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Figure 1.9: Higgs prodcution cross–section through various production channels at the
Tevatron (above) [20] and the LHC (below) [13] as a function of its mass.
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➢Three 
neutral 
Higgs bosons 
(h, H, A), a 
H± pair 

2HDM - SCALAR POTENTIAL
where α is the mixing angle of the two CP-even Higgs bosons, tan β has been defined earlier and
G and G+ are the Goldstone bosons. The most general, CP-conserving potential for two Higgs
doublets reads

V2HDM = m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2 − [m2

12Φ
†
1Φ2 + h.c.]

+ 1
2
λ1(Φ

†
1Φ1)

2 + 1
2
λ2(Φ

†
2Φ2)

2 + λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1)

+
{

1
2
λ5(Φ

†
1Φ2)

2 +
[
λ6(Φ

†
1Φ1) + λ7(Φ

†
2Φ2)

]
Φ†
1Φ2 + h.c.

}
.

(14)

Through the minimisation conditions of the Higgs potential above, m2
11 and m2

22 can be traded
for the VEVs v1 and v2, respectively. Furthermore, the tree-level mass relations allow the quartic
coupling λ1−5 in Eq. (14) to be substituted by the four physical Higgs boson masses and the neutral
sector mixing parameter sin(β − α). Thus, in contrast with the SUSY models, in the 2HDMs the
masses of the Higgs bosons are free input parameters, along with λ6, λ7, m2

12, sin(β−α) and tan β.
In the 2HDMs, the Yukawa couplings of the fermions are also a priori free parameters. However,

depending on how the two Higgs doublets couple to the fermions, FCNCs can be mediated by scalars
at the tree level. The requirement of no large FCNCs thus puts very strong restrictions on the
coupling matrices. There are two general approaches for avoiding large FCNCs. One way is to
impose a Z2 symmetry so that each type of fermion only couples to one of the doublets (“natural
flavour conservation”) [50, 51]. The same symmetry then holds also in the scalar potential (forcing
λ6 = λ7 = 0), up to the soft breaking terms with parameter m2

12, thus further reducing the number
of free parameters.

As noted in the Introduction, there are four ways of assigning the Z2 charges, giving 2HDMs
of Types I, II, X and Y. One defines as Type I the model where only the doublet Φ2 couples to all
fermions; Type II is the scenario similar to the MSSM, where Φ2 couples to up-type quarks and Φ1

couples to down-type quarks and leptons; in a Type X (or Type IV or ‘lepton-specific’) model Φ2

couples to all quarks and Φ1 couples to all leptons; and a Type Y (or Type III or ‘flipped’) model is
built such that Φ2 couples to up-type quarks and to leptons and Φ1 couples to down-type quarks.
The Type X and Type Y models have a similar phenomenology to Type I and II, respectively,
especially in the context of this study. Specifically, g2qH± is the same in the Type I and Type X

models. Similarly, the Type Y model has a similar Yukawa structure, and consequently g2qH± , as
Type II, except for the leptons which couple to a different Higgs doublet in either of the two models.
This, incidentally, implies that there is no tan β-enhancement in the Type Y model to affect the
BR(H± → τν). We therefore consider only the Type I and Type II models, referred to as 2HDM-I
and 2HDM-II, respectively, which are the most well-known ones.

Another way to achieve small FCNCs without imposing natural flavour conservation is to pos-
tulate that the Yukawa coupling matrices of the two Higgs doublets are proportional to each other,
i.e., they are aligned. This approach has been adopted in the aforementioned A2HDM [28], where
both scalar doublets (Φ1 and Φ2) couple to all types of fermions. In the Z2-symmetric 2HDMs
discussed above the Yukawa couplings are determined solely by the parameter tan β, while the
CP-conserving A2HDM instead has separate parameters for the up-type quarks, the down-type
quarks and the leptons, usually denoted by βU , βD and βL. In the A2HDM there is no specific
basis singled out by the fermionic sector due to the absence of the Z2 symmetry. For this study we
choose the basis where only one doublet acquires a VEV, called the ‘Higgs basis’. In this basis the
input parameters include sinα (where α is the angle that diagonalises the CP-even Higgs-sector),
λ2, λ3, λ7 and the above-mentioned alignment angles βU,D,L, in addition to the physical Higgs
boson masses.

The expressions for g2qH± in Eq. (1) for the different 2HDMs (including the A2HDM) are given
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and a H± pair, after rotating away the Goldstone bosons. In the NMSSM, the MSSM upper limit
on the tree-level mass of the SM-like Higgs boson, given in Eq. (6), gets modified as

m2
HSM

≤ m2
Z cos2 2β +

λ2v2 sin2 2β

2
−

λ2v2

2κ2

[
λ− sin 2β

(
κ+

Aλ√
2s

)]2
, (9)

where v ≡
√

v21 + v22 = 246GeV, s is the VEV of the singlet field and Aλ is the soft SUSY-breaking
parameter corresponding to the coupling λ. Clearly, for large values of λ and small tan β, the
second term in the above equation gives a significant positive contribution to the HSM mass.

The mass expression for H± in the NMSSM is given as

m2
H± = m2

A +m2
W −

v2λ2

2
, (10)

where m2
A is, in contrast with the MSSM, the diagonal entry [M2

A]11 of the pseudoscalar mass
matrix M2

A of the model, given by

m2
A = [M2

A]11 =

√
2λs

sin 2β
(Aλ +

κs√
2
) . (11)

Again, for a given value of tan β, the negative third term in Eq. (10) results in a smaller m2
H± in

the NMSSM compared to that in the MSSM, where it is given by the first two terms only. This
negative contribution increases with the size of λ.

A crucial observation here is that a large λ, necessary to obtain sufficiently small mH± , has the
dual advantage of enhancing also the tree-level mass of HSM, as noted above. Such a scenario is
therefore more natural than the one with a very MSSM-like HSM, since a much smaller amount of
fine-tuning is required to achieve the correct Higgs boson mass via radiative corrections. But large
λ also implies a substantial singlet component in HSM, which could result in significantly reducing
its couplings to fermions and gauge bosons compared to those of the SM Higgs boson. However,
recent studies [26] have shown that, for large λ and small tan β, the HSM of the model, which can
correspond to either H1 or H2, can still be consistent with the LHC Higgs boson data. The signal
strength of HSM in the γγ decay channel in such a scenario can in fact be much larger than that of
a SM-like Higgs boson, owing to a reduction in the BR(HSM → bb̄) compared to the true SM case.
We point out here that, as in the MSSM, the HSM in the NMSSM will also be identified with Hobs,
since it is assumed to be the Higgs boson observed at the LHC.

The phenomenological version of the NMSSM that we study here contains three new parameters
in addition to those of the pMSSM, mentioned earlier, with µ replaced by µeff(≡ λs) and mA traded
for Aλ. These include λ, κ and Aκ, the latter being a dimensionful coupling originating in the
SUSY-breaking part of the Higgs potential.

3.2 2HDMs

A generic non-Supersymmetric 2HDM is defined by its scalar potential and its Yukawa couplings.
The two Higgs doublets in such a model are written in terms of their VEVs and the physical Higgs
states as

Φ1 =
1√
2

( √
2
(
G+ cos β −H+ sin β

)

v1 − h sinα+H cosα+ i (G cos β −A sin β)

)

, (12)

Φ2 =
1√
2

( √
2
(
G+ sin β +H+ cos β

)

v2 + h cosα+H sinα+ i (G sin β +A cos β)

)

, (13)
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15, 16, 17, 18, 19, 20, 21, ]. Exciting new possibilities for explicit or spontaneous CP
violation constitute one of the attractive features of 2HDMs.

With the Large Hadron Collider (LHC) starting to produce data, time seems appro-
priate for a review of 2HDMs. The Higgs sector of the Standard Model is very predictive,
with the Higgs mass being the only free parameter, and it will be tested at the LHC over
the entire theoretically preferred mass ranges within the next few months. In contrast,
due to the larger number of free parameters in the 2HDM, it will take much longer to
probe the entire parameter space of the various models. Should the Higgs not be seen at
the LHC in the next few months, the 2HDM will be one of the simplest alternatives. With
charged Higgs bosons, pseudoscalars and different decay modes and branching ratios, the
experimental challenges will be quite different than in the Standard Model. While it may
not be possible to completely probe the entire parameter space of the various 2HDMs at
the LHC, most of the parameter space can be probed, and this is further incentive for a
review of the various forms of the 2HDM and their experimental signatures.

We shall explicitly exclude supersymmetric models from this review. The Higgs sec-
tor of supersymmetric models is extremely well-studied and Djouadi [24] has written a
very comprehensive review of it. We shall also not include models with scalar SU(2) sin-
glets in addition to the two doublets, since those models usually include many additional
parameters.

In general, the vacuum structure of 2HDMs is very rich. The most general scalar
potential contains 14 parameters and can have CP-conserving, CP-violating, and charge-
violating minima. In writing that potential one must be careful in defining the various
bases and in distinguishing parameters which can be rotated away from those which
have physical implications. However, most phenomenological studies of 2HDMs make
several simplifying assumptions. It is usually assumed that CP is conserved in the Higgs
sector (only then can one distinguish between scalars and pseudoscalars), that CP is
not spontaneously broken, and that discrete symmetries eliminate from the potential all
quartic terms odd in either of the doublets; however, usually one considers all possible real
quadratic coefficients, including a term which softly breaks these symmetries. We shall
also make those assumptions in the early chapters of this report but will subsequently
discuss relaxing them. Under those assumptions, the most general scalar potential for
two doublets Φ1 and Φ2 with hypercharge +1 is

V = m2
11 Φ

†
1Φ1 +m2

22Φ
†
2Φ2 −m2

12

(
Φ†

1Φ2 + Φ†
2Φ1

)
+
λ1
2

(
Φ†

1Φ1

)2
+
λ2
2

(
Φ†

2Φ2

)2

+λ3Φ
†
1Φ1Φ

†
2Φ2 + λ4Φ

†
1Φ2 Φ

†
2Φ1 +

λ5
2

[(
Φ†

1Φ2

)2
+
(
Φ†

2Φ1

)2]
, (2)

where all the parameters are real. For a region of parameter space, the minimization of
this potential gives

⟨Φ1⟩0 =

(
0
v1√
2

)

, ⟨Φ2⟩0 =

(
0
v2√
2

)

. (3)

With two complex scalar SU(2) doublets there are eight fields:

Φa =

(
φ+
a

(va + ρa + iηa)
/√

2

)
, a = 1, 2. (4)
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(α: mixing angle of neutral scalars, tanβ = v2/v1)
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Figure 1: Mass differences for 2HDM points which give contributions to S, T , and U in agree-
ment with the present limits [20] at the 2 σ level.

mS ≫ v at which the heavy doublet is integrated out. The existence of the decoupling limit
shows the absence of an absolute upper limit for the heavy Higgs masses in the general 2HDM.
We should therefore focus on deriving lower limits on the masses, which will require additional
input from experiments.

Before considering the Yukawa sector, we want to briefly discuss electroweak precision tests
and the 2HDM contribution to the oblique parameters S, T , U [18]. Fixing mh = 114 GeV,
we perform a scan over the other 2HDM masses (with mHi

> mh) and sin(β − α). For each
point, the results of [19] are used to evaluate the oblique parameters. Points which fulfill the
PDG limits [20] at the 2 σ level are illustrated in Fig. 1. The figure shows the mass splittings
|mH+ −mA| and |mH+ −mS|, where m2

S = m2
H sin2(β−α)+m2

h cos2(β−α) is a combined scalar
mass. We see that both these mass splittings cannot be simultaneously O(v) for the 2HDM
to be compatible with the EW precision tests. The limits mH+ ≃ mA (independent of β − α),
mH+ ≃ mH (with cos(β − α) = 0), and mH+ ≃ mh (with sin(β − α) = 0) correspond to the
known cases when custodial symmetry ensures T ≃ 0 [8, 21].

3 The Yukawa sector

Assuming CP conservation, the general Yukawa Lagrangian of the 2HDM, expressed in the
fermion mass eigenstates, is [6]

−LY = QLΦ̃1η
U
1 UR +QLΦ1η

D
1 DR +QLΦ1η

L
1 LR +QLΦ̃2η

U
2 UR +QLΦ2η

D
2 DR +QLΦ2η

L
2 LR, (8)

where Φ̃i ≡ iσ2Φ∗
i . The ηF

i , with F = {U, D, L}, are real 3 × 3 Yukawa matrices, subject to
the requirement that masses for the fermions are generated by the combination coupling to the

5

The Yukawa Lagrangian for the neutral scalars reads

vevs:
MF =

v√
2

(
ηF

1 cos β + ηF
2 sin β

)
. (9)

MF is here the (real and positive) mass matrix. It is convenient to introduce the short-hand
notation

κF ≡ ηF
1 cos β + ηF

2 sin β. (10)

The combination orthogonal to κF , and which does not participate in giving mass to the
fermions, is then

ρF ≡ −ηF
1 sin β + ηF

2 cos β. (11)

Performing a change of basis on the Higgs fields, we can also re-express the Yukawa Lagrangian,
Eq. (8), in the basis (H1, H2) where only one Higgs doublet (here taken to be H1) acquires a
vev. The resulting Lagrangian becomes

−LY = QLH̃1κ
UUR+QLH1κ

DDR+QLH1κ
LLR+QLH̃2ρ

UUR+QLH2ρ
DDR+QLH2ρ

LLR. (12)

H1 (with vev v1 = v) generates the fermion masses and consequently couples with κF , while
H2 has v2 = 0 and couples with ρF .

The Yukawa matrices for the Higgs doublets determine the couplings of the physical scalars
to the fermions, which in an arbitrary basis are given by

−LY =
1√
2
D

[
κDsβ−α + ρDcβ−α

]
Dh +

1√
2
D

[
κDcβ−α − ρDsβ−α

]
DH +

i√
2
Dγ5ρ

DDA

+
1√
2
U

[
κUsβ−α + ρUcβ−α

]
Uh +

1√
2
U

[
κUcβ−α − ρUsβ−α

]
UH −

i√
2
Uγ5ρ

UUA

+
1√
2
L
[
κLsβ−α + ρLcβ−α

]
Lh +

1√
2
L
[
κLcβ−α − ρLsβ−α

]
LH +

i√
2
Lγ5ρ

LLA

+
[
U

(
VCKMρDPR − ρUVCKMPL

)
DH+ + νρLPRLH+ + h.c.

]
.

(13)

The general form of Eq. (13) exhibits tree-level FCNCs unless the ρF are diagonal. A sufficient
condition for this to occur is that each fermion type F = {D, U, L} couples to only one Higgs
doublet [22]. In Eq. (8) this condition translates into demanding either ηF

1 = 0 or ηF
2 = 0, which

through Eqs. (10), (11) leads to the relations ρF = κF cotβ and ρF = −κF tanβ, respectively.
A way to accomplish vanishing ηF

i naturally is to impose a symmetry to prevent some of the
couplings from appearing in Eq. (8), for example a Z2 symmetry under which one Higgs doublet
and some of the right-handed fermion fields are odd. Models with such a symmetry are called
2HDM types. We choose a convention for the types I – IV given by [13].3 The assignment of
Z2 charges, and the emergent coupling relations, are specified in Table 1.

3The notation and meaning of the different types varies in the literature. Sometimes type Y (III) and type X
(IV) is used. In supersymmetry, type III usually refers to the general model encountered when the Z2 symmetry
of the tree-level type II model is broken by higher order corrections.
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MINIMAL FLAVOUR VIOLATION

Model ui
R diR eiR

Type I Φ2 Φ2 Φ2

Type II Φ2 Φ1 Φ1

Lepton-specific Φ2 Φ2 Φ1

Flipped Φ2 Φ1 Φ2

Table 1: Models which lead to natural flavour conservation. The superscript i is a gener-
ation index. By convention, the ui

R always couple to Φ2.

all tree-level FCNC, and gives three arbitrary proportionality constants. Note that this
assumption is ad hoc and, in general, is not radiatively stable [39] - one would obtain FCNC
couplings being generated radiatively, as was analysed recently in Ref. [40]. However,
Serôdio has recently proposed a UV completion of the Pich–Tuzón model [41]. And
Varzielas [42] has studied how family symmetries in multi-Higgs doublet models may give
a justification for the alignment hypothesis. Each of the four models (as well as the
Inert Doublet model discussed later) then arises as a specific choice of the proportionality
constant (and only these choices allow for a symmetry [39]). Another recent, very general,
formulation in which the various models are special cases is shown in Ref. [43]. One
should keep in mind that even if a 2HDM without FCNC is correct, it will take some
time to determine all of the couplings to determine which 2HDM it is, and the Pich-
Tuzon parametrization might be a valuable guide for phenomenologists. In addition, the
Pich-Tuzon parametrization might arise in other models; for example, the three doublet
model of Cree and Logan [44] reproduces the Pich-Tuzon model in its charged Higgs
Yukawa couplings. Of particular interest is the fact that if the proportionality constants
are complex, one has CP violating effects. It has been noted [38, 45] that loop corrections
induce flavour changing currents of the Minimal Flavour Violation form, and bounds
on the charged-Higgs mass were discussed. A similar approach was recently used by
Mahmoudi and Stal [46], who studied the constraints on the charged-Higgs mass from
meson decays and FCNC transitions, using a more general model-independent approach,
getting results in the four models as special cases.

The Yukawa couplings can now be determined. In the Standard Model, the coupling
of the fermion f to the Higgs boson is mf/v. Following the notation of Aoki et al. [36],
we define the parameters ξfh , ξ

f
H, ξ

f
A through the Yukawa Lagrangian

L2HDM
Yukawa = −

∑

f=u,d,ℓ

mf

v

(
ξfhffh+ ξfHffH − iξfAfγ5fA

)

−

{√
2Vud

v
u
(
muξ

u
APL +mdξ

d
APR

)
dH+ +

√
2mℓξℓA
v

νLℓRH
+ +H.c.

}

(16)

where PL/R are projection operators for left-/right-handed fermions, and the factors ξ are
presented in Table 2.

In all models, the coupling of the neutral Higgs bosons to the W and Z are the same:
the coupling of the light Higgs, h, to either WW or ZZ is the same as the Standard-Model
coupling times sin(β − α) and the coupling of the heavier Higgs, H , is the same as the

11

To prevent flavour-changing neutral currents, a Z2 

symmetry can be imposed (removes CP-violating λ6,7)  

Z2-charge assignment     four Types
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As pointed out earlier, experimental searches can tightly constrain the properties of the H± in a 2HDM, depending
on its Type. For instance, in the Type-II and Type-Y 2HDMs, the measurement of the BR(b ! s�) constrains mH±

to be larger than about 570 GeV [10–12], which makes these models irrelevant for this study. We therefore focus here
on the 2HDM-I, in which one can still obtain an H

± with a mass as low as ⇠ 100 � 200 GeV [11, 12, 27], provided
that tan� � 2.
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In our analysis, we concentrate on the scenario where H is the SM-like Higgs, while h is lighter than 125 GeV and A

could be either lighter or heavier than the h. In this section we first discuss the light CP-even Higgs h in our scenario,
which can occur near the alignment limit (sin(��↵) ⇡ 0) [24], and show how it can be highly fermiophobic, decaying
dominantly to two photons. We then proceed to pp ! W

±⇤ ! H
±
h production via s-channel W± exchange, followed

by the H± ! W
±
h decay mode, which could be the dominant one, allowing the H± to escape the Tevatron and LHC

limits, which are based on the fermionic decay modes, H± ! ⌧⌫, cs, cb [13, 14, 19].

A. Fermiophobic h in the 2HDM-I

It is well known that, in the SM, the h ! �� decay is dominated by the W
± loop, which is partly cancelled by

a sub-leading contribution from the top quarks; in the 2HDM, we additionally have an H
± contribution. The W
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In our 2HDM-I scenario with H being the SM-like Higgs boson, the W

± loops in h ! �� get suppressed by this
factor of sin(� � ↵) ⇡ 0. For the fermionic loops, cos↵ is computed through

cos↵ = sin� sin(� � ↵) + cos� cos(� � ↵). (3)

For negative sin(��↵) and positive cos(��↵), it is clear that cos↵ will vanish for a particular choice of tan�. When
this scenario takes place, since its couplings to fermions are proportional to cos↵, the h becomes fermiophobic [28].
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which can occur near the alignment limit (sin(��↵) ⇡ 0) [24], and show how it can be highly fermiophobic, decaying
dominantly to two photons. We then proceed to pp ! W

±⇤ ! H
±
h production via s-channel W± exchange, followed

by the H± ! W
±
h decay mode, which could be the dominant one, allowing the H± to escape the Tevatron and LHC

limits, which are based on the fermionic decay modes, H± ! ⌧⌫, cs, cb [13, 14, 19].

A. Fermiophobic h in the 2HDM-I

It is well known that, in the SM, the h ! �� decay is dominated by the W
± loop, which is partly cancelled by

a sub-leading contribution from the top quarks; in the 2HDM, we additionally have an H
± contribution. The W

±

loop depends on hW
+
W

� / sin(� � ↵), the fermionic loops on hff̄ / cos↵/ sin�, and the H
± contribution enters

through the triple scalar coupling hH
±
H

⌥, which depends on the scalar parameters of the potential.
In our 2HDM-I scenario with H being the SM-like Higgs boson, the W

± loops in h ! �� get suppressed by this
factor of sin(� � ↵) ⇡ 0. For the fermionic loops, cos↵ is computed through

cos↵ = sin� sin(� � ↵) + cos� cos(� � ↵). (3)

For negative sin(��↵) and positive cos(��↵), it is clear that cos↵ will vanish for a particular choice of tan�. When
this scenario takes place, since its couplings to fermions are proportional to cos↵, the h becomes fermiophobic [28].
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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 Z2 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 Z2 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

V = m
2
11�

†
1�1 + m

2
22�

†
2�2 � [m2

12�
†
1�2 + h.c.]

+
1

2
�1(�

†
1�1)

2 +
1

2
�2(�

†
2�2)

2 + �3(�
†
1�1)(�

†
2�2)

+ �4(�
†
1�2)(�

†
2�1) + [

1

2
�5(�

†
1�2)

2 + h.c.], (1)

which is invariant under the symmetry �1 ! ��1 up to
the soft breaking term proportional to m

2
12. Through the

minimization conditions of the potential, m
2
11 and m

2
22 can

be traded for the vacuum expectation values, v1 and v2,
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 � = v2/v1), 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)
m

2
12 (GeV2) (0, m

2
A

sin � cos �) (0, m
2
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 Hobs. The combined 68% CL results
from ATLAS and CMS for the most sensitive channels
are [15]: µ

��

ggF+tt̄H
= 1.15+0.28

�0.25, µ
��

VBF+V H
= 1.17+0.58

�0.53,

µ
4` = 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 Hobs 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.

very strong restrictions on the coupling matrices. The sim-
plest way to avoid large FCNCs is to impose a Z2 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 Z2 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

V = m
2
11�

†
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which is invariant under the symmetry �1 ! ��1 up to
the soft breaking term proportional to m

2
12. Through the

minimization conditions of the potential, m
2
11 and m

2
22 can

be traded for the vacuum expectation values, v1 and v2,
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 � = v2/v1), 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)
m

2
12 (GeV2) (0, m

2
A

sin � cos �) (0, m
2
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 Hobs. The combined 68% CL results
from ATLAS and CMS for the most sensitive channels
are [15]: µ

��

ggF+tt̄H
= 1.15+0.28

�0.25, µ
��

VBF+V H
= 1.17+0.58

�0.53,

µ
4` = 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 Hobs pushes the
model towards the alignment limit, s��↵ ! 0. Addition-

2

Landau-Yang theorem forbids the contribution of a 
resonant Z boson to the QCD production of a hA pair

but not to EW production: enhanced cross sections?
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NUMERICAL ANALYSIS

Unitarity, perturbativity and vacuum stability 

Oblique parameters S, T and U 

Flavour physics

mh (GeV) 10 – 80

mA (GeV) 10 – (MZ �mh)

mH± (GeV) 90 – 500

sin(� � ↵) �1 – 1

m
2
12 (GeV

2
) 0 – m

2
A
sin� cos�

tan� 2, 25

mh (GeV) 10 – 2MZ/3

mA (GeV) mh/2 – (MZ �mh)

mH± (GeV) 90 – 150

sin(� � ↵) �0.25 – 0

m
2
12 (GeV

2
) 0 – m

2
A
sin� cos�)

tan� (�0.95 – �1.1)/sin(� � ↵)

H
0
d
=

✓ 1p
2
(vd +HdR + iHdI)

H
�
d

◆
, H

0
u
= e

i�u

✓
H

+
u

1p
2
(vu +HuR + iHuI)

◆
, S

0
=

e
i�s

p
2
(vs+SR+iSI).

(14)

3

Numerically scanning of the 
parameter space (trading 
λ1-5 for the physical Higgs 

boson masses as input 
parameters), with the 
following constraints 
imposed: Code: 2HDMC [D. Eriksson, J. Rathsman, O. Stal, 0902.0851]
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NUMERICAL ANALYSIS

Flavour physics 

SuperIso Manual [F. Mahmoudi, 0808.3144]

mh (GeV) 10 – 80

mA (GeV) 10 – (MZ �mh)

mH± (GeV) 90 – 500

sin(� � ↵) �1 – 1

m
2
12 (GeV

2
) 0 – m

2
A
sin� cos�

tan� 2, 25

mh (GeV) 10 – 2MZ/3

mA (GeV) mh/2 – (MZ �mh)

mH± (GeV) 90 – 150

sin(� � ↵) �0.25 – 0

m
2
12 (GeV

2
) 0 – m

2
A
sin� cos�)

tan� (�0.95 – �1.1)/sin(� � ↵)

H
0
d
=

✓ 1p
2
(vd +HdR + iHdI)

H
�
d

◆
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0
u
= e
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✓
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+
u

1p
2
(vu +HuR + iHuI)

◆
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0
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e
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p
2
(vs+SR+iSI).

(14)

2.63  BR(B ! Xs�)⇥ 10
4  4.23

0.71 < BR(Bu ! ⌧⌫⌧ )⇥ 10
4

< 2.57

1.3 < BR(Bs ! µ
+
µ
�
)⇥ 10

9
< 4.5

�1.7⇥ 10
�2

< �0(B ! K
⇤
�) < 8.9⇥ 10

�2

0.56 < R⌧⌫⌧
< 2.70

2.9⇥ 10
�3

< BR(B ! D
0
⌧⌫⌧ ) < 14.2⇥ 10

�3

0.151 < ⇠D`⌫ < 0.681

BR(Bd ! µ
+
µ
�
) < 1.1⇥ 10

�9

0.6257 <
BR(K ! µ⌫)

BR(⇡ ! µ⌫)
< 0.6459

0.985 < R`23 < 1.013

4.7⇥ 10
�2

< BR(Ds ! ⌧⌫⌧ ) < 6.1⇥ 10
�2

4.9⇥ 10
�3

< BR(Ds ! µ⌫µ) < 6.7⇥ 10
�3

3.0⇥ 10
�4

< BR(D ! µ⌫µ) < 4.6⇥ 10
�4

�2.4⇥ 10
�10

< �aµ < 5.0⇥ 10
�9

3
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2.63  BR(B ! Xs�)⇥ 10
4  4.23

0.71 < BR(Bu ! ⌧⌫⌧ )⇥ 10
4

< 2.57

1.3 < BR(Bs ! µ
+
µ
�
)⇥ 10

9
< 4.5

�1.7⇥ 10
�2

< �0(B ! K
⇤
�) < 8.9⇥ 10

�2

0.56 < R⌧⌫⌧
< 2.70

2.9⇥ 10
�3

< BR(B ! D
0
⌧⌫⌧ ) < 14.2⇥ 10

�3

0.151 < ⇠D`⌫ < 0.681

BR(Bd ! µ
+
µ
�
) < 1.1⇥ 10

�9

0.6257 <
BR(K ! µ⌫)

BR(⇡ ! µ⌫)
< 0.6459

0.985 < R`23 < 1.013

4.7⇥ 10
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< BR(Ds ! ⌧⌫⌧ ) < 6.1⇥ 10
�2

4.9⇥ 10
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< BR(Ds ! µ⌫µ) < 6.7⇥ 10
�3

3.0⇥ 10
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< �aµ < 5.0⇥ 10
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Observable Measurement

BR(B ! Xs�)⇥ 104 3.32± 0.15 [17]

BR(Bu ! ⌧
±
⌫⌧ )⇥ 104 1.06± 0.19 [17]

BR(Bs ! µ
+
µ
�)⇥ 109 3.0± 0.85 [18]

µgg 1.14+0.19

�0.18
[20]

µZZ 1.29+0.26

�0.23
[20]

µWW 1.09+0.18

�0.16
[20]

µ⌧⌧ 1.11+0.24

�0.22
[20]

µbb 0.70+0.29

�0.27
[20]

Table 2: Measured values of the Hobs signal rates, imposed as constraints on the scanned points.

should probably use the LHCb value, 3.0± 0.85, from ArXiv:1703.05747.

3.32� 0.15  BR(B ! Xs�)⇥ 104  3.32 + 0.15 [17]

1.06± 0.19  BR(Bu ! ⌧
±
⌫⌧ )⇥ 104  1.06 + 0.19 [17]

3.0� 0.85  BR(Bs ! µ
+
µ
�)⇥ 109  3.0 + 0.85 [18]

�1.7⇥ 10�2
< �0(B ! K

⇤
�) < 8.9⇥ 10�2

0.56 < R⌧⌫⌧ < 2.70

2.9⇥ 10�3
< BR(B ! D

0
⌧⌫⌧ ) < 14.2⇥ 10�3

0.151 < ⇠D`⌫ < 0.681

BR(Bd ! µ
+
µ
�) < 1.1⇥ 10�9

0.6257 <
BR(K ! µ⌫)

BR(⇡ ! µ⌫)
< 0.6459

0.985 < R`23 < 1.013

4.7⇥ 10�2
< BR(Ds ! ⌧⌫⌧ ) < 6.1⇥ 10�2

4.9⇥ 10�3
< BR(Ds ! µ⌫µ) < 6.7⇥ 10�3

3.0⇥ 10�4
< BR(D ! µ⌫µ) < 4.6⇥ 10�4

�2.4⇥ 10�10
< �aµ < 5.0⇥ 10�9

3.6 LHC Higgs results

The signal rates quoted below need updating. The latest values from Run-I, from ArXiv:1606.02266,
read: µgg = 1.14+0.19

�0.18
, µZZ = 1.29+0.26

�0.23
, µWW = 1.09+0.18

�0.16
, µ⌧⌧ = 1.11+0.24

�0.22
, µbb = 0.70+0.29

�0.27
.

Using HiggsSignals 1.3.2 [19], we calculate signal strengths for h1 ! �� via gluon fusion + tt̄h1

or via VBF + V h1 and h1 ! ZZ (all channels).
The Higgs boson signal rates were calculated Using HiggsSignals 1.3.2 [19]. The latest LHC

signal rate measurements are gven in table 2.

6

[A. Arbey, F. Mahmoudi, O. Stal, T. Stefaniak, [1706.07414]

HFLAV Coll., 1612.07233]

LHCb Coll., 1703.05747]
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mH = 125 GeV

Unitarity, perturbativity and vacuum stability 

Oblique parameters S, T and U 

Flavour physics  

LEP, TeVatron and LHC results for 

•Additional Higgs bosons (HiggsBounds) 

•Measured Higgs signal strengths (HiggsSignals)
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0
u
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+
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1p
2
(vu +HuR + iHuI)

◆
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0
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p
2
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(14)

3

Numerically scanning of the 
parameter space (trading 
λ1-5 for the physical Higgs 

boson masses as input 
parameters), with the 
following constraints 
imposed: (Code: 2HDMC [D. Eriksson, J. Rathsman, O. Stal, 0902.0851])
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ally, strong constraints from LEP searches lead to sup-
pressed h/A couplings to fermions,3 producing a strong
correlation s��↵ ⇡ �1/ tan �. We also find that a rel-
atively light charged Higgs (mH± . 120 GeV) is neces-
sary, as a charged Higgs mass too far separated from mh

or mA results in large contributions to the T -parameter.4

Existing searches for charged Higgs bosons in this mass
range typically focus on production from top decays fol-
lowed by charged Higgs boson decays to either ⌧⌫ or cs.
For the points selected by the scan, these branching ra-
tios typically fall below the percent level, in many cases
by several orders of magnitude, with maximal values of
BR(t ! H

+
b) . 0.04, BR(H+ ! ⌧

+
⌫⌧ ) . 0.01, and

BR(H+ ! cs̄) . 6⇥10�3. This places them well below ex-
isting constraints, including recent LHC results [27, 28, 29]
not yet included in HiggsBounds. Instead of the standard
decays, the low masses of h and A in the scenario consid-
ered here allow the H

± to decay dominantly in the W
⇤
h

or W
⇤
A channels (with the respective branching ratios al-

ternatively near unity), which have not yet been examined
at the LHC.5

Numerous constraints restrict the possible masses of h

and A. In Fig. 2 we show the points passing all the con-
straints mentioned above in the (mh, mA) plane. Because
the hAZ coupling is maximized in the favored s��↵ ! 0
limit, the constraint from �Z , the 1� and 2� contours for
which are also shown, is particularly severe. We note two
distinct regions with a large density of points in the fig-
ure. The region near the top left corner corresponds to
the mA > mh (heavier A) scenario. This region cuts
o↵ sharply at mA = mH/2 due to the possibility of the
H ! AA decay arising, which potentially leads to a sup-
pression of the signal strengths for the SM-like H (for the
2HDM-I scenarios we consider, these signal strengths are
always below 1 to begin with). This possibility can be
avoided with a su�ciently suppressed HAA coupling, as a
result of which additional points satisfying all constraints
appear in the region corresponding to the mh > mA (heav-
ier h) scenario near the lower right corner of the figure.
When mh > 2mA, the h ! AA decay channel opens up,
and the model is severely constrained by LEP searches
for processes such as e

+
e
� ! hA ! (AA)A ! (bb̄bb̄)bb̄

[31]. Consequently, we did not find acceptable points with
mh > 2mA.

The color map in Fig. 2 depicts the total cross sec-
tion for the qq̄

0 ! hA process, which evidently grows
larger as one moves away from the diagonal and mh + mA

gets smaller. For calculating this cross section, we used
the 2HDMC model [12] with MadGraph5 aMC@NLO [32],
considering both 4- (q = u, d, c, s) and 5- (q = u, d, c, s, b)

3In the 2HDM-I, the couplings of h and A to fermions go as
g
hff̄

⇠ cos↵/sin� and g
Aff̄

⇠ ± cot�.
4This requirement of a light charged Higgs prevents us from find-

ing similar points in Type-II models, where a higher m
H± is required

by B-physics constraints.
5These decay modes of the H

± will be discussed further in [30].

Figure 2: Constraints and accepted points in the (mh,mA) plane.
Shaded areas: Red – mh > 2mA, allowing h ! AA decays; Blue –
theoretical prediction of the Z ! hA partial width exceeds experi-
mental uncertainty at the 1� (lighter) and 2� (darker) levels, in the
limit cos(� � ↵) = 1; Orange – mh + mA above the mZ threshold,
not considered in this study. The color map corresponds to the total
cross section for the qq̄ ! hA process at

p
s = 13 TeV, and the three

benchmark points have been highlighted in yellow.

flavor schemes. The 5-flavor scheme predictions di↵er by
less than 3% from those of the 4-flavor one due to the small
b-quark couplings. Also highlighted in the figure are the
three Benchmark Points (BPs) selected to demonstrate the
typical characteristics of the interesting parameter space
regions. These BPs will be discussed in detail later.

4. EW vs. QCD production

In order to be able to compare the relative strengths of
the qq̄

0 ! hA production mode and the gg ! hA mode,
we also calculated the cross section for the latter for each
point using codes developed with MadGraph5 aMC@NLO
[32] for Higgs pair production [33]. The comparison is
shown in Fig. 3, where one notices that the maximal cross
section achievable for QCD production is about three or-
ders of magnitude smaller than that for EW production,
which can reach as high as ⇠ 90 pb. Also, for the points
shown, while the maximal cross section for EW produc-
tion is consistent across the two (mh, mA) regions, which
can be distinguished through the color map in mA, QCD
production clearly prefers the heavier A scenario.

5. Benchmarks

The input parameters for the three BPs shown in Fig. 2
are given in Tab. 2 along with the corresponding cross
sections in the two hA production channels analyzed. BP1
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[32] for Higgs pair production [33]. The comparison is
shown in Fig. 3, where one notices that the maximal cross
section achievable for QCD production is about three or-
ders of magnitude smaller than that for EW production,
which can reach as high as ⇠ 90 pb. Also, for the points
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tion is consistent across the two (mh, mA) regions, which
can be distinguished through the color map in mA, QCD
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FIG. 3. (LEFT): BR(h ! ��) as a function of mh with cos↵/ sin� on the vertical right axis; (Right) the maximal �(W + 4�)
as a function of mh in the 2HDM-I.

BP mh mH+ mA sin��↵ m
2
12 tan� �(W + 4�) [fb]

1 24.2 152.2 111.1 -0.048 19.0 20.9 359
2 28.3 83.7 109.1 -0.050 31.3 20.2 2740
3 44.5 123.1 119.9 -0.090 30.8 10.9 285
4 56.9 97.0 120.3 -0.174 243.9 5.9 39
5 63.3 148.0 129.2 -0.049 173.1 20.7 141

TABLE II. Input parameters and parton-level cross sections (in fb) corresponding to the selected benchmark points. All masses
are in GeV and for all points mH = 125 GeV. Here �(W + 4�) = �(qq0 ! H

+
h)⇥BR(H±

! W
±
h)⇥BR(h ! ��)2 for the

LHC at 13 TeV.

IV. DISCOVERY POTENTIAL

There should be a mention of the Tevatron search [27] for W +4� here somewhere. Here we consider the potential
for the 13 TeV LHC to observe this `±⌫ +4� signature. Fig. 4 shows the distributions of the transverse momenta for
one the benchmark points, for both the lepton and the softest photon. These both result from decays of relatively
light intermediate states, so the distributions are skewed towards low transverse momenta. The lowest photon pT in
particular peaks at lower values for benchmarks with lower mh. The lepton pT distribution is senstive to both mh and
mH+ ; benchmark point 4, for example, has a mass di↵erence mH+ �mh much less than mW , so the lepton coming
from the o↵-shell W tends toward low pT . Noting also that these distributions fall o↵ rapidly in the pT ranges that
might reasonably be used to select events, the discovery potential could be very sensitive to the choice of triggers and
event selection criteria.

We look into a set of possible cuts and triggers that can be imposed. Rikard’s comments on triggers go here.

Note that the background for this process is almost non-existent. Stefano’s comments on backgrounds go here.

With this in mind, we consider two sets of cuts: one requiring that all photons have p
�

T
> 10 GeV, and the

charged lepton have p
`

T
> 20 GeV, and the other where p

�

T
> 20 GeV and p

`

T
> 10 GeV. In both cases, we

require pseudorapidity |⌘| < 2.5 for the lepton and all photons, and all objects are required to have an isolation
�R =

p
(�⌘)2 + (��)2 < 0.4. To determine the e�ciencies of these cuts, we calculate cross sections for various

masses, and show the selection e�ciency ✏ = �(cuts)/�(no cuts). The results are shown in Fig. 5 for both choices of
cuts and demonstrate a strong dependence on the masses involved. The the e↵ect of these cuts on the cross sections
from our scan is shown in Fig. 6, where it is clear that, given the low background for this process, there is a region of
parameter space thats should be within reach at the LHC.

sin(β−α)➔0          
    “Alignment  
limit”    maximal 
hAZ coupling;

“For mA>mh, Z*γγγγ could 
be an important signature”

BP mh mA mH± s��↵ m
2
12 tan � �(qq̄) �(gg)

1 54.2 33.0 95.9 �0.12 118.3 9.1 41.2 1.5⇥10�4

2 22.2 64.9 101.5 �0.05 10.6 22.1 34.4 7.2⇥10�3

3 14.3 71.6 107.2 �0.06 2.9 16.3 31.6 1.1⇥10�2

Table 2: Input parameters and parton-level cross sections (in pb) corresponding to the selected benchmark points. All masses are in GeV
and for all points mH = 125 GeV.

Figure 3: Cross sections for qq̄- vs. gg-initiated hA production at
the LHC with

p
s = 13 TeV, for points satisfying all the constraints

described in the text. The color map indicates mA.

corresponds to the heavier h scenario while BP2 and BP3
correspond to the heavier A scenario.

In Tab. 3 we list the BRs of h and A in the most im-
portant decay channels for each BP. The allowed points
in the heavier h scenario all have characteristics similar to
BP1 – a highly fermiophobic h which consequently decays
dominantly to Z

⇤
A and a light A which decays primarily

into pairs of third generation fermions.6 The main signa-
tures of interest would then include Z

⇤
bb̄bb̄, Z

⇤
bb̄⌧⌧ , and

Z
⇤
⌧⌧⌧⌧ . A similar situation is also possible in the heavier

A scenario, as seen for BP2, where the roles of A and h

are now reversed, but the most common final states remain
the same. Unlike A, however, the light h can also decay
dominantly to two photons (due to contribution from W

±

loops, which is missing in the A ! �� decay), thus opening
up the possibility of Ah ! (Z⇤

h)h ! Z
⇤
���� or Z

⇤
��bb̄

decay chain for points like BP3.

6. Concluding remarks

In summary, we have shown that, even when the most
up-to-date theoretical and experimental constraints are

6The h ! Z
⇤
A and A ! Z

⇤
h decays were previously discussed

in a fermiophobic model in [34].

BR(h ! ...) [%] BR(A ! ...) [%]
BP Z

⇤
A bb̄ �� ⌧⌧ Z

⇤
h bb̄ ⌧⌧

1 94 5 < 1 < 1 0 86 7
2 0 83 3 7 86 12 1
3 0 60 24 7 90 8 1

Table 3: Dominant BRs [%] of h and A for the BPs. BRs greater
than 20% are highlighted in bold.

imposed, the 2HDM-I o↵ers an intriguing phenomenolog-
ical situation wherein mh + mA < mZ . This possibility
is precluded in other 2HDM Types. Such hA pairs can
be produced in qq̄-annihilation via resonant Z in the s-
channel, unlike the case of gg fusion, where their produc-
tion can only proceed via non-resonant Z

⇤, owing to the
Landau-Yang theorem. As a consequence, at the LHC Run
II, the former would yield event rates up to four orders of
magnitude larger than the latter. Taking into account also
the double Higgs-strahlung production, the inclusive rates
for the qq̄ ! hA process can be as large as tens of pb, and
hence amenable to experimental investigation and poten-
tial discovery by the LHC already at present.

Finally, to demonstrate their feasibility, we have pro-
vided a few 2HDM-I parameter configurations producing
distinctive hA decay patterns. We look forward to the AT-
LAS and CMS experiments testing this hitherto neglected
scenario against their data, as establishing one or more of
the potential hA signatures discussed here will provide not
only a direct proof of a non-minimal Higgs sector but also
circumstantial evidence of a specific 2HDM structure.
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B. pp ! H
±
h and its W

± + 4� final state

To investigate the scenarios which can give rise to a significant W + 4� final state, we perform a systematic scan1

over the 2HDM parameter space listed in Table I. In order to check the consistency of light H
± solutions in the

2HDM-I with various experimental constraints from direct Higgs searches, B-physics, and electroweak precision data,
we scanned the 6-dimensional parameter space (with mH fixed to 125 GeV) using the 2HDMC-v1.7.0 [25] program.
The complete list of the constraints imposed is given in Sec. 2 of [12]. Since that study, a few new analyses of the

H
±
, with some of them based on the 13 TeV Run-II of the LHC, have been released by the CMS and

ATLAS collaborations [? ] citations to be added. These have not yet been included in the program

HiggsBounds [23], that was used for testing the consistency of all the Higgs bosons with the collider

constraints, and were taken into account explicitly. The results as currently presented do not include any
of these additional constraints. We still need to either run the points through the latest version of HiggsBounds or
check them by hand. We additionally require points to satisfy the constraints from fermiophobic e+e� ! hA searches
described in Appendix A.

For calculating the cross section for the process qq
0 ! H

±
h with q = u, d, s, c, b (i.e., in the five-flavour scheme)p

s = 13 TeV, we used 2HDMC [25] combined with with MadGraph5 aMC@NLO [26]. In Fig. 2 we show the cross
section pp ! W

⇤ ! H
±
h (left) as well as BR(H± ! W

±
h). The cross sections have 2 sources of enhancement:

the first is that the coupling H
±
W

⌥
h is proportional to cos(� � ↵) which is near-maximal in our scenario, while the

second is due to phase space enhancement from a light h and/or H
±. The cross section is given for all the points

obtained in our scan that pass all LEP and LHC constraints, in the left panel of Fig. 2. It is clear that this cross
section could reach a pb level for relatively light h in the range 10-60 GeV and light charged Higgs 80-110 GeV.
Similar to the H

± production, the decay H
± ! W

±
h also enjoys the enhancement factor of cos(� � ↵) which is not

suppressed in our scenario. In the right panel of Fig. 2, we show the branching ratio of BR(H± ! W
±
h) which can

be 100% for very light h.

FIG. 2. Scatter plot for: (left) �(qq0 ! H
+
h) at 13 TeV as a function of light higgs mass mh and mH± is indicated on the

right vertical axis, (right) BR(H+
! W

+
h) as a function of mH± and mh is indicated on the right vertical axis.

In Fig. 3, we illustrate in the left panel the branching ratio of h ! �� as function of mh while the other 2HDM
parameters are taken as in in Table I. It is clear that before the opening of h ! WW

⇤ the diphoton branching ratio
of h could be 100% for small values of cos↵/ sin�. Given the large H

±
h cross sections, dominant H

± ! W
±
h

decays, and possibility that the light CP-even could be fermiphobic and primarily decay to 2 photons, the associated
production of charged Higgs with CP even hcould lead to a significant cross section for the W

±
hh ! W4� finale

state. In the right panel of Fig. 3, we show the total cross section �(qq0 ! H
+
h ! W

+
hh ! `

+
⌫����), given by

�(qq0 ! H
+
h) ⇥ BR(H± ! W

±
h) ⇥ BR(h ! ��)2 ⇥ BR(W± ! `

±
⌫). It is clear that for light mh, W4� cross

section could reach a pb level.
From our scan, we selected a few benchmark points which have significant W + 4� cross sections for a variety of

charged and neutral Higgs boson masses, the details of which are shown in Table II. These benchmark points are also
highlighted in the right panel of Figure 3.

1 Although all parameters are scanned uniformly, separate scans were performed for the three ranges separated by mh = 62.5 GeV and
mh = 90 GeV. Apparent discontinuities in some figures at these values of mh are a result of this choice.
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Table 1
Scanned ranges of the 2HDM-I parameters.

Parameter Scanned range
mh (GeV) (10, 120)
mA (GeV) (10, 500)
mH ± (GeV) (80, 170)
sin(β − α) (−1, 1)
m2

12 (GeV2) (0, m2
A sin β cosβ)

tanβ (2, 25)

sin(β − α), the fermionic loops on hf f̄ ∝ cosα/ sin β , and the 
H ± contribution enters through the triple scalar coupling hH ± H∓ , 
which depends on the scalar parameters of the potential.

In our 2HDM-I scenario with H being the SM-like Higgs boson, 
the W ± loops in h → γ γ get suppressed by this factor of sin(β −
α) ≈0. For the fermionic loops, cosα is computed through

cosα = sinβ sin(β − α) + cosβ cos(β − α). (3)

For negative sin(β − α) and positive cos(β − α), it is clear that 
cosα will vanish for a particular choice of tan β . When this sce-
nario takes place, since its couplings to fermions are proportional 
to cosα, the h becomes fermiophobic [28]. Therefore, h → f f̄ and 
h → gg vanish. Moreover, since the h of interest here is lighter 
than 120 GeV, implying that the h → V V ∗ decay is phase–space 
suppressed, so the h → γ γ decay channel is expected to dominate 
in this limit.

To demonstrate this effect, we performed a systematic numer-
ical scan of the 2HDM-I parameters over the ranges indicated in 
Table 1 (with mH fixed to 125 GeV) using the 2HDMC-v1.7.0 [29]
program. In the left panel of Fig. 1 we show the loop factors, Fx , 
corresponding to W ± , fermions, and H ± as functions of the re-
duced coupling hf f̄ = cosα/ sin β for the points obtained from our 
scan. These loop factors are defined as

F f =
∑

i

−2

τ 2
f

N f Q 2
f ξ

h
f (τ f + (τ f − 1)I(τ f )),

F H ± = ghH ± H∓

τ 2
H ±

m2
W

m2
H ±

(τH ± − I(τH ± )), (4)

F W = sin(β − α)

τ 2
W

(2τ 2
W + 3τW + 3(2τW − 1)I(τW )),

where

ghH ± H∓ = 1

2m2
W

((2m2
H± − m2

h) sin(β − α)

+ cos(β − α)

sinβ2 cosβ2 (m2
h sinβ cosβ − m2

12)), (5)

τx = m2
h/(4m2

x), and the scalar function I(x) is given by (from, 
e.g., [30], but using the opposite sign convention)

I(x) =
{

[sin−1(
√

x)]2, x ≤ 1

− 1
4 [ln(

√
x+√

x−1√
x−√

x−1
) − iπ ]2, x > 1

. (6)

It is clear from the figure that, in most of the cases, the W ±

loop is dominant and interferes destructively with the H ± and top-
quark loops. In the exact alignment limit, where sin(β − α) → 0, 
the W ± loops vanish and only the H ± and top loops contribute, 
interfering destructively. Away from the exact alignment limit, for 
certain values of sin(β − α) and tan β , cosα vanishes. Therefore, 
as intimated, h becomes fermiophobic, and consequently, as the 
right panel of Fig. 1 further illustrates, the BR(h → γ γ ) can be-
come 100% for cosα/ sinβ = 0.

Several searches for fermiophobic Higgs bosons have been per-
formed by the LEP and Tevatron colliders, imposing stringent lim-
its. At LEP-II, a fermiophobic Higgs boson was searched for through 
e+e− → Zh, where h decays to 2 photons [31,32], and a lower 
limit of order 100 GeV was set on the mass of an SM-like h. Teva-
tron also searched for a fermiophobic Higgs boson produced via 
Higgs-strahlung, pp → V h (V = W ± , Z ), as well as vector boson 
fusion, qq → q′q′h, with similar results [33] to those obtained at 
LEP-II. In our 2HDM-I scenario, since the V V h coupling is sup-
pressed due to sin(β − α) ≈0, these limits from LEP and Tevatron 
would apply only weakly. However, one can also produce such 
Higgs bosons in association with a CP-odd Higgs boson through 
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that the OPAL collaboration performed a similar search [35], but 
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in this limit.
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e+e− → h A, which depends on the coupling Zh A ∝ cos(β − α).

The complementarity of these h Z and h A searches with h →
γ γ allowed the DELPHI collaboration to place stringent limits on 
mh and mA in fermiophobic models [31]. These constraints only 
apply to exactly fermiophobic models, whereas in this work we are 
most interested in the parameter space close to, but not necessarily 
at, the fermiophobic limit. The combined LEP h Z limits can readily 
be applied to models which are not at the fermiophobic limit, and 
these are tested with HiggsBounds [34], but a similar application 
of the DELPHI fermiophobic h A results, which depend on mh and 
mA , is less straightforward and not included in HiggsBounds. In 
Appendix A, we describe a method for approximating the h A limits 
more generally, which we apply to our scan in Sect. 3.2. We note 
that the OPAL collaboration performed a similar search [35], but 
their limits are weaker than the ones we apply here.

Following the work of Refs. [36,37], the CDF collaboration has 
also searched for fermiophobic Higgs bosons [38] in the W ± + 4γ
channel highlighted in this paper. This search should in princi-
ple have sensitivity to some of the parameter space closest to the 
fermiophobic limit. However, the CDF limits are presented only for 

Fig. 1. Left: Contribution, Fx , defined in the text, to the h → γ γ decay, corresponding to the W ± (red), fermions (blue), and H ± (green) loops. Right: BRs of the h → γ γ
(green) and h → bb̄ (red) decays. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

A. Arhrib et al. / Physics Letters B 774 (2017) 591–598 593

Table 1
Scanned ranges of the 2HDM-I parameters.

Parameter Scanned range
mh (GeV) (10, 120)
mA (GeV) (10, 500)
mH ± (GeV) (80, 170)
sin(β − α) (−1, 1)
m2

12 (GeV2) (0, m2
A sin β cosβ)

tanβ (2, 25)

sin(β − α), the fermionic loops on hf f̄ ∝ cosα/ sin β , and the 
H ± contribution enters through the triple scalar coupling hH ± H∓ , 
which depends on the scalar parameters of the potential.

In our 2HDM-I scenario with H being the SM-like Higgs boson, 
the W ± loops in h → γ γ get suppressed by this factor of sin(β −
α) ≈0. For the fermionic loops, cosα is computed through

cosα = sinβ sin(β − α) + cosβ cos(β − α). (3)

For negative sin(β − α) and positive cos(β − α), it is clear that 
cosα will vanish for a particular choice of tan β . When this sce-
nario takes place, since its couplings to fermions are proportional 
to cosα, the h becomes fermiophobic [28]. Therefore, h → f f̄ and 
h → gg vanish. Moreover, since the h of interest here is lighter 
than 120 GeV, implying that the h → V V ∗ decay is phase–space 
suppressed, so the h → γ γ decay channel is expected to dominate 
in this limit.

To demonstrate this effect, we performed a systematic numer-
ical scan of the 2HDM-I parameters over the ranges indicated in 
Table 1 (with mH fixed to 125 GeV) using the 2HDMC-v1.7.0 [29]
program. In the left panel of Fig. 1 we show the loop factors, Fx , 
corresponding to W ± , fermions, and H ± as functions of the re-
duced coupling hf f̄ = cosα/ sin β for the points obtained from our 
scan. These loop factors are defined as

F f =
∑

i

−2

τ 2
f

N f Q 2
f ξ

h
f (τ f + (τ f − 1)I(τ f )),

F H ± = ghH ± H∓

τ 2
H ±

m2
W

m2
H ±

(τH ± − I(τH ± )), (4)

F W = sin(β − α)

τ 2
W

(2τ 2
W + 3τW + 3(2τW − 1)I(τW )),

where

ghH ± H∓ = 1

2m2
W

((2m2
H± − m2

h) sin(β − α)

+ cos(β − α)

sinβ2 cosβ2 (m2
h sinβ cosβ − m2

12)), (5)

τx = m2
h/(4m2

x), and the scalar function I(x) is given by (from, 
e.g., [30], but using the opposite sign convention)

I(x) =
{

[sin−1(
√

x)]2, x ≤ 1

− 1
4 [ln(

√
x+√

x−1√
x−√

x−1
) − iπ ]2, x > 1

. (6)

It is clear from the figure that, in most of the cases, the W ±

loop is dominant and interferes destructively with the H ± and top-
quark loops. In the exact alignment limit, where sin(β − α) → 0, 
the W ± loops vanish and only the H ± and top loops contribute, 
interfering destructively. Away from the exact alignment limit, for 
certain values of sin(β − α) and tan β , cosα vanishes. Therefore, 
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LEP-II. In our 2HDM-I scenario, since the V V h coupling is sup-
pressed due to sin(β − α) ≈0, these limits from LEP and Tevatron 
would apply only weakly. However, one can also produce such 
Higgs bosons in association with a CP-odd Higgs boson through 
e+e− → h A, which depends on the coupling Zh A ∝ cos(β − α).

The complementarity of these h Z and h A searches with h →
γ γ allowed the DELPHI collaboration to place stringent limits on 
mh and mA in fermiophobic models [31]. These constraints only 
apply to exactly fermiophobic models, whereas in this work we are 
most interested in the parameter space close to, but not necessarily 
at, the fermiophobic limit. The combined LEP h Z limits can readily 
be applied to models which are not at the fermiophobic limit, and 
these are tested with HiggsBounds [34], but a similar application 
of the DELPHI fermiophobic h A results, which depend on mh and 
mA , is less straightforward and not included in HiggsBounds. In 
Appendix A, we describe a method for approximating the h A limits 
more generally, which we apply to our scan in Sect. 3.2. We note 
that the OPAL collaboration performed a similar search [35], but 
their limits are weaker than the ones we apply here.

Following the work of Refs. [36,37], the CDF collaboration has 
also searched for fermiophobic Higgs bosons [38] in the W ± + 4γ
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e+e− → h A, which depends on the coupling Zh A ∝ cos(β − α).

The complementarity of these h Z and h A searches with h →
γ γ allowed the DELPHI collaboration to place stringent limits on 
mh and mA in fermiophobic models [31]. These constraints only 
apply to exactly fermiophobic models, whereas in this work we are 
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be applied to models which are not at the fermiophobic limit, and 
these are tested with HiggsBounds [34], but a similar application 
of the DELPHI fermiophobic h A results, which depend on mh and 
mA , is less straightforward and not included in HiggsBounds. In 
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FIG. 4. Transverse momentum distributions for the softest photon (left) and the lepton (right) for the W
± + 4� final state.

FIG. 5. E�ciencies ✏ = �(cuts)/�(no cuts) for the W
± + 4� final state for the two choices of cuts described in the text. All

masses are in GeV and cross sections are calculated for a center of mass energy
p
s = 13 TeV.

FIG. 6. The maximum of the �(W + 4�) as a function of mH± in the 2HDM-I.
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FIG. 3. (LEFT): BR(h ! ��) as a function of mh with cos↵/ sin� on the vertical right axis; (Right) the maximal �(W + 4�)
as a function of mh in the 2HDM-I.

BP mh mH+ mA sin��↵ m
2
12 tan� �(W + 4�) [fb]

1 24.2 152.2 111.1 -0.048 19.0 20.9 359
2 28.3 83.7 109.1 -0.050 31.3 20.2 2740
3 44.5 123.1 119.9 -0.090 30.8 10.9 285
4 56.9 97.0 120.3 -0.174 243.9 5.9 39
5 63.3 148.0 129.2 -0.049 173.1 20.7 141

TABLE II. Input parameters and parton-level cross sections (in fb) corresponding to the selected benchmark points. All masses
are in GeV and for all points mH = 125 GeV. Here �(W + 4�) = �(qq0 ! H

+
h)⇥BR(H±

! W
±
h)⇥BR(h ! ��)2 for the

LHC at 13 TeV.

IV. DISCOVERY POTENTIAL

There should be a mention of the Tevatron search [27] for W +4� here somewhere. Here we consider the potential
for the 13 TeV LHC to observe this `±⌫ +4� signature. Fig. 4 shows the distributions of the transverse momenta for
one the benchmark points, for both the lepton and the softest photon. These both result from decays of relatively
light intermediate states, so the distributions are skewed towards low transverse momenta. The lowest photon pT in
particular peaks at lower values for benchmarks with lower mh. The lepton pT distribution is senstive to both mh and
mH+ ; benchmark point 4, for example, has a mass di↵erence mH+ �mh much less than mW , so the lepton coming
from the o↵-shell W tends toward low pT . Noting also that these distributions fall o↵ rapidly in the pT ranges that
might reasonably be used to select events, the discovery potential could be very sensitive to the choice of triggers and
event selection criteria.

We look into a set of possible cuts and triggers that can be imposed. Rikard’s comments on triggers go here.

Note that the background for this process is almost non-existent. Stefano’s comments on backgrounds go here.

With this in mind, we consider two sets of cuts: one requiring that all photons have p
�

T
> 10 GeV, and the

charged lepton have p
`

T
> 20 GeV, and the other where p

�

T
> 20 GeV and p

`

T
> 10 GeV. In both cases, we

require pseudorapidity |⌘| < 2.5 for the lepton and all photons, and all objects are required to have an isolation
�R =

p
(�⌘)2 + (��)2 < 0.4. To determine the e�ciencies of these cuts, we calculate cross sections for various

masses, and show the selection e�ciency ✏ = �(cuts)/�(no cuts). The results are shown in Fig. 5 for both choices of
cuts and demonstrate a strong dependence on the masses involved. The the e↵ect of these cuts on the cross sections
from our scan is shown in Fig. 6, where it is clear that, given the low background for this process, there is a region of
parameter space thats should be within reach at the LHC.
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B. pp ! H
±
h and its W

± + 4� final state

To investigate the scenarios which can give rise to a significant W + 4� final state, we perform a systematic scan1

over the 2HDM parameter space listed in Table I. In order to check the consistency of light H
± solutions in the

2HDM-I with various experimental constraints from direct Higgs searches, B-physics, and electroweak precision data,
we scanned the 6-dimensional parameter space (with mH fixed to 125 GeV) using the 2HDMC-v1.7.0 [25] program.
The complete list of the constraints imposed is given in Sec. 2 of [12]. Since that study, a few new analyses of the

H
±
, with some of them based on the 13 TeV Run-II of the LHC, have been released by the CMS and

ATLAS collaborations [? ] citations to be added. These have not yet been included in the program

HiggsBounds [23], that was used for testing the consistency of all the Higgs bosons with the collider

constraints, and were taken into account explicitly. The results as currently presented do not include any
of these additional constraints. We still need to either run the points through the latest version of HiggsBounds or
check them by hand. We additionally require points to satisfy the constraints from fermiophobic e+e� ! hA searches
described in Appendix A.

For calculating the cross section for the process qq
0 ! H

±
h with q = u, d, s, c, b (i.e., in the five-flavour scheme)p

s = 13 TeV, we used 2HDMC [25] combined with with MadGraph5 aMC@NLO [26]. In Fig. 2 we show the cross
section pp ! W

⇤ ! H
±
h (left) as well as BR(H± ! W

±
h). The cross sections have 2 sources of enhancement:

the first is that the coupling H
±
W

⌥
h is proportional to cos(� � ↵) which is near-maximal in our scenario, while the

second is due to phase space enhancement from a light h and/or H
±. The cross section is given for all the points

obtained in our scan that pass all LEP and LHC constraints, in the left panel of Fig. 2. It is clear that this cross
section could reach a pb level for relatively light h in the range 10-60 GeV and light charged Higgs 80-110 GeV.
Similar to the H

± production, the decay H
± ! W

±
h also enjoys the enhancement factor of cos(� � ↵) which is not

suppressed in our scenario. In the right panel of Fig. 2, we show the branching ratio of BR(H± ! W
±
h) which can

be 100% for very light h.

FIG. 2. Scatter plot for: (left) �(qq0 ! H
+
h) at 13 TeV as a function of light higgs mass mh and mH± is indicated on the

right vertical axis, (right) BR(H+
! W

+
h) as a function of mH± and mh is indicated on the right vertical axis.

In Fig. 3, we illustrate in the left panel the branching ratio of h ! �� as function of mh while the other 2HDM
parameters are taken as in in Table I. It is clear that before the opening of h ! WW

⇤ the diphoton branching ratio
of h could be 100% for small values of cos↵/ sin�. Given the large H

±
h cross sections, dominant H

± ! W
±
h

decays, and possibility that the light CP-even could be fermiphobic and primarily decay to 2 photons, the associated
production of charged Higgs with CP even hcould lead to a significant cross section for the W

±
hh ! W4� finale

state. In the right panel of Fig. 3, we show the total cross section �(qq0 ! H
+
h ! W

+
hh ! `

+
⌫����), given by

�(qq0 ! H
+
h) ⇥ BR(H± ! W

±
h) ⇥ BR(h ! ��)2 ⇥ BR(W± ! `

±
⌫). It is clear that for light mh, W4� cross

section could reach a pb level.
From our scan, we selected a few benchmark points which have significant W + 4� cross sections for a variety of

charged and neutral Higgs boson masses, the details of which are shown in Table II. These benchmark points are also
highlighted in the right panel of Figure 3.

1 Although all parameters are scanned uniformly, separate scans were performed for the three ranges separated by mh = 62.5 GeV and
mh = 90 GeV. Apparent discontinuities in some figures at these values of mh are a result of this choice.
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Fig. 2. Left: σ (qq′ → H±h) at √s = 13 TeV as a function of mh for the points passing the parameter space scan, with mH± indicated by the colour map. Right: BR(H± → W ±h)

as a function of mH± , with mh indicated by the colour map.

the exactly fermiophobic scenario and are not readily extendable 
to our more general search.

As for the LHC, despite the fact that a phenomenological frame-
work for a 4-photon search was set up in [39] (also covering the 
H±h production mode addressed here), no ATLAS and CMS exper-
imental analyses on these lines exist to date. One thus has to rely 
on Ref. [40], which uses data for the 2-photon Higgs search to 
constrain the scenario where 4 photons are produced. This study, 
however, does not exclude the region of parameter space discussed 
here, while the H±h → W ±hh → W ± + 4γ analysis of Ref. [39]
captures a somewhat different region of parameter space from the 
one considered here, with mH± > 100 GeV and mh > 40 GeV, and 
only considers the exact fermiophobic limit. Our present study ex-
tends to much lower masses of both of these Higgs bosons (down 
to mH± ≈ 80 GeV and mh ≈ 10 GeV) and considers a less restrictive 
range of values for the other model parameters.2

3.2. pp → H±h and its W ± + 4γ final state

We performed a numerical scan of the parameter space given in 
Table 1 to investigate the scenarios which can result in a significant 
cross section for the W ± +4γ final state.3 This represents a broad, 
though not exhaustive, region of the 2HDM parameter space. For 
example, whereas requiring tanβ > 2 helps to evade B-physics 
constraints, tan β can in principle take values larger than 25; how-
ever, we find that this limit is more than sufficient to find points 
which saturate the H± → W ±h branching ratio. During the scan, 
all points were required to pass theoretical bounds on unitarity, 
perturbativity, and vacuum stability as implemented in the 2HDMC 
code. These points were further checked for consistency with var-
ious experimental constraints from direct Higgs boson searches, 
B-physics, and EW precision data. The complete list of the con-
straints imposed can be found in Sect. 2 of [24]. We additionally 
required these points to satisfy the limits from searches for fermio-
phobic h via e+e− → h A production, as described in Appendix A.

The direct search constraints were checked using the latest sta-
ble version (v4.3.1) of the public code HiggsBounds [34]. Higgs-

2 Furthermore, we perform here a detailed kinematical analysis of the 4-photon 
signal and background which was missing in [39].

3 The original scan, where all the input parameters were scanned uniformly, was 
supplemented by uniform scans of the ranges mh < 62.5 GeV and 62.5 < mh <

90 GeV in order to obtain an appreciable density of points in each range. Appar-
ent discontinuities in some figures at the resulting mh boundaries are a result of 
this choice (within a given range, the points represent a uniform scan). Each scan 
produced approximately 900 points.

Bounds 4 does not include searches from the 13 TeV LHC as well 
as some LEP searches for charged Higgs bosons; we have therefore 
additionally checked our results against a beta version of Higgs-
Bounds 5, which includes these searches.4 We find that the only 
searches unique to HiggsBounds 5 beta which exclude additional 
points come from LEP searches for e+e− → H+H− [41], which re-
move a small fraction of points with mH± just above 80 GeV. While 
in principle the LEP results [41] allow the charged Higgs to take on 
a mass below 80 GeV, they place strong exclusions in this region, 
so we keep a hard lower limit of 80 GeV in our scan to avoid rely-
ing solely on the beta version of HiggsBounds 5.

For calculating the cross section for the process qq′ → H±h
with q = u, d, s, c, b (i.e., in the five-flavour scheme) at 

√
s=13 TeV, 

we used 2HDMC combined with MadGraph5_aMC@NLO [42]. We 
have used NNPDF v2.3 parton distributions with dynamical scales 
set by MadGraph. In the left panel of Fig. 2 we show the cross 
section pp → W ±∗ → H±h for the points obtained in our scan 
that pass all the constraints. The cross section has two sources 
of enhancement: the first is the H±W ∓ h coupling, which is pro-
portional to cos(β −α) and hence near-maximal in our scenario, 
while the second is the large phase space afforded due to a light 
h and/or H± . It is clear that this production cross section could 
reach the pb level for relatively light h, in the range 10–60 GeV, 
and light, 80–110 GeV, H± . These cross sections can be compara-
ble to, and in some cases exceed, the production of a light charged 
Higgs via top decay, e.g. pp → t̄t → t̄bH+ , especially at larger val-
ues of tan β , where the coupling of H± to fermions is suppressed 
in 2HDM-I models. Furthermore, the t̄bH+ channel does not give 
rise to the low-background W ± + 4γ signature considered here.

Similar to the H±h production, the decay H± → W ±h also 
enjoys the enhancement factor from cos(β − α) ≈ 1. The right 
panel of Fig. 2 illustrates that the BR(H± → W ±h) can reach 
100% for a very light h. In the left panel of Fig. 3 we show the 
BR(h → γ γ ) as function of mh , with the other 2HDM-I param-
eters varying in the ranges given in Table 1. We notice in the 
figure that before the opening of the h → W W ∗ channel, the 
BR(h → γ γ ) could reach 100% for small values of cosα/ sinβ . 
By putting together all these observations – the large H±h cross 
sections, dominant H± → W ±h decays, and the possibility of a 
fermiophobic h that could decay primarily into two photons – 
one can immediately anticipate a significant cross section for the 
W ±hh → W ± +4γ final state. This is confirmed by the right panel 
of Fig. 3, in which one sees that the total cross section for our 

4 T. Stefaniak, private communication (2017); see http :/ /higgsbounds .hepforge .org.
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Process 1 Process 2

3BFS � BR �
max

qq0 [fb] � BR �
max

qq0 [fb] �
max

gg/bb
[fb] Figure

AAW AH
± (H± ! W

±
A) 322 � 4

AAA HA (H ! AA) 135 4 3

H
±
H

±
W AH

± (A ! W
±
H

⌥) 124 HH
± (H ! W

±
H

⌥) 112 � 4

AAH
±

HH
± (H ! AA) 95 � 8

HAW HH
± (H± ! W

±
A) 91 AH

± (H± ! W
±
H) 10 � 8

AH
±
W H

+
H

� (H± ! W
±
A) 58 HA (H ! W

±
H

⌥) 30 14 3

HH
±
W HA (A ! W

±
H

⌥) 36 H
+
H

� (H± ! W
±
H) 3 3 7

AAZ HA (H ! ZA) 23 1 3

hH
±
Z AH

± (A ! Zh) 22 � 4

HHW HH
± (H± ! W

±
H) 16 � 8

hHW HH
± (H± ! W

±
h) 16 hH

± (H± ! W
±
H) 1 � 4

hAW AH
± (H± ! W

±
h) 15 hH

± (H± ! W
±
A) 6 � 4

AH
±
Z HH

± (H ! ZA) 13 � 8

hHZ HA (A ! Zh) 13 5 7

HHZ HA (A ! ZH) 11 5 3

HH
±
Z AH

± (A ! ZH) 8 � 8

hhH
±

HH
± (H ! hh) 7 � 4

hH
±
W H

+
H

� (H± ! W
±
h) 6 hA (A ! W

±
H

⌥) 3 9 3

hhA HA (H ! hh) 3 0.3 7

hhZ hA (A ! Zh) 2 4 7

hhW hH
± (H± ! W

±
h) 2 � 8

Table 3: Maximum cross sections for each process. Only cross sections above 1 fb are included.

Note that some of the terms may not contribute if they are not kinematically allowed.
We then removed points with 0 < 2mA � mh1 < ✏mh1 and 0 < 2mH± � mh1 < ✏mh1 with

✏ = 0.1, as we found some cross section calculations to be unreliable in this region.

4.1 Comparison with gluon fusion

Many of the final states considered above may also be produced by loop-induced processes initiated
by a pair of gluons. Gluon fusion is often the dominant production mode, and electroweak produc-
tion of multi-Higgs final states is often neglected. As such, we wish to consider the relative strengths
of the two production modes in the 2HDM. We calculate these 2 ! 2 cross sections using codes de-
veloped for MadGraph5 aMC@NLO[21] for Higgs pair production[22] and Zh production[23], and
we calculate gg ! H

±
W

⌥ cross sections using FormCalc?. Comment on size of NLO corrections
which we neglect?
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FIG. 3. (LEFT): BR(h ! ��) as a function of mh with cos↵/ sin� on the vertical right axis; (Right) the maximal �(W + 4�)
as a function of mh in the 2HDM-I.

BP mh mH+ mA sin��↵ m
2
12 tan� �(W + 4�) [fb]

1 24.2 152.2 111.1 -0.048 19.0 20.9 359
2 28.3 83.7 109.1 -0.050 31.3 20.2 2740
3 44.5 123.1 119.9 -0.090 30.8 10.9 285
4 56.9 97.0 120.3 -0.174 243.9 5.9 39
5 63.3 148.0 129.2 -0.049 173.1 20.7 141

TABLE II. Input parameters and parton-level cross sections (in fb) corresponding to the selected benchmark points. All masses
are in GeV and for all points mH = 125 GeV. Here �(W + 4�) = �(qq0 ! H

+
h)⇥BR(H±

! W
±
h)⇥BR(h ! ��)2 for the

LHC at 13 TeV.

IV. DISCOVERY POTENTIAL

There should be a mention of the Tevatron search [27] for W +4� here somewhere. Here we consider the potential
for the 13 TeV LHC to observe this `±⌫ +4� signature. Fig. 4 shows the distributions of the transverse momenta for
one the benchmark points, for both the lepton and the softest photon. These both result from decays of relatively
light intermediate states, so the distributions are skewed towards low transverse momenta. The lowest photon pT in
particular peaks at lower values for benchmarks with lower mh. The lepton pT distribution is senstive to both mh and
mH+ ; benchmark point 4, for example, has a mass di↵erence mH+ �mh much less than mW , so the lepton coming
from the o↵-shell W tends toward low pT . Noting also that these distributions fall o↵ rapidly in the pT ranges that
might reasonably be used to select events, the discovery potential could be very sensitive to the choice of triggers and
event selection criteria.

We look into a set of possible cuts and triggers that can be imposed. Rikard’s comments on triggers go here.

Note that the background for this process is almost non-existent. Stefano’s comments on backgrounds go here.

With this in mind, we consider two sets of cuts: one requiring that all photons have p
�

T
> 10 GeV, and the

charged lepton have p
`

T
> 20 GeV, and the other where p

�

T
> 20 GeV and p

`

T
> 10 GeV. In both cases, we

require pseudorapidity |⌘| < 2.5 for the lepton and all photons, and all objects are required to have an isolation
�R =

p
(�⌘)2 + (��)2 < 0.4. To determine the e�ciencies of these cuts, we calculate cross sections for various

masses, and show the selection e�ciency ✏ = �(cuts)/�(no cuts). The results are shown in Fig. 5 for both choices of
cuts and demonstrate a strong dependence on the masses involved. The the e↵ect of these cuts on the cross sections
from our scan is shown in Fig. 6, where it is clear that, given the low background for this process, there is a region of
parameter space thats should be within reach at the LHC.
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B. pp ! H
±
h and its W

± + 4� final state

To investigate the scenarios which can give rise to a significant W + 4� final state, we perform a systematic scan1

over the 2HDM parameter space listed in Table I. In order to check the consistency of light H
± solutions in the

2HDM-I with various experimental constraints from direct Higgs searches, B-physics, and electroweak precision data,
we scanned the 6-dimensional parameter space (with mH fixed to 125 GeV) using the 2HDMC-v1.7.0 [25] program.
The complete list of the constraints imposed is given in Sec. 2 of [12]. Since that study, a few new analyses of the

H
±
, with some of them based on the 13 TeV Run-II of the LHC, have been released by the CMS and

ATLAS collaborations [? ] citations to be added. These have not yet been included in the program

HiggsBounds [23], that was used for testing the consistency of all the Higgs bosons with the collider

constraints, and were taken into account explicitly. The results as currently presented do not include any
of these additional constraints. We still need to either run the points through the latest version of HiggsBounds or
check them by hand. We additionally require points to satisfy the constraints from fermiophobic e+e� ! hA searches
described in Appendix A.

For calculating the cross section for the process qq
0 ! H

±
h with q = u, d, s, c, b (i.e., in the five-flavour scheme)p

s = 13 TeV, we used 2HDMC [25] combined with with MadGraph5 aMC@NLO [26]. In Fig. 2 we show the cross
section pp ! W

⇤ ! H
±
h (left) as well as BR(H± ! W

±
h). The cross sections have 2 sources of enhancement:

the first is that the coupling H
±
W

⌥
h is proportional to cos(� � ↵) which is near-maximal in our scenario, while the

second is due to phase space enhancement from a light h and/or H
±. The cross section is given for all the points

obtained in our scan that pass all LEP and LHC constraints, in the left panel of Fig. 2. It is clear that this cross
section could reach a pb level for relatively light h in the range 10-60 GeV and light charged Higgs 80-110 GeV.
Similar to the H

± production, the decay H
± ! W

±
h also enjoys the enhancement factor of cos(� � ↵) which is not

suppressed in our scenario. In the right panel of Fig. 2, we show the branching ratio of BR(H± ! W
±
h) which can

be 100% for very light h.

FIG. 2. Scatter plot for: (left) �(qq0 ! H
+
h) at 13 TeV as a function of light higgs mass mh and mH± is indicated on the

right vertical axis, (right) BR(H+
! W

+
h) as a function of mH± and mh is indicated on the right vertical axis.

In Fig. 3, we illustrate in the left panel the branching ratio of h ! �� as function of mh while the other 2HDM
parameters are taken as in in Table I. It is clear that before the opening of h ! WW

⇤ the diphoton branching ratio
of h could be 100% for small values of cos↵/ sin�. Given the large H

±
h cross sections, dominant H

± ! W
±
h

decays, and possibility that the light CP-even could be fermiphobic and primarily decay to 2 photons, the associated
production of charged Higgs with CP even hcould lead to a significant cross section for the W

±
hh ! W4� finale

state. In the right panel of Fig. 3, we show the total cross section �(qq0 ! H
+
h ! W

+
hh ! `

+
⌫����), given by

�(qq0 ! H
+
h) ⇥ BR(H± ! W

±
h) ⇥ BR(h ! ��)2 ⇥ BR(W± ! `

±
⌫). It is clear that for light mh, W4� cross

section could reach a pb level.
From our scan, we selected a few benchmark points which have significant W + 4� cross sections for a variety of

charged and neutral Higgs boson masses, the details of which are shown in Table II. These benchmark points are also
highlighted in the right panel of Figure 3.

1 Although all parameters are scanned uniformly, separate scans were performed for the three ranges separated by mh = 62.5 GeV and
mh = 90 GeV. Apparent discontinuities in some figures at these values of mh are a result of this choice.
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Fig. 2. Left: σ (qq′ → H±h) at √s = 13 TeV as a function of mh for the points passing the parameter space scan, with mH± indicated by the colour map. Right: BR(H± → W ±h)

as a function of mH± , with mh indicated by the colour map.

the exactly fermiophobic scenario and are not readily extendable 
to our more general search.

As for the LHC, despite the fact that a phenomenological frame-
work for a 4-photon search was set up in [39] (also covering the 
H±h production mode addressed here), no ATLAS and CMS exper-
imental analyses on these lines exist to date. One thus has to rely 
on Ref. [40], which uses data for the 2-photon Higgs search to 
constrain the scenario where 4 photons are produced. This study, 
however, does not exclude the region of parameter space discussed 
here, while the H±h → W ±hh → W ± + 4γ analysis of Ref. [39]
captures a somewhat different region of parameter space from the 
one considered here, with mH± > 100 GeV and mh > 40 GeV, and 
only considers the exact fermiophobic limit. Our present study ex-
tends to much lower masses of both of these Higgs bosons (down 
to mH± ≈ 80 GeV and mh ≈ 10 GeV) and considers a less restrictive 
range of values for the other model parameters.2

3.2. pp → H±h and its W ± + 4γ final state

We performed a numerical scan of the parameter space given in 
Table 1 to investigate the scenarios which can result in a significant 
cross section for the W ± +4γ final state.3 This represents a broad, 
though not exhaustive, region of the 2HDM parameter space. For 
example, whereas requiring tanβ > 2 helps to evade B-physics 
constraints, tan β can in principle take values larger than 25; how-
ever, we find that this limit is more than sufficient to find points 
which saturate the H± → W ±h branching ratio. During the scan, 
all points were required to pass theoretical bounds on unitarity, 
perturbativity, and vacuum stability as implemented in the 2HDMC 
code. These points were further checked for consistency with var-
ious experimental constraints from direct Higgs boson searches, 
B-physics, and EW precision data. The complete list of the con-
straints imposed can be found in Sect. 2 of [24]. We additionally 
required these points to satisfy the limits from searches for fermio-
phobic h via e+e− → h A production, as described in Appendix A.

The direct search constraints were checked using the latest sta-
ble version (v4.3.1) of the public code HiggsBounds [34]. Higgs-

2 Furthermore, we perform here a detailed kinematical analysis of the 4-photon 
signal and background which was missing in [39].

3 The original scan, where all the input parameters were scanned uniformly, was 
supplemented by uniform scans of the ranges mh < 62.5 GeV and 62.5 < mh <

90 GeV in order to obtain an appreciable density of points in each range. Appar-
ent discontinuities in some figures at the resulting mh boundaries are a result of 
this choice (within a given range, the points represent a uniform scan). Each scan 
produced approximately 900 points.

Bounds 4 does not include searches from the 13 TeV LHC as well 
as some LEP searches for charged Higgs bosons; we have therefore 
additionally checked our results against a beta version of Higgs-
Bounds 5, which includes these searches.4 We find that the only 
searches unique to HiggsBounds 5 beta which exclude additional 
points come from LEP searches for e+e− → H+H− [41], which re-
move a small fraction of points with mH± just above 80 GeV. While 
in principle the LEP results [41] allow the charged Higgs to take on 
a mass below 80 GeV, they place strong exclusions in this region, 
so we keep a hard lower limit of 80 GeV in our scan to avoid rely-
ing solely on the beta version of HiggsBounds 5.

For calculating the cross section for the process qq′ → H±h
with q = u, d, s, c, b (i.e., in the five-flavour scheme) at 

√
s=13 TeV, 

we used 2HDMC combined with MadGraph5_aMC@NLO [42]. We 
have used NNPDF v2.3 parton distributions with dynamical scales 
set by MadGraph. In the left panel of Fig. 2 we show the cross 
section pp → W ±∗ → H±h for the points obtained in our scan 
that pass all the constraints. The cross section has two sources 
of enhancement: the first is the H±W ∓ h coupling, which is pro-
portional to cos(β −α) and hence near-maximal in our scenario, 
while the second is the large phase space afforded due to a light 
h and/or H± . It is clear that this production cross section could 
reach the pb level for relatively light h, in the range 10–60 GeV, 
and light, 80–110 GeV, H± . These cross sections can be compara-
ble to, and in some cases exceed, the production of a light charged 
Higgs via top decay, e.g. pp → t̄t → t̄bH+ , especially at larger val-
ues of tan β , where the coupling of H± to fermions is suppressed 
in 2HDM-I models. Furthermore, the t̄bH+ channel does not give 
rise to the low-background W ± + 4γ signature considered here.

Similar to the H±h production, the decay H± → W ±h also 
enjoys the enhancement factor from cos(β − α) ≈ 1. The right 
panel of Fig. 2 illustrates that the BR(H± → W ±h) can reach 
100% for a very light h. In the left panel of Fig. 3 we show the 
BR(h → γ γ ) as function of mh , with the other 2HDM-I param-
eters varying in the ranges given in Table 1. We notice in the 
figure that before the opening of the h → W W ∗ channel, the 
BR(h → γ γ ) could reach 100% for small values of cosα/ sinβ . 
By putting together all these observations – the large H±h cross 
sections, dominant H± → W ±h decays, and the possibility of a 
fermiophobic h that could decay primarily into two photons – 
one can immediately anticipate a significant cross section for the 
W ±hh → W ± +4γ final state. This is confirmed by the right panel 
of Fig. 3, in which one sees that the total cross section for our 

4 T. Stefaniak, private communication (2017); see http :/ /higgsbounds .hepforge .org.
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Fig. 4. Transverse momentum distributions for the softest photon (left) and the lepton (right) for the ℓ±ν + 4 γ signal for the various BPs.

Fig. 5. Efficiency, ϵ = σ (cuts)/σ (no cuts), for the ℓ±ν + 4 γ final state for the two choices (i) and (ii) of cuts described in the text (left and right, respectively). All masses are 
in GeV. No values are shown for mH± ≤ mh , where the H± → W ∗h decay is not kinematically allowed.

Fig. 6. Signal cross section σ (ℓ±ν + 4 γ ) times selection efficiency for the two choices (i) and (ii) of cuts described in the text (left and right, respectively). The cross section 
is calculated as σ (ℓ±ν + 4 γ ) = σ (qq′ → H±h) × BR(H± → W ±h) × BR(h → γ γ )2 × BR(W ± → ℓ±ν). The five selected BPs are once again highlighted in yellow circles. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

masses involved. The effect of these cuts on the signal yield from 
our scan is shown in Fig. 6 , with numerous points representing 
different regions of phase space yielding post-trigger cross sec-
tions above the femtobarn level. Given the negligible background 
for this process, it is clear that there is region of parameter space 

that should be within reach5 already at the LHC Run II assuming 
standard luminosities of order 100 fb−1.

5 A full detector-level sensitivity analysis of this signature is beyond the scope of 
this letter.

11



7

 [GeV]4γ
T

p
0 5 10 15 20 25 30 35 40 45 50

]
-1

 [G
eV

T
/d

p
σ

 d
σ

1/

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09
)

T
Photon (lowest p

)/GeV+H,m
h

BP (m
BP1 (24, 152)
BP2 (28, 83)
BP3 (44, 123)
BP4 (56, 97)
BP5 (63, 147)

)
T

Photon (lowest p

 [GeV]l
T

p
0 10 20 30 40 50 60 70 80 90 100

]
-1

 [G
eV

T
/d

p
σ

 d
σ

1/

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Lepton

)/GeV+H,m
h

BP (m
BP1 (24, 152)
BP2 (28, 83)
BP3 (44, 123)
BP4 (56, 97)
BP5 (63, 147)

Lepton

FIG. 4. Transverse momentum distributions for the softest photon (left) and the lepton (right) for the W
± + 4� final state.

FIG. 5. E�ciencies ✏ = �(cuts)/�(no cuts) for the W
± + 4� final state for the two choices of cuts described in the text. All

masses are in GeV and cross sections are calculated for a center of mass energy
p
s = 13 TeV.

FIG. 6. The maximum of the �(W + 4�) as a function of mH± in the 2HDM-I.
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FIG. 3. (LEFT): BR(h ! ��) as a function of mh with cos↵/ sin� on the vertical right axis; (Right) the maximal �(W + 4�)
as a function of mh in the 2HDM-I.

BP mh mH+ mA sin��↵ m
2
12 tan� �(W + 4�) [fb]

1 24.2 152.2 111.1 -0.048 19.0 20.9 359
2 28.3 83.7 109.1 -0.050 31.3 20.2 2740
3 44.5 123.1 119.9 -0.090 30.8 10.9 285
4 56.9 97.0 120.3 -0.174 243.9 5.9 39
5 63.3 148.0 129.2 -0.049 173.1 20.7 141

TABLE II. Input parameters and parton-level cross sections (in fb) corresponding to the selected benchmark points. All masses
are in GeV and for all points mH = 125 GeV. Here �(W + 4�) = �(qq0 ! H

+
h)⇥BR(H±

! W
±
h)⇥BR(h ! ��)2 for the

LHC at 13 TeV.

IV. DISCOVERY POTENTIAL

There should be a mention of the Tevatron search [27] for W +4� here somewhere. Here we consider the potential
for the 13 TeV LHC to observe this `±⌫ +4� signature. Fig. 4 shows the distributions of the transverse momenta for
one the benchmark points, for both the lepton and the softest photon. These both result from decays of relatively
light intermediate states, so the distributions are skewed towards low transverse momenta. The lowest photon pT in
particular peaks at lower values for benchmarks with lower mh. The lepton pT distribution is senstive to both mh and
mH+ ; benchmark point 4, for example, has a mass di↵erence mH+ �mh much less than mW , so the lepton coming
from the o↵-shell W tends toward low pT . Noting also that these distributions fall o↵ rapidly in the pT ranges that
might reasonably be used to select events, the discovery potential could be very sensitive to the choice of triggers and
event selection criteria.

We look into a set of possible cuts and triggers that can be imposed. Rikard’s comments on triggers go here.

Note that the background for this process is almost non-existent. Stefano’s comments on backgrounds go here.

With this in mind, we consider two sets of cuts: one requiring that all photons have p
�

T
> 10 GeV, and the

charged lepton have p
`

T
> 20 GeV, and the other where p

�

T
> 20 GeV and p

`

T
> 10 GeV. In both cases, we

require pseudorapidity |⌘| < 2.5 for the lepton and all photons, and all objects are required to have an isolation
�R =

p
(�⌘)2 + (��)2 < 0.4. To determine the e�ciencies of these cuts, we calculate cross sections for various

masses, and show the selection e�ciency ✏ = �(cuts)/�(no cuts). The results are shown in Fig. 5 for both choices of
cuts and demonstrate a strong dependence on the masses involved. The the e↵ect of these cuts on the cross sections
from our scan is shown in Fig. 6, where it is clear that, given the low background for this process, there is a region of
parameter space thats should be within reach at the LHC.

Cross section can still 
reach a few tens of fb 
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Fig. 3. Left: BR(h → γ γ ) as a function of the mass of h, with the heat map showing | cosα/ sin β|. Right: Signal cross section, σ (ℓ± ν + 4γ ) as a function of mh , with the 
heat map showing the mass of H ± . The five selected benchmark points are highlighted in yellow circles. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)

Table 2
Input parameters, parton-level cross sections (in fb), and selected branching ratios corresponding to the selected BPs. All masses are in GeV and for all points mH = 125 GeV. 
Here σ (W ± + 4γ ) = σ (qq′ → H ± h) × BR(H ± → W ± h) × BR(h → γ γ )2 for the LHC at 13 TeV (in contrast to Figs. 3 and 6, a factor of B R(W ± → ℓ± ν) is not included here).

BP mh mH ± mA sin(β − α) m2
12 tanβ cosα/ sin β σ (W ± + 4γ ) [fb] B R(H ± → W ± h) B R(h → γ γ ) B R(A → bb̄)

1 24.2 152.2 111.1 −0.048 19.0 20.9 1.1 × 10−4 359 1.00 0.94 4.6 × 10−3

2 28.3 83.7 109.1 −0.050 31.3 20.2 −5.9 × 10−5 2740 1.00 0.97 7.4 × 10−3

3 44.5 123.1 119.9 −0.090 30.8 10.9 6.8 × 10−4 285 1.00 0.70 0.031
4 56.9 97.0 120.3 −0.174 243.9 5.9 −6.5 × 10−3 39 0.90 0.22 0.18
5 63.3 148.0 129.2 −0.049 173.1 20.7 −4.2 × 10−4 141 1.00 0.71 0.017

signal, σ (qq′ → H ± h → W ± hh → ℓ+ν + 4γ ) (which we calculate 
as σ (qq′ → H ± h) × BR(H ± → W ± h) × BR(h → γ γ )2 × BR(W ± →
ℓ± ν) with ℓ = e, µ), can reach the pb level for low mh .

From these points, we have selected a few benchmark points 
(BPs), highlighted in the right panel of Fig. 3, the specifics of these 
BPs are given in Table 2. These BPs are chosen mainly to repre-
sent a variety of values for mh and mH ± which lead to significant 
W ± + 4γ cross sections, with BP3 lying somewhat centrally and 
the other points lying closer to the extremal values of (mh, mH ± )

with significant cross sections. These masses are important both in 
determining the pp → H ± h cross section, as seen above in Fig. 2, 
and the kinematic selection, as shown in the following section. All 
of the benchmark points have a highly fermiophobic h, due to val-
ues of sin(β −α) and tan β which give rise to small hf f couplings, 
and have significant hH ± W ∓ couplings due to small sin(β − α). 
The branching ratios H ± → W ± h and h → γ γ are then close to 
maximal, with the notable exception of BP4, which is the furthest 
from the fermiophobic limit and has a smaller B R(h → γ γ ).

4. Discovery potential

Next we consider the potential for the 13 TeV LHC to observe 
this W ± + 4γ → ℓ± ν + 4γ signature. Fig. 4 shows the distribu-
tions of the transverse momenta (pT ’s) for one the BPs, for both 
the lepton and the softest photon. Both of them result from de-
cays of relatively light intermediate states, so the distributions are 
skewed towards low pT . The photon pT , in particular, peaks at 
lower values for BPs with smaller mh . The lepton pT distribu-
tion is sensitive to both mh and mH ± , as is evident for the dis-
tribution corresponding to BP4, wherein the lepton coming from 
the off-shell W ± tends toward low pT , owing to the fact that 
mH ± − mh is much smaller than mW ± . Noting also that these 
distributions fall off rapidly in the pT ranges that might reason-
ably be used to select events, the discovery potential could be 

very sensitive to the choice of triggers and event selection crite-
ria.

The experiments cannot trigger on such low-pT single pho-
tons or leptons, though, so the necessary triggers will have to be 
on combinations of multiple objects. For example, the ATLAS high 
level trigger (HLT) selection [43,44] for a single isolated electron 
or muon goes down to 26 GeV, with offline selection only slightly 
higher. Triggering on two muons, however, reduces the required 
momenta to 14 GeV. Similarly, a single photon requires 120 GeV in 
the HLT, but two tight photons require 22 GeV each. It is therefore 
conceivable that the combinations required for the analysis we are 
proposing, for example, a lepton plus a photon trigger, or a four 
photon trigger, with low enough transverse momenta 10–15 GeV, 
could be added to the trigger menu.

Furthermore, it should be noted that the freedom of choice 
in selecting the optimal triggers is enabled by the fact that the 
background for this process is essentially non-existent. We es-
timated the irreducible SM W ± + 4γ background using Mad-
Graph5_aMC@NLO. Requiring, e.g., four photons and one lepton, 
all with pT > 10 GeV, along with pseudorapidity and isola-
tion cuts described below, we find a cross section of less than 
10−6 pb. In fact, we expect that instrumental backgrounds (e.g., 
mis-identification of a lepton or a jet as a photon [45,46]), will 
not change this conclusion, as long as all 4 photons are indeed 
reconstructed.

With this in mind, we consider two sets of cuts: (i) requires 
that all photons have pγ

T > 10 GeV and the charged lepton has 
pℓ

T > 20 GeV, whereas (ii) imposes that pγ
T > 20 GeV and pℓ

T >
10 GeV. In both cases, we require pseudorapidity |η| < 2.5 for 
the lepton and each photon, while all objects are required to 
have an isolation (R =

√
((η)2 + ((φ)2 > 0.4. To determine the 

efficiencies of these cuts, we calculated event rates for various 
masses and determined the corresponding selection efficiencies, 
ϵ = σ (cuts)/σ (no cuts). The results are shown in Fig. 5 for both 
choices of cuts, and demonstrate a strong dependence on the 
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Fig. 4. Transverse momentum distributions for the softest photon (left) and the lepton (right) for the ℓ±ν + 4 γ signal for the various BPs.

Fig. 5. Efficiency, ϵ = σ (cuts)/σ (no cuts), for the ℓ±ν + 4 γ final state for the two choices (i) and (ii) of cuts described in the text (left and right, respectively). All masses are 
in GeV. No values are shown for mH± ≤ mh , where the H± → W ∗h decay is not kinematically allowed.

Fig. 6. Signal cross section σ (ℓ±ν + 4 γ ) times selection efficiency for the two choices (i) and (ii) of cuts described in the text (left and right, respectively). The cross section 
is calculated as σ (ℓ±ν + 4 γ ) = σ (qq′ → H±h) × BR(H± → W ±h) × BR(h → γ γ )2 × BR(W ± → ℓ±ν). The five selected BPs are once again highlighted in yellow circles. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

masses involved. The effect of these cuts on the signal yield from 
our scan is shown in Fig. 6 , with numerous points representing 
different regions of phase space yielding post-trigger cross sec-
tions above the femtobarn level. Given the negligible background 
for this process, it is clear that there is region of parameter space 

that should be within reach5 already at the LHC Run II assuming 
standard luminosities of order 100 fb−1.

5 A full detector-level sensitivity analysis of this signature is beyond the scope of 
this letter.
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Electroweak production of all possible 2-body and 
3-body Higgs-Higgs/gauge states in the Type-I 2HDM 

Can it dominate over QCD production? 

Which Higgs-Higgs and Higgs-gauge couplings can 
be potentially probed at the LHC?

MULTI-HIGGS (EW) PRODUCTION



Figure 2: Two body cross sections with dominant qq0 production, in comparison with gg/bb-initiated
cross sections. The dashed line indicates where the cross sections are of equal magnitude.

In Table 4 we have listed all the Higgs trilinear couplings (a – h) as well as the Yukawa couplings
(i – l) appearing in the 2HDM Lagrangian (assuming MFV). If a coupling can be probed at the
LHC in a 2-body final state (bfs) produced in both gg- and qq

0-initiated process (where q0 implies q̄
or q̄0 depending on the context), it is checked in black. A red checkmark against a coupling, on the
other hand, means that the corresponding 2-bfs can be produced only from qq

0. We also show in
brackets a 3-bfs that can be produced in the 2bfs given at the start of a row. Note that for this 3-bfs
the coupling at the top of the column appears, instead of the second vertex in the corresponding
2bfs production, in the third vertex that results in the decay of one of these two states. This 3-bfs
is given in black, again, if the corresponding 2-bfs can be both gg- and qq

0-produced, and in red if
it is only qq̄-produced. A red box around a checkmark or 3-bfs implies that for the corresponding
state the maximum cross section is obtained in qq

0 production instead of gg-production. In the top
panels of Fig. 5 we show the types of s-channel graphs that are assumed to lead to the 3-bfs given
in the table. Note that the 3-bfs resulting from a graph like the one on the right are shown in blue
(purple) in the table if the corresponding 2-bfs is produced in a gg (qq̄)-initiated process. The cross
sections for such 3-bfss are not calculable in the �(2 ! 2)⇥BR approach, since the Higgs boson in
the secondary propagator is necessarily o↵-shell. The 3-bfss that can emerge only from the graphs
in the bottom panels of the figure are not included in the table since their contribution woud be
negligible owing to the Higgs boson in the primary propagator being necessarily highly o↵-shell.
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(purple) in the table if the corresponding 2-bfs is produced in a gg (qq̄)-initiated process. The cross
sections for such 3-bfss are not calculable in the �(2 ! 2)⇥BR approach, since the Higgs boson in
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Figure 4: Cross sections of qq0-initiated subprocesses for selected charged three body final states.

A box around process in red implies that the cross section exceeds 10 fb. A box around a
process in black implies the qq

0 cross section exceeds gg/bb cross section.
When on-sehll decay is available.
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Figure 3: Comparison of qq
0-initiated subprocesses with their gg/bb-initiated cross sections for

selected neutral three body final states. The dashed line indicates where the cross sections are of
equal magnitude.

In Table 5 we similarly list the Higgs-Higgs-gauge (m – r) and the Higgs-gauge-gauge (s –
v) couplings and the 2- and 3-bfss they can be probed in at the LHC, with the same colour
convention as in Table 4. We note that some of the couplings can only be probed in 2-bfss produced
electroweakly. Also most of the couplings can be accessible in multiple 3-bfs, which thus highly
compliment their probe directly in a 2-bfs.
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electroweakly. Also most of the couplings can be accessible in multiple 3-bfs, which thus highly
compliment their probe directly in a 2-bfs.
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HIGGS TRIPLE-COUPLINGS

2BFS

Coupling
a.hhh b.hhH c.hHH d.hAA e.hH+

H
� f.HHH g.HAA h.HH

+
H

� i.hqq j.Hqq k.Aqq l.H±
qq

0

1.hh X (hhh) X (hAA) (hH+
H

�) X X
2.HH (hhH) X (hHH) X (HHH) (HAA) (HH

+
H

�) X X
3.AA X (hAA) X (HAA) X X X

4.H+
H

� (hH+
H

�) X (hH+
H

�) X (HH
+
H

�) X X X

5.hH (hhH) X (hhh) X (hhH)
(HAA) (HH

+
H

�) (hHH) (hAA) X X
(hH+

H
�)

6.hA (hhA) X (hhA)
(AH+

H
�) (hHA) X X

(AAA)

7.hH± (hhH±) (AAH±) X (hhH±)
(hHH

±) X X
(H+

H
�
H

±)

8.HA (hhA) (hHA) (hHA) (HHA) X (HHA)
(AH

+
H

�) X X
( AAA )

9.HH
± ( hhH± ) (hHH

±) (hHH
±) (HHH

±) (AAH
±) X (HHH

±) X X
(H+

H
�
H

±)

10.AH± (hAH±) (HAH
±) (HAH

±) X X
11.hZ (hhZ) (AAZ) (H+

H
�
Z) X X

12.hW± (hhW±) (AAW±) (H+
H

�
W

±) X X
13.HZ (hhZ) (hHZ) (HHZ) (AAZ) (H+

H
�
Z) X X

14.HW
± (hhW±) (hHW

±) (HHW
±) (AAW

±) (H+
H

�
W

±) X X
15.AZ (hAZ) (HAZ) X X
16.AW± (hAW±) (HAW

±) X X
17.H±

Z X
18.H+

W
� (hH+

W
�) X X X X

Table 4: X: gg/qq0-produced; X: qq0-only produced. See text for details.
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HIGGS-GAUGE COUPLINGS

2BFS

Coupling
m.hAZ n.HAZ o.H+

H
�
Z p.hH+

W
� q.HH

+
W

� r.AH+
W

� s.hZZ t.HZZ u.hW+
W

� v.HW
+
W

�

1.hh (hAZ) (hH+
W

�) (hZZ) (hW+
W

�)

2.HH (HAZ) (HH
+
W

�) (HZZ) (HW
+
W

�)

3.AA (hAZ) (HAZ) (AH
+
W

�)

4.H+
H

� X(H+
H

�
Z) ( hH+

W
� ) (HH

+
W

�) ( AH
+
W

� )

5.hH (HAZ) (hAZ) (HH
+
W

�) (hH+
W

�) (HZZ) (hZZ) (HW
+
W

�) (hW+
W

�)

6.hA X (hhZ)
(hHZ)

(hH+
W

�)
(AZZ) (AW

+
W

�)
(AAZ) (AH

+
W

�)

7.hH± (AH±
Z) X (hhW±)

( hHW
± ) ( hAW

± ) (H±
ZZ) (H±

W
+
W

�)
(H+

H
�
W

±)

8.HA (hHZ) X( HHZ ) (HH
+
W

�)
(AZZ) (AW

+
W

�)
( AAZ ) ( AH

+
W

� )

9.HH
± (AH±

Z) ( hHW
± ) X (HHW

±)
(HAW

±) (H±
ZZ) (H±

W
+
W

�)
( H+

H
�
W

± )

10.AH
± ( hH±

Z ) (HH
±
Z) ( hAW

± ) (HAW
±) X (AAW

±)

( H+
H

�
W

± )

11.hZ X (hhA)
(hHA) (H+

ZW
�) X (hhZ) (hHZ)

(AZZ)

12.hW± X
(hhH±)

(hAH
±) X (hhW±) (hHW

±)(hHH
±)

(H±
W

+
W

�)

13.HZ (hHA) X (HHA)
(H+

ZW
�) X (HHZ)

(AZZ)

14.HW
± (hHH

±) X (HHH
±)

(HAH
±) (hHW

±) X (HHW
±)

(H±
W

+
W

�)

15.AZ X (hAA) X (HAA)
(H+

ZW
�) (hAZ) (HAZ)

(hZZ) (HZZ)

16.AW
± (hAH

±) (HAH
±) X (H±

W
+
W

�) (hAW
±) (HAW

±)

17.H±
Z (hAH

±) (HAH
±) X (hH±

Z) (HH
±
Z

18.H+
W

� X (hH+
H

�) X (HH
+
H

�) X (AH
+
H

�)
(hH+

W
�) (HH

+
W

�)
(hW+

W
�) (HW

+
W

�) (AW
+
W

�)

Table 5: X: gg/qq0-produced; X: qq0-only produced. See text for details.
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CONCLUSIONS
Additional Higgs bosons are predicted in most new 
physics frameworks - can be lighter or heavier 
than 125 GeV 

Even when light, they are difficult to detect at 
the LHC in the conventional channels, owing to 
generally reduced couplings to the SM  

Their pair-production can provide crucial probes 

In the Type-I 2HDM, a light scalar-pseudoscalar 
pair as well as a light H± could be accessible in 
multi-photon final states  

EW pair-production - essential when a charged 
Higgs boson is involved - can dominate over QCD 
even for certain neutral Higgs boson combinations 
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