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Parameters of 2HDM (CP cons.)

7 parameters:    mh   mH   mA   mH±   sβα   tanβ   m12
2

Bounded by constraints:
•  Theoretical: vacuum stability, unitarity, perturbativity
•  Indirect: oblique parameters, B-physics
•  Direct: experimental searches for Higgs bosons
•  Observed Higgs: one of h0 and H0 must be SM-like

 
Must scan over parameters, checking all constraints 

 

(use: 2HDMC, HiggsBounds/HiggsSignals, SuperIso 
by Eriksson et al, Bechtle et al, Mahmoudi) 2
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Higgs pair production in 2HDM

A lot of gluons in the proton, and at least one of qqbar 
must be a sea quark
Thus expect gg à hi hj to be more important   

                                                    (hi,j = h0, H0, A0, H±) 3
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Figure 1: Diagrams contributing to (a) QCD production and (b) EW
production of the hA pair.

very strong restrictions on the coupling matrices. The sim-
plest way to avoid large FCNCs is to impose a Z

2

symme-
try so that each type of fermion only couples to one of the
doublets (“natural flavor conservation”) [9, 10]. There are
four basic ways of assigning the Z

2

charges, and here we
consider the case where only the doublet �

2

couples to all
fermions, known as the Type I model. The Higgs potential
for the CP-conserving 2HDM-I is written as
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which is invariant under the symmetry �
1

! ��
1

up to
the soft breaking term proportional to m2

12

. Through the
minimization conditions of the potential, m2

11

and m2

22

can
be traded for the vacuum expectation values, v

1

and v
2

,
of the two Higgs fields and the tree-level mass relations
allow the quartic couplings �

1�5

to be substituted by the
four physical Higgs boson masses and the neutral sector
term s��↵ (short for sin(� � ↵), with the angle � defined
through tan � = v

2

/v
1

), where ↵ mixes the CP-even Higgs
states.

In order to test the consistency of solutions with mh +
mA < MZ in the 2HDM-I with the most crucial and rel-
evant theoretical and experimental constraints (listed fur-
ther below), we performed a scan of its parameter space2

using 2HDMC-v1.7.0 [12]. The (randomly) scanned ranges
of the free parameters (with mH = 125 GeV) are given in
the second column of Tab. 1. Because only a select region
of the parameter space is allowed by current constraints,
we used the distributions resulting from this initial scan
to determine the most relevant parameter ranges, which
we focused on in a second scan, shown in the rightmost
column of Tab. 1.

2Note that a similar region of parameter space was captured by
Ref. [11]

Parameter Initial range Refined range
mh (GeV) (10, 80) (10, 2MZ/3)
mA (GeV) (10, MZ � mh) (mh/2, MZ � mh)
mH±(GeV) (90, 500) (90, 150)
s��↵ (�1, 1) (�0.25, 0)
m2

12

(GeV2) (0, m2

A sin � cos �) (0, m2

A sin � cos �)
tan � (2, 25) (�0.95,�1.1)/s��↵

Table 1: 2HDM-I parameters and their scanned ranges.

During the scan, each sampled model point was sub-
jected to the following conditions:
– Unitarity, perturbativity, and vacuum stability enforced
through the default 2HDMC method.
– Consistency at 95% Confidence Level (CL) with the ex-
perimental measurements of the oblique parameters S, T
and U , again, calculated by 2HDMC. We compare these
to the fit values [13], S = 0.00± 0.08 and T = 0.05± 0.07,
in an ellipse with a correlation of 90%. All points further
satisfy U = 0.05 ± 0.10.
– Satisfaction of the 95% CL limits on b-physics observ-
ables calculated with the public code SuperIso-v3.4 [14].
– Consistency with the Z width measurement from LEP,
�Z = 2.4952± 0.0023 GeV [13]. The partial width �(Z !
hA) was required to fall within the 2� experimental un-
certainty of the measurement.
– Consistency of the mass and signal rates of H with
the LHC data on H

obs

. The combined 68% CL results
from ATLAS and CMS for the most sensitive channels
are [15]: µ��

ggF+t¯tH = 1.15+0.28
�0.25, µ��

VBF+V H = 1.17+0.58
�0.53,

µ4` = 1.40+0.30
�0.25. We required that the equivalent quanti-

ties, calculated with HiggsSignals-v1.3.2 [16], satisfy these
measurements at 95% CL, assuming Gaussian uncertain-
ties.
– Consistency of all Higgs states with the direct search
constraints from LEP, Tevatron, and LHC at the 95% CL
tested using the public tool HiggsBounds-v4.3.1 [17, 18,
19, 20].

The points were also required to satisfy some additional
constraints from LEP and LHC that have not (yet) been
implemented in HiggsBounds. Consistency with the com-
bined LEP H± searches in the 2HDM-I [21] was ensured
by requiring that mH± > 90 GeV. The LEP-II constraints
on e+e� ! ��bb̄ [22] were also taken into account. While
these constraints are mass dependent, we conservatively
required cos2(� � ↵)BR(h ! ��)BR(A ! bb̄) < 0.02.
Moreover, the results of the µµ⌧⌧ final state studies per-
formed by ATLAS [23] as well as of the ⌧⌧⌧⌧ [24], µµ⌧⌧
[25] and µµbb̄ [26] analyses from CMS were tested against.

3. Scan results

From the output of our initial scan, we noticed that
the LHC observation of a very SM-like H

obs

pushes the
model towards the alignment limit, s��↵ ! 0. Addition-

2
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Example: A0 h0 production:



Higgs pair production in 2HDM

 
BUT: Landau-Yang theorem à an intermediate Z0  

                                               must be off-shell for gg
•  gg à Z à hihj suppressed: amplitude ~ (qZ

2 – MZ
2)1/2    

[Moretti 1407.3511] 
à Much smaller cross section
à  Cannot use Z-mass to suppress background
(Intermediate scalars can be important if resonant) 4
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In order to test the consistency of solutions with mh +
mA < MZ in the 2HDM-I with the most crucial and rel-
evant theoretical and experimental constraints (listed fur-
ther below), we performed a scan of its parameter space2

using 2HDMC-v1.7.0 [12]. The (randomly) scanned ranges
of the free parameters (with mH = 125 GeV) are given in
the second column of Tab. 1. Because only a select region
of the parameter space is allowed by current constraints,
we used the distributions resulting from this initial scan
to determine the most relevant parameter ranges, which
we focused on in a second scan, shown in the rightmost
column of Tab. 1.

2Note that a similar region of parameter space was captured by
Ref. [11]

Parameter Initial range Refined range
mh (GeV) (10, 80) (10, 2MZ/3)
mA (GeV) (10, MZ � mh) (mh/2, MZ � mh)
mH±(GeV) (90, 500) (90, 150)
s��↵ (�1, 1) (�0.25, 0)
m2

12

(GeV2) (0, m2

A sin � cos �) (0, m2

A sin � cos �)
tan � (2, 25) (�0.95,�1.1)/s��↵

Table 1: 2HDM-I parameters and their scanned ranges.

During the scan, each sampled model point was sub-
jected to the following conditions:
– Unitarity, perturbativity, and vacuum stability enforced
through the default 2HDMC method.
– Consistency at 95% Confidence Level (CL) with the ex-
perimental measurements of the oblique parameters S, T
and U , again, calculated by 2HDMC. We compare these
to the fit values [13], S = 0.00± 0.08 and T = 0.05± 0.07,
in an ellipse with a correlation of 90%. All points further
satisfy U = 0.05 ± 0.10.
– Satisfaction of the 95% CL limits on b-physics observ-
ables calculated with the public code SuperIso-v3.4 [14].
– Consistency with the Z width measurement from LEP,
�Z = 2.4952± 0.0023 GeV [13]. The partial width �(Z !
hA) was required to fall within the 2� experimental un-
certainty of the measurement.
– Consistency of the mass and signal rates of H with
the LHC data on H

obs

. The combined 68% CL results
from ATLAS and CMS for the most sensitive channels
are [15]: µ��

ggF+t¯tH = 1.15+0.28
�0.25, µ��

VBF+V H = 1.17+0.58
�0.53,

µ4` = 1.40+0.30
�0.25. We required that the equivalent quanti-

ties, calculated with HiggsSignals-v1.3.2 [16], satisfy these
measurements at 95% CL, assuming Gaussian uncertain-
ties.
– Consistency of all Higgs states with the direct search
constraints from LEP, Tevatron, and LHC at the 95% CL
tested using the public tool HiggsBounds-v4.3.1 [17, 18,
19, 20].

The points were also required to satisfy some additional
constraints from LEP and LHC that have not (yet) been
implemented in HiggsBounds. Consistency with the com-
bined LEP H± searches in the 2HDM-I [21] was ensured
by requiring that mH± > 90 GeV. The LEP-II constraints
on e+e� ! ��bb̄ [22] were also taken into account. While
these constraints are mass dependent, we conservatively
required cos2(� � ↵)BR(h ! ��)BR(A ! bb̄) < 0.02.
Moreover, the results of the µµ⌧⌧ final state studies per-
formed by ATLAS [23] as well as of the ⌧⌧⌧⌧ [24], µµ⌧⌧
[25] and µµbb̄ [26] analyses from CMS were tested against.

3. Scan results

From the output of our initial scan, we noticed that
the LHC observation of a very SM-like H

obs

pushes the
model towards the alignment limit, s��↵ ! 0. Addition-
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Figure 1: Diagrams contributing to (a) QCD production and (b) EW
production of the hA pair.
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Thus: “Electroweak production”
No such restriction on qq-initated process

 Upshot: gg à hi hj needs off-shell Z0 
    qq à hi hj may have on-shell Z0

à Will study the relevance for 2HDM pair production for 
allowed combinations of hi hj and s-channel particles
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In order to test the consistency of solutions with mh +
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of the free parameters (with mH = 125 GeV) are given in
the second column of Tab. 1. Because only a select region
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tested using the public tool HiggsBounds-v4.3.1 [17, 18,
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The points were also required to satisfy some additional
constraints from LEP and LHC that have not (yet) been
implemented in HiggsBounds. Consistency with the com-
bined LEP H± searches in the 2HDM-I [21] was ensured
by requiring that mH± > 90 GeV. The LEP-II constraints
on e+e� ! ��bb̄ [22] were also taken into account. While
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Scenario 1:  
mh+mA<mZ ;  H0 is SM-like

•  The heavier H is SM-like à alignment |sin(β–α)| << 1 
•  LEP constraints à h or A more or less fermiophobic  

– i.e. Yukawa couplings suppressed. In Type I: 
 
 
 
 
If |sin(β–α)| << 1 and tanβ > 2–3 this is smallish

•  If yhff << 1, then sin(β–α) ≈ –1/tanβ
•  Note also

R. Enberg, Scalars 2017
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Fermiophobic light h0 or A0

When fermion couplings of h0 are suppressed:
•  h à AZ* can dominate if A is light enough
•  h à γγ can be large if h à AZ* is not possible 

 

When fermion couplings of A0 are suppressed:
•  A à hZ* can dominate if h is light enough
•  A à γγ not possible if fermiophobic (no WW)

Many searches for light h0, A0 consider bb or τ+τ– decays
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7



Dominant h0 à γγ
Loop factor for the decay:             BR: bb (red), γγ (green) 
W (red), H+ (green), f (blue)

For small cα BR(h0àγγ)≈1 is possible: fermiophobic h0
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Type I allowed parameter space
mA=mH/2: 

 HàAA 
opens à 

non-SM-like

Z à hA decay 
too large for 
ΓZ constraint

mh+mA>mZ

Small enough 
HAA coupling 

mh=2mA: 

 hàAA 
opens à LEP 
constraints

1605.02498 

We find that σ(qq) is indeed  
much larger than σ(gg) in this sample



Scenario 2: 
H is SM-like, H± is light

Either h or A is lighter than H± so 
•  H± à W± h  or  H± à W± A

Production
•  pp à H+ h 
•  pp à H+ H–

•  pp à H+ A
•  pp à H+ W– 

Partially same parameter space as Scenario 1 
but we allow also heavier h or A

R. Enberg, Scalars 2017
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H± production & decay

R. Enberg, Scalars 2017

BR(H± à W± h0)

Again large because  
same H±W±h0 coupling

σ(pp à W±* à H± h0) 
 
large because H±W±h0   
coupling ~ cos(β–α)~1 
and large phase space 

[Arhrib, Benbrik, RE, Klemm, Moretti, Munir, 1706.01964]



Scenario 2: LHC signals
If h or A are light enough and fermiophobic:

•  pp à H+ h à (W*h) h à W*γγγγ
•  pp à H+ H– à (W*h)(W*h)  à W*W*γγγγ

Such signals are challenging: 
Typically would need to trigger on leptons and photons 
with pT of 10-20 GeV   (this is possible!)
But there is no background! (~ 10–3 fb)
MC study in 1706.01964
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Scenario 3: 
h0 is SM-like, other scalars heavier
•  Will we have the same effect for heavier scalars? 

à Will depend on if vector propagator allowed
•  Consider Type I and II
•  Production of pairs hi hj as well as 3 or 4 scalars 

for hi,j = h0, H0, A0, H±

•  Find that gg à hi hj is usually larger than qq à hi hj 
but there are exceptions: Z or W propagator

•  I will only give a couple of examples here, but we 
have calculated cross sections for all possible pairs of 
neutral and charged Higgs bosons

R. Enberg, Scalars 2017
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ppàH0 A0: qq vs gg production
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qq larger

gg 
larger

4 flavor 5 flavor

Here qq can still dominate: Z exchange 
is allowed for CP even + CP odd 
No enhancement from bb production



ppàH0 h0: qq vs gg production
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qq larger

gg 
larger

4 flavor 5 flavor

No vector boson in s-channel allowed 
Large enhancement from bb in Type II: 
t-channel or CP-even Higgs in s-channel



Summary
•  If a Z or W is allowed in s-channel, cross section for 

qqbar production can be large
•  Especially if Z can be onshell, which it can’t be in 

gg production
•  There are regions of 2HDM parameter space where 

this happens
•  Especially for light h0, A0, H± in Type I
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