Higgs A with mA = 200 GeV. The
channel H ! AA is open.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 500 GeV 200 GeV 525 GeV 1 1.6 0 GeV 3 3

Channel BR (%) Production Possible Final States
H ! AA 31.4 ggF bbbb, ⌧⌧bb, ⌧⌧⌧⌧ , ��bb
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H± ! AW 75.3 H±tb-ass. bbbbWW , ⌧⌧bbWW

Channel BR (%) Channel BR (%)
A ! bb 81.1 A ! ⌧⌧ 8.57
A ! �� 0.024 A ! µµ 0.0303

3

similar to Haber/Stal D2.1 (short cascade)

gµ � 2 Constraint

The gµ � 2 constraint (⇠ 3� deviation from the SM prediction) excluded both the SM and the
2HDM. We will not consider it in this analysis.
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2.1 Benchmark Points for Channels with H in the final state

• BP1: This BP is designed for exotic decays into the heavy CP-even Higgs H with mH = 200
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Benchmarks

๏ BP4

A in the final states

๏ BP5

• BP4: This BP is designed for exotic decays into the CP-odd Higgs A with mA = 70 GeV. The
charged Higgs is heavy: mH± > mt.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 350 GeV 70 GeV 400 GeV 1 2 100 GeV 3 3

Channel BR (%) Production Possible Final States
H ! AA 48.2 ggF bbbb, ⌧⌧bb, ⌧⌧⌧⌧ , ��bb
H ! AZ 51.3 ggF bbll, ⌧⌧ ll
H± ! AW 81.6 H±tb-ass. bbbbWW , ⌧⌧bbWW

Channel BR (%) Channel BR (%)
A ! bb 91.3 A ! ⌧⌧ 7.8
A ! �� 0.0007 A ! µµ 0.0278

• BP5: This BP is designed for exotic decays into the CP-odd Higgs A with mA = 70 GeV. The
charged Higgs is light: mH± < mt. Higher mH > mH± are possible, but would not pass the �⇢
constraint.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 150 GeV 70 GeV 160 GeV 1 2 0 GeV 3 3

Channel BR (%) Production Possible Final States
H ! AA 96.7 ggF bbbb, ⌧⌧bb, ⌧⌧⌧⌧ , ��bb
H± ! AW 96.5 tt ! tH±b bbbbWW , ⌧⌧bbWW , ⌧⌧bWj

Channel BR (%) Channel BR (%)
A ! bb 91.3 A ! ⌧⌧ 7.8
A ! �� 0.0007 A ! µµ 0.0278

2.3 Benchmark Points for Channels with H± in the final state

• BP6: This BP is designed for exotic decays into the charged Higgs H± with mH± = 200 GeV.
The channel H ! H+H� is closed. We consider the low tan� case.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 300 GeV 300 GeV 200 GeV 1 2 0 GeV 3 7

Channel BR (%) Production Possible Final States
H ! H±W⌥ 96.0 ggF tbl⌫
A ! H±W⌥ 95.5 ggF tbl⌫

Channel BR (%) Channel BR (%)
H± ! tb 99.1 H± ! ⌧⌫ 0.69

4
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Benchmarks

๏ BP6

H± in the final states

๏ BP7

• BP4: This BP is designed for exotic decays into the CP-odd Higgs A with mA = 70 GeV. The
charged Higgs is heavy: mH± > mt.
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• BP5: This BP is designed for exotic decays into the CP-odd Higgs A with mA = 70 GeV. The
charged Higgs is light: mH± < mt. Higher mH > mH± are possible, but would not pass the �⇢
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2.3 Benchmark Points for Channels with H± in the final state

• BP6: This BP is designed for exotic decays into the charged Higgs H± with mH± = 200 GeV.
The channel H ! H+H� is closed. We consider the low tan� case.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 300 GeV 300 GeV 200 GeV 1 2 0 GeV 3 7

Channel BR (%) Production Possible Final States
H ! H±W⌥ 96.0 ggF tbl⌫
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Channel BR (%) Channel BR (%)
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4

• BP7: This BP is designed for exotic decays into the charged Higgs H± with mH± = 200 GeV.
The channel H ! H+H� is closed. We consider the high tan� case.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 225 GeV 300 GeV 200 GeV 1 10 70 GeV 3 7

Channel BR (%) Production Possible Final States
A ! H±W⌥ 50.4 ggF tbl⌫, ⌧⌫l⌫

Channel BR (%) Channel BR (%)
H± ! tb 52.2 H± ! ⌧⌫ 46.7

• BP8: This BP is designed for exotic decays into the charged Higgs H± with mH± = 200 GeV.
The channel H ! H+H� is open.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 450 GeV 250 GeV 200 GeV 1 2 0 GeV 3 7

Channel BR (%) Production Possible Final States
H ! H±W⌥ 53 ggF tbl⌫
H ! H+H� 26 ggF ttbb
H ! AZ 14 ggF bbll, ⌧⌧ ll

Channel BR (%) Channel BR (%)
H± ! tb 99.5 H± ! ⌧⌫ 0.28

• The large tan� region, which would enhance the decay H± ! ⌧⌫, is forbidden for large mH >
mH± since perturbativity and vacuum stability can not be fulfilled simultaneously.

• A light charged Higgs mH± < mt is exluded by the H± ! ⌧⌫ search.

2.4 Benchmark Points for Channels with h in the final state

• BP9: This BP is designed for exotic decays into the lighter CP-even Higgs h, which is the
observed 125 GeV-Higgs signal. To allow exotic decays, we set sin(� � ↵) = 0.6 which is still
allowed by LHC measurements.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 300 GeV 300 GeV 400 GeV 0.6 2 100 GeV 3 3

Channel BR (%) Production Possible Final States
A ! hZ 98.4 ggF bbll, ⌧⌧ ll, ZZll, ��ll
H ! hh 15.7 ggF bbbb, ⌧⌧bb, llllbb, ��bb

H± ! hW 66 H±tb-ass. bbbbWW , ⌧⌧bbWW , llllbbWW , ��bbWW

Channel BR (%) Channel BR (%)
h ! bb 69.9 h ! ⌧⌧ 6.8
h ! �� 0.0052 h ! µµ 0.0243

h ! WW 8.08 h ! ZZ 1.01

5

• BP7: This BP is designed for exotic decays into the charged Higgs H± with mH± = 200 GeV.
The channel H ! H+H� is closed. We consider the high tan� case.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 225 GeV 300 GeV 200 GeV 1 10 70 GeV 3 7

Channel BR (%) Production Possible Final States
A ! H±W⌥ 50.4 ggF tbl⌫, ⌧⌫l⌫

Channel BR (%) Channel BR (%)
H± ! tb 52.2 H± ! ⌧⌫ 46.7

• BP8: This BP is designed for exotic decays into the charged Higgs H± with mH± = 200 GeV.
The channel H ! H+H� is open.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 450 GeV 250 GeV 200 GeV 1 2 0 GeV 3 7

Channel BR (%) Production Possible Final States
H ! H±W⌥ 53 ggF tbl⌫
H ! H+H� 26 ggF ttbb
H ! AZ 14 ggF bbll, ⌧⌧ ll

Channel BR (%) Channel BR (%)
H± ! tb 99.5 H± ! ⌧⌫ 0.28

• The large tan� region, which would enhance the decay H± ! ⌧⌫, is forbidden for large mH >
mH± since perturbativity and vacuum stability can not be fulfilled simultaneously.

• A light charged Higgs mH± < mt is exluded by the H± ! ⌧⌫ search.

2.4 Benchmark Points for Channels with h in the final state

• BP9: This BP is designed for exotic decays into the lighter CP-even Higgs h, which is the
observed 125 GeV-Higgs signal. To allow exotic decays, we set sin(� � ↵) = 0.6 which is still
allowed by LHC measurements.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 300 GeV 300 GeV 400 GeV 0.6 2 100 GeV 3 3

Channel BR (%) Production Possible Final States
A ! hZ 98.4 ggF bbll, ⌧⌧ ll, ZZll, ��ll
H ! hh 15.7 ggF bbbb, ⌧⌧bb, llllbb, ��bb

H± ! hW 66 H±tb-ass. bbbbWW , ⌧⌧bbWW , llllbbWW , ��bbWW

Channel BR (%) Channel BR (%)
h ! bb 69.9 h ! ⌧⌧ 6.8
h ! �� 0.0052 h ! µµ 0.0243

h ! WW 8.08 h ! ZZ 1.01

5

similar to Haber/Stal D2.2 (short cascade)
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Benchmarks

๏ BP8

H± in the final states

• BP7: This BP is designed for exotic decays into the charged Higgs H± with mH± = 200 GeV.
The channel H ! H+H� is closed. We consider the high tan� case.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 225 GeV 300 GeV 200 GeV 1 10 70 GeV 3 7

Channel BR (%) Production Possible Final States
A ! H±W⌥ 50.4 ggF tbl⌫, ⌧⌫l⌫

Channel BR (%) Channel BR (%)
H± ! tb 52.2 H± ! ⌧⌫ 46.7

• BP8: This BP is designed for exotic decays into the charged Higgs H± with mH± = 200 GeV.
The channel H ! H+H� is open.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 450 GeV 250 GeV 200 GeV 1 2 0 GeV 3 7

Channel BR (%) Production Possible Final States
H ! H±W⌥ 53 ggF tbl⌫
H ! H+H� 26 ggF ttbb
H ! AZ 14 ggF bbll, ⌧⌧ ll

Channel BR (%) Channel BR (%)
H± ! tb 99.5 H± ! ⌧⌫ 0.28

• The large tan� region, which would enhance the decay H± ! ⌧⌫, is forbidden for large mH >
mH± since perturbativity and vacuum stability can not be fulfilled simultaneously.

• A light charged Higgs mH± < mt is exluded by the H± ! ⌧⌫ search.

2.4 Benchmark Points for Channels with h in the final state

• BP9: This BP is designed for exotic decays into the lighter CP-even Higgs h, which is the
observed 125 GeV-Higgs signal. To allow exotic decays, we set sin(� � ↵) = 0.6 which is still
allowed by LHC measurements.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 300 GeV 300 GeV 400 GeV 0.6 2 100 GeV 3 3

Channel BR (%) Production Possible Final States
A ! hZ 98.4 ggF bbll, ⌧⌧ ll, ZZll, ��ll
H ! hh 15.7 ggF bbbb, ⌧⌧bb, llllbb, ��bb

H± ! hW 66 H±tb-ass. bbbbWW , ⌧⌧bbWW , llllbbWW , ��bbWW

Channel BR (%) Channel BR (%)
h ! bb 69.9 h ! ⌧⌧ 6.8
h ! �� 0.0052 h ! µµ 0.0243

h ! WW 8.08 h ! ZZ 1.01

5

similar to Haber/Stal D2.3 (short cascade)



S. Su 10

-

Benchmarks

๏ BP9: non-alignment 

h in the final states

• BP7: This BP is designed for exotic decays into the charged Higgs H± with mH± = 200 GeV.
The channel H ! H+H� is closed. We consider the high tan� case.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 225 GeV 300 GeV 200 GeV 1 10 70 GeV 3 7

Channel BR (%) Production Possible Final States
A ! H±W⌥ 50.4 ggF tbl⌫, ⌧⌫l⌫

Channel BR (%) Channel BR (%)
H± ! tb 52.2 H± ! ⌧⌫ 46.7

• BP8: This BP is designed for exotic decays into the charged Higgs H± with mH± = 200 GeV.
The channel H ! H+H� is open.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 450 GeV 250 GeV 200 GeV 1 2 0 GeV 3 7

Channel BR (%) Production Possible Final States
H ! H±W⌥ 53 ggF tbl⌫
H ! H+H� 26 ggF ttbb
H ! AZ 14 ggF bbll, ⌧⌧ ll

Channel BR (%) Channel BR (%)
H± ! tb 99.5 H± ! ⌧⌫ 0.28

• The large tan� region, which would enhance the decay H± ! ⌧⌫, is forbidden for large mH >
mH± since perturbativity and vacuum stability can not be fulfilled simultaneously.

• A light charged Higgs mH± < mt is exluded by the H± ! ⌧⌫ search.

2.4 Benchmark Points for Channels with h in the final state

• BP9: This BP is designed for exotic decays into the lighter CP-even Higgs h, which is the
observed 125 GeV-Higgs signal. To allow exotic decays, we set sin(� � ↵) = 0.6 which is still
allowed by LHC measurements.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

125 GeV 300 GeV 300 GeV 400 GeV 0.6 2 100 GeV 3 3

Channel BR (%) Production Possible Final States
A ! hZ 98.4 ggF bbll, ⌧⌧ ll, ZZll, ��ll
H ! hh 15.7 ggF bbbb, ⌧⌧bb, llllbb, ��bb

H± ! hW 66 H±tb-ass. bbbbWW , ⌧⌧bbWW , llllbbWW , ��bbWW

Channel BR (%) Channel BR (%)
h ! bb 69.9 h ! ⌧⌧ 6.8
h ! �� 0.0052 h ! µµ 0.0243

h ! WW 8.08 h ! ZZ 1.01

5

๏ similar to Haber/Stal A2.1, A2.2 (non-alignment)

Higgs signal is calculated in terms of a χ2 value taking into account the full LHC run-I data. This
is done using HiggsSignals [7] (v. 1.3.0). To determine the viable parameter space regions in a
benchmark scenario with two free parameters, we demand compatibility with the best-fit point, which
usually is in very good agreement with the SM, within 2σ (∆χ2 = χ2 − χ2

min < 6.18). The best-fit
(minimal χ2 value) is reevaluated for each benchmark scenario.

One additional constraint to keep in mind when designing viable benchmark scenarios are the
electroweak precision tests, where in particular the oblique T parameter can receive sizeable contri-
butions from large mass splittings. It should therefore be ensured either that m2

H± −m2
A ! O(v2) or

m2
H± − m2

H ! O(v2) (cβ−α " 1) to maintain approximate custodial symmetry and T # 0. Finally,
the general 2HDM (without supersymmetry) can also be constrained by various low-energy (flavour
physics) processes (see, for example, Ref. [8]). Since our main objective is to define scenarios capturing
interesting LHC phenomenology, we will not be concerned with the details of these constraints, nor
will they be explicitly applied in our numerical results. It should however be noted that there exist
generic lower bound on the charged Higgs boson mass in the Type-II 2HDM, mH± " 350 GeV, from
measurements of the BR(B → Xsγ).

Branching ratios and LHC cross sections for Higgs production for the proposed scenarios can most
easily be evaluated using 2HDMC and SusHi [9], in accordance with the recommendations of [10]. We
further recommend that numerical values are also calculated with HIGLU [11] and HDECAY [12], since
this provides indepedent verification of the results and a first estimate of the theoretical uncertainties
in the treatment of (missing) higher-order corrections.

3 Benchmark scenarios

Scenario A (non-aligment)

This scenario has the “normal” interpretation of the 125 GeV signal as the lightest CP-even Higgs
boson, h, with SM-like properties. On the other hand, to allow for some interesting phenomenology
of the heavier CP-even state, H, we define the scenario with departure from alignment (cβ−α %= 0)
as allowed by the present constraints. The scenario focuses on searches for the heavier CP-even
state, H, in SM final states plus the H → hh decay. The remaining two Higgs bosons, A and H±

(which are kept mass-degenerate), are decoupled to a sufficient degree to create a small hierarchy
mh = 125 GeV < mH < mA = mH± . Input parameters are given in the hybrid basis.

Scenario A (non-alignment)
mh (GeV) mH (GeV) cβ−α Z4 Z5 Z7 tan β Type

A1.1 125 150 . . . 600 0.1 −2 −2 0 1 . . . 50 I

A1.2 125 150 . . . 600 0.1×
(

150 GeV
mH

)2

−2 −2 0 1 . . . 50 I

A2.1 125 150 . . . 600 0.01 −2 −2 0 1 . . . 50 II

A2.2 125 150 . . . 600 0.01 ×
(

150 GeV
mH

)2

−2 −2 0 1 . . . 50 II

In scenarios A1.1 and A2.1, where cβ−α fixed to a non-zero value independently of mH , the range for
tan β that is allowed by unitarity and stability constraints depends on the value of mH . For higher H
masses, the allowed range of tan β becomes more restrictive.

3
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Benchmarks

๏ BP10 

H as 125 SM-like Higgs 
• BP10: This BP is designed for exotic decays into the lighter CP-even Higgs h with a mass

mh = 70 GeV. The heavy CP-even Higgs is considered to be the observed Higgs signal. The
alignment limit now implies sin(� � ↵) = 0.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

70 GeV 125 GeV 300 GeV 350 GeV 0 2 0 GeV 3 3

Channel BR (%) Production Possible Final States
A ! hZ 99.4 ggF bbll, ⌧⌧ ll, ZZll, ��ll

H± ! hW 77.9 H±tb-ass. bbbbWW , ⌧⌧bbWW , llllbbWW , ��bbWW

Channel BR (%) Channel BR (%)
h ! bb 90.9 h ! ⌧⌧ 8.01
h ! �� 0.00057 h ! µµ 0.0284

2.5 Summary of Benchmark Points

BP 1 2 3 4 5 6 7 8 9 10
H ! AZ 3 3 3 3
A ! HZ 3
A ! hZ 3 3
H ! AA 3 3 3
H ! hh 3

H ! H±W 3 3
A ! H±W 3 3
H ! H+H� 3
H± ! HW 3
H± ! AW 3 3 3 3
H± ! hW 3 3
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6

๏ similar to Haber/Stal B2, low mH

Scenario B (low-mH)

Scenario B corresponds to a “flipped” 2HDM benchmark scenario. In this scenario both h and H are
light, but it is the heavier of the two which has mH = 125 GeV and is SM-like. Since mh < mH , the
lighter Higgs must have strongly suppressed couplings to vector bosons to be compatible with direct
search limits which forces sβ−α → 0. Input parameters are given in the hybrid basis.

Scenario B (low-mH)
mh (GeV) mH (GeV) cβ−α Z4 Z5 Z7 tan β Type

B1.1 65 . . . 120 125 1.0 −5 −5 0 1.5 I
B1.2 80 . . . 120 125 0.9 −5 −5 0 1.5 I
B2 65 . . . 120 125 1.0 −5 −5 0 1.5 II

Scenario C (CP-overlap)

In this work we have restricted ourselves to benchmarks for a 2HDMHiggs sector with CP-conservation.
Nevertheless, we consider one scenario where overlapping CP-odd and CP-even Higgs bosons simul-
taneously have mass close to 125 GeV [13]. Since the CP-odd Higgs boson does not couple to vector
bosons at tree level, there are surprisingly few channels where it is possible to distinguish this scenario
from the case with a single light Higgs, h. The most important channel where the CP-odd contribution
to the total rate could reach O(1) is through gluon (bb̄) fusion, followed by the decay h/A → τ+τ−.
Input parameters are given in the physical basis. Note that the choice of λ5 = 0 in this scenario is
equivalent to m2

12 =
1
2
m2

A sin 2β.

Scenario C (CP-overlap)
mh mH mA mH± cβ−α λ5 tan β Type

C1 125 300 125 300 0 0 1 . . . 10 I
C2 125 300 125 300 0 0 1 . . . 10 II

Scenario D (short cascade)

This scenario is constructed with a SM-like h by fixing cβ−α to be zero. The mass hierarchy can be
modified allow for either one (or both) of the decay modes H → AZ or H → H±W∓ to be open.
These decays can be dominant in the mass window 250 GeV < mH < 350 GeV (below tt̄ threshold).
Other decay modes that can be potentially of simultaneous interest is H → hh and H → AA (when A
is very light). Realizations of Scenario D for all the interesting cases are given below. Input parameters
are given in the hybrid basis.

Scenario D (short cascade)
mh (GeV) mH (GeV) cβ−α Z4 Z5 Z7 tan β Type

D1.1 125 250 . . . 500 0 −1 1 −1 2 I
D1.2 125 250 . . . 500 0 2 0 −1 2 I
D1.3 125 250 . . . 500 0 1 1 −1 2 I
D2.1 125 250 . . . 500 0 −1 1 −1 2 II
D2.2 125 250 . . . 500 0 2 0 −1 2 II
D2.3 125 250 . . . 500 0 1 1 −1 2 II

4
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Summary

• BP10: This BP is designed for exotic decays into the lighter CP-even Higgs h with a mass
mh = 70 GeV. The heavy CP-even Higgs is considered to be the observed Higgs signal. The
alignment limit now implies sin(� � ↵) = 0.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

70 GeV 125 GeV 300 GeV 350 GeV 0 2 0 GeV 3 3

Channel BR (%) Production Possible Final States
A ! hZ 99.4 ggF bbll, ⌧⌧ ll, ZZll, ��ll

H± ! hW 77.9 H±tb-ass. bbbbWW , ⌧⌧bbWW , llllbbWW , ��bbWW

Channel BR (%) Channel BR (%)
h ! bb 90.9 h ! ⌧⌧ 8.01
h ! �� 0.00057 h ! µµ 0.0284

2.5 Summary of Benchmark Points

BP 1 2 3 4 5 6 7 8 9 10
H ! AZ 3 3 3 3
A ! HZ 3
A ! hZ 3 3
H ! AA 3 3 3
H ! hh 3

H ! H±W 3 3
A ! H±W 3 3
H ! H+H� 3
H± ! HW 3
H± ! AW 3 3 3 3
H± ! hW 3 3
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Summary

• BP10: This BP is designed for exotic decays into the lighter CP-even Higgs h with a mass
mh = 70 GeV. The heavy CP-even Higgs is considered to be the observed Higgs signal. The
alignment limit now implies sin(� � ↵) = 0.

mh mH mA mH± sin(� �↵) tan� m12 �⇢ Flavor

70 GeV 125 GeV 300 GeV 350 GeV 0 2 0 GeV 3 3

Channel BR (%) Production Possible Final States
A ! hZ 99.4 ggF bbll, ⌧⌧ ll, ZZll, ��ll

H± ! hW 77.9 H±tb-ass. bbbbWW , ⌧⌧bbWW , llllbbWW , ��bbWW

Channel BR (%) Channel BR (%)
h ! bb 90.9 h ! ⌧⌧ 8.01
h ! �� 0.00057 h ! µµ 0.0284

2.5 Summary of Benchmark Points

BP 1 2 3 4 5 6 7 8 9 10
H ! AZ 3 3 3 3
A ! HZ 3
A ! hZ 3 3
H ! AA 3 3 3
H ! hh 3

H ! H±W 3 3
A ! H±W 3 3
H ! H+H� 3
H± ! HW 3
H± ! AW 3 3 3 3
H± ! hW 3 3
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