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8.2 Scenario 2: mG � tan # planes

Exclusion limits as a function of the mass of the pseudo-scalar � and tan V (Scenario 2) are summarised
in Figure 5, again for the two scenarios with sin \ = 0.35 and sin \ = 0.7. For both the scenarios, a large
fraction of the <� � tan V plane is excluded by the ⇢

miss
T + / (✓✓) search alone. For higher values of <�,

the ⇢
miss
T + ⌘(11̄) search, and hence the combination of the ⇢

miss
T + / (✓✓), ⇢miss

T + ⌘(11̄), and C1�
±(C1)

searches provides the strongest constraints. The sensitivity of the ⇢miss
T + / (✓✓) and ⇢

miss
T + ⌘(11̄) searches

as a function of tan V is driven by the transition from 66- to 11̄-initiated production with a minimum in
sensitivity in the transition region around tan V ⇡ 5.

The ⇢
miss
T + C, search probes values of tan V up to 1.5 (sin \ = 0.35) and 2 (sin \ = 0.7). Its observed

exclusion is weaker than the expected sensitivity due to a small (less than 2f) excess in the two-lepton
channel [135]. Again, the sensitivity of the search is larger for the scenario with sin \ = 0.7 compared
with that with sin \ = 0.35 [95]. The ⇢

miss
T + ⌘(gg) search has only been interpreted for the scenario with

sin \ = 0.7. Its sensitivity is notably smaller compared with that of the ⇢
miss
T + ⌘(11̄) search due to the

smaller Higgs boson branching ratio to gg compared with 11̄. No exclusion contours are shown for the
⇢

miss
T + ⌘(WW) search.

The sensitivity of the C1�±(C1) and CC̄CC̄ searches is largest at low values of <� and tan V . This is due to
the larger production cross-section for smaller resonance masses and the preference of third-generation
couplings at low values of tan V .
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Figure 5: Observed (solid lines and filled area) and expected (dashed lines) exclusion regions at 95% CL in the
(<� , tan V) plane assuming (a) sin \ = 0.35 (Scenario 2a) and (b) sin \ = 0.7 (Scenario 2b). The results are shown
for several individual searches and the combination of the ⇢

miss
T + ⌘(11̄), ⇢miss

T + / (✓✓), and C1�
±(C1) searches. The

dashed grey regions indicate the region where the width of any of the Higgs bosons exceeds 20% of its mass.

8.3 Scenario 3: ma � tan # planes

In Figure 6, a similar benchmark scenario to that in Figure 5 is shown with the difference that the mass of
the pseudo-scalar mediator <0 rather than <� is varied (Scenario 3). Again, the exclusion contours are
shown for both the sin \ = 0.35 (Scenario 3a) and sin \ = 0.7 (Scenario 3b). The strongest exclusion is
provided by the ⇢

miss
T + / (✓✓) search. Its exclusion varies between <0 ⇡ 350 GeV at tan V = 0.4 to above
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Figure 4: Observed (solid lines) and expected (dashed lines) exclusion regions at 95% CL in the (<0,<�) plane
assuming (a, c) sin \ = 0.35 (Scenario 1a) and (b, d) sin \ = 0.7 (Scenario 1b). In the upper sub-figures, the observed
(solid lines) and expected (dashed lines) exclusion regions for the statistical combination of the ⇢

miss
T + ⌘(11̄),

⇢
miss
T + / (✓✓), and C1�

±(C1) searches are shown, along with the observed and expected exclusion regions for the
three individual searches entering the combination. The surrounding shaded bands correspond to the ±1 and ±2
standard deviation (±1f, ±2f) uncertainty in the expected limit of the combined result. In the lower sub-figures, the
results are shown for the combination of the ⇢

miss
T + ⌘(11̄), ⇢miss

T + / (✓✓), and C1�
±(C1) searches (filled area) and

additional individual searches. The individual results from the ⇢
miss
T + ⌘(11̄), ⇢miss

T + / (✓✓), and C1�
±(C1) searches

are not shown in this case. In all four sub-figures, dashed grey regions indicate the region where the width of any of
the Higgs bosons exceeds 20% of its mass.
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Figure 4: Observed (solid lines) and expected (dashed lines) exclusion regions at 95% CL in the (<0,<�) plane
assuming (a, c) sin \ = 0.35 (Scenario 1a) and (b, d) sin \ = 0.7 (Scenario 1b). In the upper sub-figures, the observed
(solid lines) and expected (dashed lines) exclusion regions for the statistical combination of the ⇢

miss
T + ⌘(11̄),

⇢
miss
T + / (✓✓), and C1�

±(C1) searches are shown, along with the observed and expected exclusion regions for the
three individual searches entering the combination. The surrounding shaded bands correspond to the ±1 and ±2
standard deviation (±1f, ±2f) uncertainty in the expected limit of the combined result. In the lower sub-figures, the
results are shown for the combination of the ⇢

miss
T + ⌘(11̄), ⇢miss

T + / (✓✓), and C1�
±(C1) searches (filled area) and

additional individual searches. The individual results from the ⇢
miss
T + ⌘(11̄), ⇢miss

T + / (✓✓), and C1�
±(C1) searches

are not shown in this case. In all four sub-figures, dashed grey regions indicate the region where the width of any of
the Higgs bosons exceeds 20% of its mass.
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Figure 4: Observed (solid lines) and expected (dashed lines) exclusion regions at 95% CL in the (<0,<�) plane
assuming (a, c) sin \ = 0.35 (Scenario 1a) and (b, d) sin \ = 0.7 (Scenario 1b). In the upper sub-figures, the observed
(solid lines) and expected (dashed lines) exclusion regions for the statistical combination of the ⇢

miss
T + ⌘(11̄),

⇢
miss
T + / (✓✓), and C1�

±(C1) searches are shown, along with the observed and expected exclusion regions for the
three individual searches entering the combination. The surrounding shaded bands correspond to the ±1 and ±2
standard deviation (±1f, ±2f) uncertainty in the expected limit of the combined result. In the lower sub-figures, the
results are shown for the combination of the ⇢

miss
T + ⌘(11̄), ⇢miss

T + / (✓✓), and C1�
±(C1) searches (filled area) and

additional individual searches. The individual results from the ⇢
miss
T + ⌘(11̄), ⇢miss

T + / (✓✓), and C1�
±(C1) searches

are not shown in this case. In all four sub-figures, dashed grey regions indicate the region where the width of any of
the Higgs bosons exceeds 20% of its mass.
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Going beyond Run 2 benchmarks

• All Run 2 benchmarks feature type-II Yukawas & degenerate 2HDM Higgs 

mass spectrum. Assumption of degenerate 2HDM Higgs masses avoid 

constraints from EWPOs, but in type II leads to TeVish 2HDM spectrum, as 

flavor physics requires charged Higgs to be heavier than about 600 GeV


• However, assumption of degenerate 2HDM Higgs masses artificially limits 

LHC phenomenology, since certain processes are kinematically impossible 
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Going beyond Run 2 benchmarks
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Figure 12: Constraint on the mH±– tan� plane in the type-I 2HDM+a model imposed by
the search [155] and [156] for light charged Higgs bosons in the H+

! cs̄ and H+
! ⌧+⌫

channel, respectively. The shaded regions are excluded at 95% CL. Further explanations
can be found in the main text.

relevant restrictions on the parameter space of the type-I 2HDM+a model studied below.
This is related to the fact that the branching ratios Br (A ! µ+µ�) and Br (H ! ⌧+⌧�)

do not even reach a percent in the benchmarks considered in our work.

6.2 Setup for truth-level sensitivity analyses

As far as the new-physics signals are concerned, the starting point of our MC simula-
tions is a UFO implementation [172] of the full 2HDM+a model of type I as described
in Section 2. Our implementation has been obtained by means of the FeynRules 2 [173]
and NLOCT [174] packages. The new UFO can be downloaded from the public repository of
the LHC DM WG [175]. It contains the general set of interactions of the type-I 2HDM+a

model, granting users the freedom to choose all 12 input parameters listed on the right-hand
side of (2.4) independently.

All signal and most of the backgrounds are generated with MadGraph5_aMC@NLO [176].
The unstable final-state particles in the signal samples are decayed using MadSpin [177].
Due to technical limitations in MadSpin [178], we neglect spin correlations. However, these
would have a minimal impact on the results provided below. The V +jets backgrounds with
V = W,Z are generated using leading-order (LO) matrix elements and contain up to three
jets. The V + jets sample is merged using the CKKW-L procedure [179] and normalised
to the inclusive cross section obtained at the next-to-next-to-leading order (NNLO) in
QCD [180]. The backgrounds corresponding to the pp ! tt̄, pp ! tW , pp ! tt̄h, and
pp ! V h processes have been simulated using POWHEG BOX [181] with the inclusive cross
sections normalised to their most precise available determinations. We use the NNLO plus

– 23 –

Light charged Higgses 
can be probed in top 
decays, but in type-I 

2HDMs bounds are weak 

A light & non-degenerate 
2HDM sector is allowed in 

type I, if tanβ is not too small 

[Ilia et al., 2404.05704]
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Going beyond Run 2 benchmarks

Figure 6: Resonant contributions to tt̄ (left) and bb̄+Z (right) production in the 2HDM+a

model of type I with a non-degenerate BSM Higgs sector.

Figure 7: As Figure 6 but for bb̄+ ET,miss (left) and ZZ + ET,miss (right) production.

model of type II featuring a mass-degenerate spectrum of A, H, and H±. In that sce-
nario, the gg ! H ! Za channel typically dominates Z+ET,miss production [64, 66].
Still using the information on the existing mono-Z searches [72, 74, 78] and applying
the methodology described in Section 8.2 of [70] one can estimate the expected sen-
sitivity of the Z + ET,miss signature to the relevant parameter space in the mA–mH

planes of Figure 3. We comment on the LHC reach of Z+ET,miss searches within the
type-I 2HDM+a model in Section 6.8.

⌅ j + ET,miss: Graphs that lead to a mono-jet signature in the type-I 2HDM+a model
with a non-degenerate BSM Higgs sector are depicted in Figure 5. One sees that
there are two types of j + ET,miss contributions that result from the decay of the
pseudoscalar A, namely the processes gg ! A and gg ! A ! Ha ! aaa. Notice
that in the 2HDM+a model of type I there is also always a mono-jet contribution
associated to gg ! a production. In fact, in the mA–mH planes shown in Figure 3
the latter channel always provides the largest contribution to mono-jet production
because of mA > ma. The regions in parameter space in which the j + ET,miss

signature dominates can be targeted by searches for energetic jets and large ET,miss

such as [134, 135].

⌅ tt̄: In the type-I 2HDM+a model with a non-degenerate BSM Higgs sector, A decays
can also lead to a tt̄ signal. The relevant diagram is shown on the left-hand side
in Figure 6. Model realisations that predict a sufficiently large tt̄ signal can be tested
by studying the invariant mass spectrum mtt̄. Interference effects between the signal

– 16 –

Figure 6: Resonant contributions to tt̄ (left) and bb̄+Z (right) production in the 2HDM+a
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Still using the information on the existing mono-Z searches [72, 74, 78] and applying
the methodology described in Section 8.2 of [70] one can estimate the expected sen-
sitivity of the Z + ET,miss signature to the relevant parameter space in the mA–mH

planes of Figure 3. We comment on the LHC reach of Z+ET,miss searches within the
type-I 2HDM+a model in Section 6.8.
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that in the 2HDM+a model of type I there is also always a mono-jet contribution
associated to gg ! a production. In fact, in the mA–mH planes shown in Figure 3
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because of mA > ma. The regions in parameter space in which the j + ET,miss
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Figure 9: Contribution to h + ET,miss (left) and Z + ET,miss (right) production in the
type-I 2HDM+a model with a non-degenerate BSM Higgs sector that arise from the decay
of the scalar H. The ET,miss signal stems from the decay a ! ��̄. See main text for further
details.

Figure 10: As Figure 9 but for j + ET,miss (left) and W + c (right) production.

Figure 11: As Figure 9 but for tt̄+ ET,miss (left) and hh+ ET,miss (right) production.

production of the scalar H in the mA–mH plane for four different choices of sin ✓ and mH± .
The 2HDM+a input parameters not indicated in the headings are identical to those used
to obtain Figure 2. We observe that the process gg ! H leads to five different final states
that can be relevant for collider phenomenology:

⌅ h+ET,miss: A contribution to mono-Higgs production in the type-I 2HDM+a model
with a non-degenerate BSM Higgs sector is given on the left in Figure 9. Notice that
unlike in Figure 3 the h + ET,miss signature arises from gg ! H ! Aa ! haa.
As before, one can use the analysis strategy described in Section 6.3 to constrain the
wedge in the mA–mH planes centred around mA ' 300GeV and mH ' 500GeV.
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In case of non-degenerate 2HDM Higgses, new MET & non-MET channels open up
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Figure 13: Constraints on the type-I 2HDM+a model resulting from hypothetical searches
for h + ET,miss, bb̄ + Z, bb̄ + ET,miss, and ZZ + ET,miss final states. The different plots
correspond to four distinct choices of mH± and sin ✓ as indicated in the panel headings.
The remaining parameters are set to (5.1). The limits on the charged Higgs-boson mass
derived from [155, 156] are also shown. Additionally, regions of the mA–mH planes that
are in conflict with EW precision measurements, specifically the bound (3.6), are depicted
in grey. Finally, the parameter regions leading to vacuum stability, as encoded by the BFB
conditions (3.8), and the requirements �i/mi  30% on the relative total decay widths of
all the BSM spin-0 states i = A,H,H±, a are overlaid as dashed-dotted and dashed lines,
respectively. See main text for additional details.

– 28 –

Figure 3: Examples of Feynman diagrams that can give rise to a h+ET,miss signature in
the type-I 2HDM+a model with a non-degenerate BSM Higgs sector. The decays a ! ��̄

that lead to the ET,miss signal are not shown for simplicity.

Figure 4: As Figure 3 but for Z + ET,miss production. For further explanations see the
main text.

Figure 5: As Figure 3 but for j+ET,miss production. Notice that the decays A ! ��̄ and
a ! ��̄ both give rise to a ET,miss signature. In addition to the left diagram, the process
gg ! a is also present, and in fact dominates j+ET,miss production for mA > ma and sin ✓

sufficiently large.

⌅ Z + ET,miss: Example diagrams that contribute to resonant mono-Z production in
the type-I 2HDM+a model with a non-degenerate BSM Higgs sector are displayed
in Figure 4. Notice that the shown graphs describe the gg ! A ! Ha ! Zaa

and gg ! A ! HZ ! Zaa processes, which are not allowed if A and H are mass-
degenerate. The shape of the resulting kinematic distributions therefore differs from
those discussed in Section 6.1.2 of the whitepaper [70], which focused on the 2HDM+a
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model of type I with a non-degenerate BSM Higgs sector.

Figure 7: As Figure 6 but for bb̄+ ET,miss (left) and ZZ + ET,miss (right) production.

model of type II featuring a mass-degenerate spectrum of A, H, and H±. In that sce-
nario, the gg ! H ! Za channel typically dominates Z+ET,miss production [64, 66].
Still using the information on the existing mono-Z searches [72, 74, 78] and applying
the methodology described in Section 8.2 of [70] one can estimate the expected sen-
sitivity of the Z + ET,miss signature to the relevant parameter space in the mA–mH

planes of Figure 3. We comment on the LHC reach of Z+ET,miss searches within the
type-I 2HDM+a model in Section 6.8.

⌅ j + ET,miss: Graphs that lead to a mono-jet signature in the type-I 2HDM+a model
with a non-degenerate BSM Higgs sector are depicted in Figure 5. One sees that
there are two types of j + ET,miss contributions that result from the decay of the
pseudoscalar A, namely the processes gg ! A and gg ! A ! Ha ! aaa. Notice
that in the 2HDM+a model of type I there is also always a mono-jet contribution
associated to gg ! a production. In fact, in the mA–mH planes shown in Figure 3
the latter channel always provides the largest contribution to mono-jet production
because of mA > ma. The regions in parameter space in which the j + ET,miss

signature dominates can be targeted by searches for energetic jets and large ET,miss

such as [134, 135].

⌅ tt̄: In the type-I 2HDM+a model with a non-degenerate BSM Higgs sector, A decays
can also lead to a tt̄ signal. The relevant diagram is shown on the left-hand side
in Figure 6. Model realisations that predict a sufficiently large tt̄ signal can be tested
by studying the invariant mass spectrum mtt̄. Interference effects between the signal
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Figure 13: Constraints on the type-I 2HDM+a model resulting from hypothetical searches
for h + ET,miss, bb̄ + Z, bb̄ + ET,miss, and ZZ + ET,miss final states. The different plots
correspond to four distinct choices of mH± and sin ✓ as indicated in the panel headings.
The remaining parameters are set to (5.1). The limits on the charged Higgs-boson mass
derived from [155, 156] are also shown. Additionally, regions of the mA–mH planes that
are in conflict with EW precision measurements, specifically the bound (3.6), are depicted
in grey. Finally, the parameter regions leading to vacuum stability, as encoded by the BFB
conditions (3.8), and the requirements �i/mi  30% on the relative total decay widths of
all the BSM spin-0 states i = A,H,H±, a are overlaid as dashed-dotted and dashed lines,
respectively. See main text for additional details.
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Figure 3: Examples of Feynman diagrams that can give rise to a h+ET,miss signature in
the type-I 2HDM+a model with a non-degenerate BSM Higgs sector. The decays a ! ��̄

that lead to the ET,miss signal are not shown for simplicity.

Figure 4: As Figure 3 but for Z + ET,miss production. For further explanations see the
main text.

Figure 5: As Figure 3 but for j+ET,miss production. Notice that the decays A ! ��̄ and
a ! ��̄ both give rise to a ET,miss signature. In addition to the left diagram, the process
gg ! a is also present, and in fact dominates j+ET,miss production for mA > ma and sin ✓

sufficiently large.

⌅ Z + ET,miss: Example diagrams that contribute to resonant mono-Z production in
the type-I 2HDM+a model with a non-degenerate BSM Higgs sector are displayed
in Figure 4. Notice that the shown graphs describe the gg ! A ! Ha ! Zaa

and gg ! A ! HZ ! Zaa processes, which are not allowed if A and H are mass-
degenerate. The shape of the resulting kinematic distributions therefore differs from
those discussed in Section 6.1.2 of the whitepaper [70], which focused on the 2HDM+a
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model of type II featuring a mass-degenerate spectrum of A, H, and H±. In that sce-
nario, the gg ! H ! Za channel typically dominates Z+ET,miss production [64, 66].
Still using the information on the existing mono-Z searches [72, 74, 78] and applying
the methodology described in Section 8.2 of [70] one can estimate the expected sen-
sitivity of the Z + ET,miss signature to the relevant parameter space in the mA–mH

planes of Figure 3. We comment on the LHC reach of Z+ET,miss searches within the
type-I 2HDM+a model in Section 6.8.

⌅ j + ET,miss: Graphs that lead to a mono-jet signature in the type-I 2HDM+a model
with a non-degenerate BSM Higgs sector are depicted in Figure 5. One sees that
there are two types of j + ET,miss contributions that result from the decay of the
pseudoscalar A, namely the processes gg ! A and gg ! A ! Ha ! aaa. Notice
that in the 2HDM+a model of type I there is also always a mono-jet contribution
associated to gg ! a production. In fact, in the mA–mH planes shown in Figure 3
the latter channel always provides the largest contribution to mono-jet production
because of mA > ma. The regions in parameter space in which the j + ET,miss

signature dominates can be targeted by searches for energetic jets and large ET,miss

such as [134, 135].

⌅ tt̄: In the type-I 2HDM+a model with a non-degenerate BSM Higgs sector, A decays
can also lead to a tt̄ signal. The relevant diagram is shown on the left-hand side
in Figure 6. Model realisations that predict a sufficiently large tt̄ signal can be tested
by studying the invariant mass spectrum mtt̄. Interference effects between the signal
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Figure 13: Constraints on the type-I 2HDM+a model resulting from hypothetical searches
for h + ET,miss, bb̄ + Z, bb̄ + ET,miss, and ZZ + ET,miss final states. The different plots
correspond to four distinct choices of mH± and sin ✓ as indicated in the panel headings.
The remaining parameters are set to (5.1). The limits on the charged Higgs-boson mass
derived from [155, 156] are also shown. Additionally, regions of the mA–mH planes that
are in conflict with EW precision measurements, specifically the bound (3.6), are depicted
in grey. Finally, the parameter regions leading to vacuum stability, as encoded by the BFB
conditions (3.8), and the requirements �i/mi  30% on the relative total decay widths of
all the BSM spin-0 states i = A,H,H±, a are overlaid as dashed-dotted and dashed lines,
respectively. See main text for additional details.
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Figure 3: Examples of Feynman diagrams that can give rise to a h+ET,miss signature in
the type-I 2HDM+a model with a non-degenerate BSM Higgs sector. The decays a ! ��̄

that lead to the ET,miss signal are not shown for simplicity.

Figure 4: As Figure 3 but for Z + ET,miss production. For further explanations see the
main text.

Figure 5: As Figure 3 but for j+ET,miss production. Notice that the decays A ! ��̄ and
a ! ��̄ both give rise to a ET,miss signature. In addition to the left diagram, the process
gg ! a is also present, and in fact dominates j+ET,miss production for mA > ma and sin ✓

sufficiently large.

⌅ Z + ET,miss: Example diagrams that contribute to resonant mono-Z production in
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in Figure 4. Notice that the shown graphs describe the gg ! A ! Ha ! Zaa

and gg ! A ! HZ ! Zaa processes, which are not allowed if A and H are mass-
degenerate. The shape of the resulting kinematic distributions therefore differs from
those discussed in Section 6.1.2 of the whitepaper [70], which focused on the 2HDM+a
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nario, the gg ! H ! Za channel typically dominates Z+ET,miss production [64, 66].
Still using the information on the existing mono-Z searches [72, 74, 78] and applying
the methodology described in Section 8.2 of [70] one can estimate the expected sen-
sitivity of the Z + ET,miss signature to the relevant parameter space in the mA–mH

planes of Figure 3. We comment on the LHC reach of Z+ET,miss searches within the
type-I 2HDM+a model in Section 6.8.
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the latter channel always provides the largest contribution to mono-jet production
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associated to gg ! a production. In fact, in the mA–mH planes shown in Figure 3
the latter channel always provides the largest contribution to mono-jet production
because of mA > ma. The regions in parameter space in which the j + ET,miss

signature dominates can be targeted by searches for energetic jets and large ET,miss

such as [134, 135].

⌅ tt̄: In the type-I 2HDM+a model with a non-degenerate BSM Higgs sector, A decays
can also lead to a tt̄ signal. The relevant diagram is shown on the left-hand side
in Figure 6. Model realisations that predict a sufficiently large tt̄ signal can be tested
by studying the invariant mass spectrum mtt̄. Interference effects between the signal
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Figure 9: Contribution to h + ET,miss (left) and Z + ET,miss (right) production in the
type-I 2HDM+a model with a non-degenerate BSM Higgs sector that arise from the decay
of the scalar H. The ET,miss signal stems from the decay a ! ��̄. See main text for further
details.

Figure 10: As Figure 9 but for j + ET,miss (left) and W + c (right) production.

Figure 11: As Figure 9 but for tt̄+ ET,miss (left) and hh+ ET,miss (right) production.

production of the scalar H in the mA–mH plane for four different choices of sin ✓ and mH± .
The 2HDM+a input parameters not indicated in the headings are identical to those used
to obtain Figure 2. We observe that the process gg ! H leads to five different final states
that can be relevant for collider phenomenology:

⌅ h+ET,miss: A contribution to mono-Higgs production in the type-I 2HDM+a model
with a non-degenerate BSM Higgs sector is given on the left in Figure 9. Notice that
unlike in Figure 3 the h + ET,miss signature arises from gg ! H ! Aa ! haa.
As before, one can use the analysis strategy described in Section 6.3 to constrain the
wedge in the mA–mH planes centred around mA ' 300GeV and mH ' 500GeV.
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Old & new 2HDM+a signatures in type I

[Ilia et al., 2404.05704]

Γi/mi ≤ 30%

Γi/mi ≤ 30%

BFBs
hold

h + ET,miss
bb + Z
bb + ET,miss
ZZ + ET,miss

200 300 400 500 600 700

100

200

300

400

500

600

700

mA [GeV]

m
H
[G
eV

]

mH± = mA, sinθ = 0.2

Γi/mi ≤ 30%

BFBs
hold

Δρ
violated

h + ET,miss
bb + Z
bb + ET,miss
ZZ + ET,miss
H± searches

200 300 400 500 600 700

100

200

300

400

500

600

700

mA [GeV]

m
H
[G
eV

]

mH± = mA - 50 GeV, sinθ = 0.2

Figure 13: Constraints on the type-I 2HDM+a model resulting from hypothetical searches
for h + ET,miss, bb̄ + Z, bb̄ + ET,miss, and ZZ + ET,miss final states. The different plots
correspond to four distinct choices of mH± and sin ✓ as indicated in the panel headings.
The remaining parameters are set to (5.1). The limits on the charged Higgs-boson mass
derived from [155, 156] are also shown. Additionally, regions of the mA–mH planes that
are in conflict with EW precision measurements, specifically the bound (3.6), are depicted
in grey. Finally, the parameter regions leading to vacuum stability, as encoded by the BFB
conditions (3.8), and the requirements �i/mi  30% on the relative total decay widths of
all the BSM spin-0 states i = A,H,H±, a are overlaid as dashed-dotted and dashed lines,
respectively. See main text for additional details.
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Figure 3: Examples of Feynman diagrams that can give rise to a h+ET,miss signature in
the type-I 2HDM+a model with a non-degenerate BSM Higgs sector. The decays a ! ��̄

that lead to the ET,miss signal are not shown for simplicity.

Figure 4: As Figure 3 but for Z + ET,miss production. For further explanations see the
main text.

Figure 5: As Figure 3 but for j+ET,miss production. Notice that the decays A ! ��̄ and
a ! ��̄ both give rise to a ET,miss signature. In addition to the left diagram, the process
gg ! a is also present, and in fact dominates j+ET,miss production for mA > ma and sin ✓

sufficiently large.

⌅ Z + ET,miss: Example diagrams that contribute to resonant mono-Z production in
the type-I 2HDM+a model with a non-degenerate BSM Higgs sector are displayed
in Figure 4. Notice that the shown graphs describe the gg ! A ! Ha ! Zaa

and gg ! A ! HZ ! Zaa processes, which are not allowed if A and H are mass-
degenerate. The shape of the resulting kinematic distributions therefore differs from
those discussed in Section 6.1.2 of the whitepaper [70], which focused on the 2HDM+a
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Figure 6: Resonant contributions to tt̄ (left) and bb̄+Z (right) production in the 2HDM+a

model of type I with a non-degenerate BSM Higgs sector.

Figure 7: As Figure 6 but for bb̄+ ET,miss (left) and ZZ + ET,miss (right) production.

model of type II featuring a mass-degenerate spectrum of A, H, and H±. In that sce-
nario, the gg ! H ! Za channel typically dominates Z+ET,miss production [64, 66].
Still using the information on the existing mono-Z searches [72, 74, 78] and applying
the methodology described in Section 8.2 of [70] one can estimate the expected sen-
sitivity of the Z + ET,miss signature to the relevant parameter space in the mA–mH

planes of Figure 3. We comment on the LHC reach of Z+ET,miss searches within the
type-I 2HDM+a model in Section 6.8.

⌅ j + ET,miss: Graphs that lead to a mono-jet signature in the type-I 2HDM+a model
with a non-degenerate BSM Higgs sector are depicted in Figure 5. One sees that
there are two types of j + ET,miss contributions that result from the decay of the
pseudoscalar A, namely the processes gg ! A and gg ! A ! Ha ! aaa. Notice
that in the 2HDM+a model of type I there is also always a mono-jet contribution
associated to gg ! a production. In fact, in the mA–mH planes shown in Figure 3
the latter channel always provides the largest contribution to mono-jet production
because of mA > ma. The regions in parameter space in which the j + ET,miss

signature dominates can be targeted by searches for energetic jets and large ET,miss

such as [134, 135].

⌅ tt̄: In the type-I 2HDM+a model with a non-degenerate BSM Higgs sector, A decays
can also lead to a tt̄ signal. The relevant diagram is shown on the left-hand side
in Figure 6. Model realisations that predict a sufficiently large tt̄ signal can be tested
by studying the invariant mass spectrum mtt̄. Interference effects between the signal
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Define new type-I benchmarks & study resulting 
LHC Run 3 sensitivities in h+MET, Z+MET, 

H+MET, HZ, ZZ+MET, hh+MET, ttZ, tbW, …
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Figure 19: Regions of the 2HDM (tan V, cos(V�U)) parameter plane excluded at 95% CL (light yellow filled regions)
in the ^-framework-based approach by the measured rates of Higgs boson production and decays in (a) type I, (b) type
II, (c) lepton-specific and (d) flipped models. The dark yellow dashed lines show the borders of the corresponding
expected exclusion regions for the SM hypothesis. For type-I models, the observed and expected regions excluded
at 95% CL when the ^_ constraint is considered are also shown (solid and dashed blue lines). Results are derived
assuming | cos(V � U) | ⌧ 1, near the alignment limit represented by the red dashed lines, and that the masses of the
non-SM-like Higgs bosons are large compared with the SM vev.
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Benchmarks with mis-alignment?

In type-II 2HDMs little room for 
mis-alignment. Similar picture in 
lepton-specific & flipped variants  

[ATLAS-CONF-2023-052]

[also CMS results]
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Figure 19: Regions of the 2HDM (tan V, cos(V�U)) parameter plane excluded at 95% CL (light yellow filled regions)
in the ^-framework-based approach by the measured rates of Higgs boson production and decays in (a) type I, (b) type
II, (c) lepton-specific and (d) flipped models. The dark yellow dashed lines show the borders of the corresponding
expected exclusion regions for the SM hypothesis. For type-I models, the observed and expected regions excluded
at 95% CL when the ^_ constraint is considered are also shown (solid and dashed blue lines). Results are derived
assuming | cos(V � U) | ⌧ 1, near the alignment limit represented by the red dashed lines, and that the masses of the
non-SM-like Higgs bosons are large compared with the SM vev.

44

[ATLAS-CONF-2023-052]

In type-I 2HDMs significantly 
more space for mis-alignment 
due to possible fermiophobia

Inclusion of double-Higgs 
measurements via κλ 
improve constraints 

Benchmarks with mis-alignment?

[also CMS results]
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44

[ATLAS-CONF-2023-052]

In type-I 2HDMs significantly 
more space for mis-alignment 
due to possible fermiophobia

Inclusion of double-Higgs 
measurements via κλ 
improve constraints 

Benchmarks with mis-alignment?

[also CMS results]

LHC results are for pure 2HDMs, but for heavy 2HDM 
Higgses naively should get similar results in 2HDM+a. 

New phenomenology could arise in 2HDM+a from pair-
production of lightish non-SM Higgses without MET, … 
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Relic density in 2HDM+a

[Spyros, unpublished]

Correct relic density in 
2HDM+a most always 
achieved by tuning DM 

mass to “a funnel”
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Relic density in 2HDM+a

[Spyros, unpublished]

But other parameter 
points with a viable 
DM phenomenology 

exist in general 
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Relic density in 2HDM+a

[Spyros, unpublished]

But other parameter 
points with a viable 
DM phenomenology 

exist in general Are their parameter points besides “a 
funnel” that lead to correct relic density that 

can be tested @ LHC? Probably have to 
look @ non-MET final states …
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Direct detection (DD) in 2HDM+a

qq

a

χχ

Due to pseudo-scalar nature of a, tree-
level DM-N cross section spin-dependent 

(SD) & momentum-suppressed  
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Direct detection (DD) in 2HDM+a

qq

h

Spin-independent (SI) DM-N cross 
section arises @ 1-loop level from 

“Higgs penguin” & typically 
provides strongest DD constraints

χχ χ

a, A a, A
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Direct detection (DD) in 2HDM+a

qq

h

Spin-independent (SI) DM-N cross 
section arises @ 1-loop level from 

“Higgs penguin” & typically 
provides strongest DD constraints

χχ χ

a, A a, AIs SI DM-N cross section always dominant? 
Is there complementarity between DD & 

LHC for parameter points that give correct 
relic density? Many open question …   
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LLPs in 2HDM+a

If sinθ is small & DM is decoupled or kinematically inaccessible in decay of a,    
a is long-lived. Dominant production is ggF or associated production of h, H (h)
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<latexit sha1_base64="oYw7QkbnkeURG9qll+wbLriaPKo=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQzowWMC5gHJEmYnvcmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsrSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUp71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhX7/I4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHxzeM8Q==</latexit>a

<latexit sha1_base64="oYw7QkbnkeURG9qll+wbLriaPKo=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQzowWMC5gHJEmYnvcmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsrSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUp71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhX7/I4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHxzeM8Q==</latexit>a

<latexit sha1_base64="OWFQZXejcy4/UZrqiGP72VazytU=">AAAB63icbVDLSsNAFL3xWeur6tLNYBFcSEnE17Kgiy4r2Ae0oUymk2bozCTMTIQS+gtuXCji1h9y5984abPQ1gMXDufcy733BAln2rjut7Oyura+sVnaKm/v7O7tVw4O2zpOFaEtEvNYdQOsKWeStgwznHYTRbEIOO0E47vc7zxRpVksH80kob7AI8lCRrDJpegcNQaVqltzZ0DLxCtIFQo0B5Wv/jAmqaDSEI617nluYvwMK8MIp9NyP9U0wWSMR7RnqcSCaj+b3TpFp1YZojBWtqRBM/X3RIaF1hMR2E6BTaQXvVz8z+ulJrz1MyaT1FBJ5ovClCMTo/xxNGSKEsMnlmCimL0VkQgrTIyNp2xD8BZfXibti5p3Xbt6uKzW74s4SnAMJ3AGHtxAHRrQhBYQiOAZXuHNEc6L8+58zFtXnGLmCP7A+fwBIqONqg==</latexit>

h,H
<latexit sha1_base64="zMi+88cBI9R7KmdAAVatI5frwMo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NADx4TMA9MljA76SRjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPRzdRvPqHSPJL3ZhyjH9KB5H3OqLFS7aFbLLlldwayTLyMlCBDtVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46O3RCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9lMu48SgZPNF/UQQE5Hp16THFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGmdl77J8UTsvVW6zOPJwBMdwCh5cQQXuoAp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A7ybjOo=</latexit>

Z

<latexit sha1_base64="zMi+88cBI9R7KmdAAVatI5frwMo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NADx4TMA9MljA76SRjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPRzdRvPqHSPJL3ZhyjH9KB5H3OqLFS7aFbLLlldwayTLyMlCBDtVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46O3RCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9lMu48SgZPNF/UQQE5Hp16THFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGmdl77J8UTsvVW6zOPJwBMdwCh5cQQXuoAp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A7ybjOo=</latexit>

Z

<latexit sha1_base64="rro0QFO40bG0MNLMK/H5fdNOTVM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NADx4TMA9IljA76SRjZmfXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPRzdRvPqHSPJL3ZhyjH9KB5H3OqLFS7bFbLLlldwayTLyMlCBDtVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46O3RCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9lMu48SgZPNF/UQQE5Hp16THFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGmdl77J8UTsvVW6zOPJwBMdwCh5cQQXuoAp1YIDwDK/w5jw4L8678zFvzTnZzCH8gfP5A993jQE=</latexit>q

<latexit sha1_base64="rkRBxrcoSKOZjOojMJ+6W+2H+5A=">AAAB7XicbVDLSgMxFL3xWeur6tJNsAiuyoz4WhZ04bKCfUA7lEyaaWMzyZhkhDL0H9y4UMSt/+POvzFtZ6GtBy4czrmXe+8JE8GN9bxvtLS8srq2Xtgobm5t7+yW9vYbRqWasjpVQulWSAwTXLK65VawVqIZiUPBmuHweuI3n5g2XMl7O0pYEJO+5BGnxDqp0QmJxo/dUtmreFPgReLnpAw5at3SV6enaBozaakgxrR9L7FBRrTlVLBxsZMalhA6JH3WdlSSmJkgm147xsdO6eFIaVfS4qn6eyIjsTGjOHSdMbEDM+9NxP+8dmqjqyDjMkktk3S2KEoFtgpPXsc9rhm1YuQIoZq7WzEdEE2odQEVXQj+/MuLpHFa8S8q53dn5epNHkcBDuEITsCHS6jCLdSgDhQe4Ble4Q0p9ILe0cesdQnlMwfwB+jzBy36juQ=</latexit>

q̄

<latexit sha1_base64="bGDLtWxf7aWJp5kPXtvuQGkUas0=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiAIQpgRt2NADx4jmgWSMfR0epImPT1Dd40QhnyCFw+KePWLvPk3dpaDJj4oeLxXRVW9IJHCoOt+O7ml5ZXVtfx6YWNza3unuLtXN3GqGa+xWMa6GVDDpVC8hgIlbyaa0yiQvBEMrsd+44lrI2L1gMOE+xHtKREKRtFK9/LxpFMsuWV3ArJIvBkpwQzVTvGr3Y1ZGnGFTFJjWp6boJ9RjYJJPiq0U8MTyga0x1uWKhpx42eTU0fkyCpdEsbalkIyUX9PZDQyZhgFtjOi2Dfz3lj8z2ulGF75mVBJilyx6aIwlQRjMv6bdIXmDOXQEsq0sLcS1qeaMrTpFGwI3vzLi6R+WvYuyud3Z6XKzSyOPBzAIRyDB5dQgVuoQg0Y9OAZXuHNkc6L8+58TFtzzmxmH/7A+fwB8paNmQ==</latexit>

l+

<latexit sha1_base64="auG2yOqE46YDktuBY3QzkqDvoRM=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4McyI2zGgB48RzQLJGHo6PUmTnp6hu0YIQz7BiwdFvPpF3vwbO8tBEx8UPN6roqpekEhh0HW/ndzS8srqWn69sLG5tb1T3N2rmzjVjNdYLGPdDKjhUiheQ4GSNxPNaRRI3ggG12O/8cS1EbF6wGHC/Yj2lAgFo2ile/l40imW3LI7AVkk3oyUYIZqp/jV7sYsjbhCJqkxLc9N0M+oRsEkHxXaqeEJZQPa4y1LFY248bPJqSNyZJUuCWNtSyGZqL8nMhoZM4wC2xlR7Jt5byz+57VSDK/8TKgkRa7YdFGYSoIxGf9NukJzhnJoCWVa2FsJ61NNGdp0CjYEb/7lRVI/LXsX5fO7s1LlZhZHHg7gEI7Bg0uowC1UoQYMevAMr/DmSOfFeXc+pq05ZzazD3/gfP4A9Z6Nmw==</latexit>

l�

[Uli & Luc, 2302.02735]
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ATLAS ggF CM & MS, 36 fb-1

ATLAS ggF ID & MS, 33 fb-1

ATLAS ggF MS, 139 fb-1

ATLAS ggF CM, 139 fb-1

CMS ggF MS, 137 fb-1
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Benchmark I

LLPs in 2HDM+a

Depending on mass of a, sinθ in 
range of 10-7 to 10-5 excluded by 
LHC LLP searches for displaced 

jets in ggF Higgs production

[Uli & Luc, 2302.02735]
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Benchmark I

Interestingly, 2HDM+a realisations that 
give LLP observable @ LHC, can also 

explain observed DM relic density
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LLPs in 2HDM+a

[Uli & Luc, 2302.02735]
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Interestingly, 2HDM+a realisations that 
give LLP observable @ LHC, can also 

explain observed DM relic density
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LLPs in 2HDM+a

[Uli & Luc, 2302.02735]

Some interesting aspects like connection to 
indirect detection have not been studies. 

But maybe outside scope of LHC DM WG? 
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draw an abstract picture with title "conclusions"

… this was my garbage dump of ideas


