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There is already an upper bound for h→ Zγ and an observation might be feasible at the upcoming
LHC run. We perform a complete evaluation of that process in the most general model with two
Higgs doublets and softly broken symmetry Z2, where the Higgs-like particle could be a mixture
of a scalar and a pseudoscalar components. We show that in all the four versions of this model a
large pseudoscalar component is already disfavoured at 1-σ. We analyze the wrong sign hb̄b Yukawa
coupling both in the CP conserving and in the CP violating models.

I. INTRODUCTION

Since the discovery of a scalar neutral particle in 2012
with a mass close to 125 GeV confirmed by the ATLAS [1]
and CMS [2] collaborations from the LHC, the search for
a deeper understanding on the Higgs physics has gathered
attentions all over the world. The CDF and D0 collabo-
rations from FermiLab [3, 4] provided additional evidence
on the discovery, and recent announcements made both
by ATLAS [5] and CMS [6] leave no doubt regarding the
confirmation of such a particle1.

The scalar particle has been discovered through its de-
cays to γγ, ZZ∗, WW ∗ and τ+τ− with errors of order
20% (the several decay modes are presented in Figure
1). Decays into bb̄ are only detected at LHC and the
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FIG 1. The Branching Ratios of the Higgs decays. The
mass of the recently discovered scalar is marked with a
dotted line.

Tevatron in connection with the associated V h produc-
tion mechanism, with errors of order 50% [7, 8]. The
experimental results for pp → h → f (where p repre-
sents a proton, h the Higgs and f some final state) are
usually presented in the form of ratios of observed rates
to Standard Model (SM) expectations, which we call µf .

1 This discovery has been an extraordinary success, since both the
dominant production cross section (gluon-gluon fusion) and the
main channel of detection (γγ) occur only at 1 loop.

The SM therefore corresponds to µf = 1 ∀f . For defi-
niteness, our discussions will be based on the ATLAS [9]
and CMS [10] results presented in the plenary talks at
ICHEP2014, which we summarize in Table 1.

channel ATLAS CMS

µγγ 1.57+0.33
−0.28 1.13± 0.24

µWW 1.00+0.32
−0.29 0.83± 0.21

µZZ 1.44+0.40
−0.35 1.00± 0.29

µτ+τ− 1.4+0.5
−0.4 0.91± 0.27

µbb̄ 0.2+0.7
−0.6 0.93± 0.49

TABLE 1. Experimental results presented by ATLAS
and CMS at ICHEP2014.

We note that ATLAS excludes the SM µγγ = 1 (µZZ = 1)
at 2-σ (1-σ), while CMS is within 1-σ of the SM on all
channels. The discovered scalar is thus compatible with
the SM Higgs boson (an interval of 2-σ is not sufficient
to declare incompatibility). However, such an identifica-
tion as the SM Higgs boson is not certain yet2; indeed,
from Table 1 we see that ATLAS shows a small excess of
observed events in the h→ γγ channel. One possible ex-
planation for such an excess considers additional charged
particles contributing to the loop which mediates the de-
cay: such charged particles would participate at the same
perturbative order as those of the SM, making this decay
a very sensitive one to new physics. In such a scenario,
another related decay for which the new charged parti-
cles would also contribute is the h→ Zγ. Therefore, and
despite being highly suppressed decays (see Fig. 1), the
h→ γγ and h→ Zγ processes might be preponderant in
our understanding into possible Beyond the SM (BSM)
models.

The h → γγ decay, having been one of the channels
through which the new particle has been discovered, has

2 Nevertheless, we shall henceforth refer to the newfound parti-
cle as a/the Higgs boson; the question which remains open is
whether the discovered Higgs boson is unique and identical to
the one predicted by the SM, h.
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already been studied using experimental data (see, for
example, Refs. [11–13]). The h → Zγ channel, on the
other hand, has not yet been observed, although there
already exists an upper bound. These results will be
enhanced in the future 14 TeV LHC run, establishing
this decay as one of the very next experimental goals.

One of the simplest extensions to the SM considers not
one but two Higgs doublets, while keeping the remain-
ing particle content and the symmetries of the model in-
tact. It is the so-called 2 Higgs Doublet Model (2HDM)
[16], which naturally accommodates extra charged parti-
cles and therefore provides an appealing scenario for the
aforementioned excess of observed events. The 2HDM
can be separated in two major branches: the CP conserv-
ing 2HDM (also known as real 2HDM, or simply 2HDM)
and the CP violating 2HDM (also known as Complex
2HDM, or C2HDM). The latter appears as an attempt
to answer the question of whether the newfound parti-
cle has some pseudoscalar component. In each of the
two models, we calculate the h → Zγ decay width at
one loop and we compare it with the one in the SM. As
the new models introduce new parameters, we investigate
the region of the parameter space which is still available
for the models, given the current bounds imposed by the
experiments.

Recently, the ATLAS and CMS collaborations have
started ascertaining the values of the couplings between
the Higgs and the fermions [17, 18]. It has recently been
emphasized by Carmi et al. [19], by Chiang and Yagyu
[20], by Santos [21] and by Ferreira et al. [22] that current
data are consistent with a lightest Higgs from a 2HDM
in which the coupling of the bottom quark to that Higgs
particle (hbb̄) has a sign opposite to that in the SM.
We study this possibility both in the 2HDM as in the
C2HDM, emphasizing the role of the h→ Zγ.

II. MODEL AND SIMULATION

We consider a model with two Higgs doublets, Φ1 and
Φ2, with softly broken symmetry Z2. The the most gen-
eral potential obeying the requirements of hermiticity,
SU(2)× U(1) gauge symmetry and renormalizability is

V =m2
11Φ†1Φ1 +m2

22Φ†2Φ2 −
(
m2

12Φ†1Φ2 + h.c.
)

+

λ1

2

(
Φ†1Φ1

)2

+
λ2

2

(
Φ†2Φ2

)2

+ λ3Φ†1Φ1Φ†2Φ2

+ λ4Φ†1Φ2Φ†2Φ1 +

[
λ5

2

(
Φ†1Φ2

)2

+ h.c.

]
,

(1)

where m2
12 and λ5 are in general complex, while the re-

maining parameters are real. There is only CP violation
if arg(λ5) 6= 2 arg(m2

12). If this relation holds, the result-
ing model is the C2HDM. If, however, the relation is not
verified, then we can always choose a basis where m2

12

and λ5 are real and, if the vacuum expectations values
(vevs) are also real, then we get the special case of the
real 2HDM.

The parametrization of the doublets after the sponta-
neous symmetry breaking might be given by [23]:

Φ1 =

 φ+
1

v1 + η1 + iχ1√
2

 , Φ2 =

 φ+
2

v2 + η2 + iχ2√
2

 , (2)

where ηi and χi represent the real and imaginary parts of
the neutral scalar fields. The physical fields are obtained
using the angle β which is such that tanβ := v2/v1:

H± =−sβφ±1 +cβφ
±
2 , G± =cβφ

±
1 +sβφ

±
2 ,

η3 =−sβχ1+ cβχ2, G0 = cβχ1+ sβχ2,
(3)

where sβ = sinβ, cβ = cosβ. The three neutral fields
η1, η2 and η3 are mixed together, so that the physical
states h1, h2 and h3 are obtained from them through the
relation [24]h1

h2

h3

=

 c1c2 s1c2 s2

−(c1s2s3 + s1c3) c1c3 − s1s2s3 c2s3

−c1s2c3 + s1s3 −(c1s3 + s1s2c3) c2s3


η1

η2

η3

 ,

(4)
where we have introduced the angles αi and defined
si ≡ sin(αi) and ci ≡ cos(αi) (i = 1, 2, 3). As input
parameters of the potential, we choose the set [24]{

m1, m2, mH± , α1, α2, α3, β, Re
(
m2

12

)}
, (5)

where mj = mhj
. We shall assume the relation m1 ≤

m2 ≤ m3. The value of m3 can be calculated from this
set.

We assume that the SM particles except the Higgs fol-
low the usual Lagrangian, that there are H± particles
with the usual gauge-kinetic Lagrangian, and that the
125 GeV scalar/pseudoscalar particle h has the following
interactions with the fermions, the charged Higgs boson
and the vectorial gauge bosons:

LY = −
(√

2GF

) 1
2
mf ψ̄ (a+ ibγ5)ψ h, (6)

LhH+H− = λ v hH+H−, (7)

LhV V = C

[
gmWW

+
µ W

µ−+
g

2cW
mZZµZ

µ

]
h, (8)

where V V = ZZ∗ or W+W−, and where a, b, C and λ
are real parameters. The specification of these parame-
ters defines the model. The C2HDM corresponds to the
set of parameters given in Ref. [25] (and one should iden-
tify h with h1), where the choice of the different pairs of
values a and b for each fermion defines the version of the
model. There are four of them: Type I, Type II, Lep-
ton Specific and Flipped. The CP conserving 2HDM has
b = 0 and a, C and λ given in Ref. [26]. In this case, we
also have α2 = α3 = 0 and use α instead of α1, such that
α = α1 − π

2 . In the special case of the SM, one simply
has a = C = 1 and b = λ = 0.
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We use the ratios of observed rates to SM expectations
to constrain the ratios between the 2HDM and SM rates

µf = RP RD RTW , (9)

where the sub-indices P , D, and TW stand for “produc-
tion”, “decay”, and “total width”, respectively. Here,

RP =
σ2HDM(pp→ h)

σSM(pp→ h)
,

RD =
Γ2HDM[h→ f ]

ΓSM[h→ f ]
,

RTW =
ΓSM[h→ all]

Γ2HDM[h→ all]
, (10)

where σ is the Higgs production mechanism, Γ[h → f ]
the decay width into the final state f , and Γ[h → all] is
the total Higgs decay width.

For our simulations, we generate points in parameter
space with m1 = 125 GeV and with the ranges

α1 ∈
[
−π

2
,
π

2

]
, α2 ∈

[
−π

2
,
π

2

]
, α3 ∈

[
0,
π

2

]
,

tanβ ∈ [1, 30] , m2 ∈ [125, 900] GeV,

mH± ∈ [340, 900] GeV (Type II and Flipped),

mH± ∈ [100, 900] GeV (Type I and Lepton Specific),

m2
12 ∈

[
−9002, 9002

]
GeV2.

We only maintain those points which provide a bounded
from below solution [27], conforming to perturbative uni-
tarity [28] and the oblique radiative parameters S, T, U
[29, 30]. After implementing this algorithm, we have a
collection of possible C2HDM data points.

It can be shown that η1 and η2 are scalars fields and
η3 is pseudoscalar. Using the fact that there is CP viola-
tion when a certain field has a scalar and a pseudoscalar
component and also Eq. 4, one can see that, if s2 = 0,
h1 becomes a function of η1 and η2 only, so that it is
a pure scalar. In the case |s2| = 1 ⇔ c2 = 0, we have
that h1 = h1(η3), so that h1 is a pure pseudoscalar. This
seems to imply that |s2| is a good measure of the pseu-
doscalar content of h1. Therefore, to study the effect
of current experimental bounds on the pseudoscalar con-
tent of the 125 GeV Higgs, we follow Ref. [12] and study
three sets of points: points where the h1 is mainly scalar,
with |s2| < 0.1 (in green/light-grey in the simulation fig-
ures to be shown below); points where the h1 is mainly
pseudoscalar, with |s2| > 0.85 (in red/dark-grey in the
simulation figures to be shown below); points where the
h1 is a almost even mix of scalar and pseudoscalar, with
0.45 < |s2| < 0.55 (in blue/black in the simulation fig-
ures to be shown below). To compare with current ex-
periments, all scatterplots in this article will be drawn
for processes at 8 TeV, except were noted otherwise.

For the study of the wrong-sign Yukawa coupling, we
concentrate mostly on the Type II 2HDM. In fact, given
the experimental lower bound on tanβ, the coupling to
the up-type quarks in Type I and Type II - as well as the
coupling to the down-type quarks in Type I - cannot have
the wrong sign [22]. We will use the notation kU and kD
for the values of a related to the up-type quarks and the
down-type quarks in Type II real 2HDM, respectively.
We have [26]:

kU =
gType II
hUU

gSM
hUU

=
cos (α)

sin (β)
, kD =

gType II
hDD

gSM
hDD

= − sin (α)

cos (β)
,

(11)
and sinα is such that

sin(α) < 0 ⇒ kD > 0 ⇔ SM sign,

sin(α) > 0 ⇒ kD < 0 ⇔ opposite sign .

III. THE h→ Zγ DECAY

The h→ Zγ decay does not happen at tree level, since
the photon does not couple to electrically neutral par-
ticles. We thus focus on the decay at one loop. In a
general 2HDM, we can have three sorts of diagrams me-
diating the loop: fermions, vectorial bosons and charged
scalars. We present in Figs. 2, 3 and 4 examples of these
diagrams.

h

γ

Z

F1

FIG 2. Fermion mediated loop diagram.

k
h

γ

Z

G1

FIG 3. Vectorial boson mediated loop diagram.

h

γ

Z

E1

FIG 4. Scalar mediated loop diagram.
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If YF and ΨF represent dimensionless functions re-
lated to the scalar and pseudoscalar contributions from
the fermion mediated loop diagrams for the final decay
width, respectively, and if YG and YH are the analo-
gous scalar contributions from the vectorial bosons and
charged scalars, respectively, then it can be shown that
the decay width can be written as [25]

Γ(h→ Zγ) =
GFα

2m3
h

64
√

2π3

(
1− m2

Z

m2
h

)3(
|a YF +

C YG + λYH |2 + |ΨF |2
)
.

(12)

Two points should be stressed: first, although some in-
dividual amplitudes might not be, the final result is fi-
nite and gauge invariant, which we have checked with
Feyncalc [31]; second, from Eq. 12, we see that there is
no interference between the scalar and the pseudoscalar
components.

IV. RESULTS AND DISCUSSION

i. Squared moduli inside Γ(h→ Zγ)

We present in Fig. 5 a scatterplot comparing the
squared moduli of the different terms in Eq. 12, where
we are taking XW = C YG, Xt = kU YF top, Xb =
kD YF bottom and XH± = λYH (we have considered in-
dependently the top and bottom quarks contributions).
The squared moduli have been computed in the Type II
2HDM with both kD < 0 and kD > 0. The diagrams
mediated by internal vectorial bosons have the most ex-
pressive contribution. The charged Higgs contribution is
non-negligible, being comparable to the top quark one.
The pseudoscalar contributions, Ψt and Ψb, relative to
the top and bottom quarks, respectively, give a contribu-
tion of the order of that of Xt, thus being quite relevant.

ii. C2HDM Models

Fig. 6 shows our results in the µγγ−µZγ plane for the
Type I model. We notice that large pseudoscalar com-
ponents (large |s2|) imply small values for µZγ . There
are two points to stress. First, there is a strong corre-
lation between µZγ and µγγ , even when all values of s2

are taken into account. Second, that correlation is partly
connected with s2. This can be seen in the blue/black
region of Fig. 7, where we see that large values of µZγ are
only possible around s2 ∼ 0 and h1 with a large scalar
component.

In contrast, a large pseudoscalar component implies
very small values for both µZγ and µγγ . As a result, a
value of µZγ ∼ 1 would be very efficient in ruling out
a large pseudoscalar component. Fig. 7 also shows in

FIG 5. Points obeying bounded from below, perturbative
unitarity and S, T, U constraints representing the squared
moduli of C YG (black), kU YF top (blue), kD YF bottom

(red), λYH (green), Ψt (purple) and Ψb (cyan) as a func-
tion of sin(β − (α1 − π/2)) for the Type II 2HDM.

FIG 6. Results in the µZγ - µγγ plane for the Type I
C2HDM. The points in green/light-gray, blue/black, and
red/dark-grey correspond to |s2| < 0.1, 0.45 < |s2| <
0.55, and |s2| > 0.85, respectively.

red/dark-grey (cyan/light-grey) the allowed regions if we
assume that the measurements of µV V at 14 TeV will
center around unity with a 20% (5%) error. The V V
constraint implies that µγγ and µZγ are expected to lie
close to their SM value in the C2HDM and that |α2|
should lie below 50 degrees. A similar analysis of the
impact of V V , shows that α3 can take any value and
that |α1| should be larger than about 60 degrees.

We now consider the simulations for Zγ in the Type II
model, shown in Fig. 8. Large values for µZγ are possi-
ble for small |s2|. Comparing with Fig. 6, we see that, in
Type II, much larger values of µZγ (and of µγγ) are al-
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FIG 7. µZγ as a function of s2. The points in red/dark-
grey (cyan/light-grey) where chosen to obey µV V = 1
within 20% (5%). This figure has been drawn for 14
TeV.

FIG 8. Type II results in the µZγ - µγγ plane. The
points in red/dark-grey, blue/black, and green/light-gray
correspond to |s2| < 0.1, 0.45 < |s2| < 0.55, and |s2| >
0.85, respectively.

lowed, but that there is still a strong correlation between
the two which, again, is partly due to s2. Measurements
of µV V within 20% of unity, force µZγ ∼ 1 and require
|α2| . 50 degrees. This puts a further bound on a large
pseudoscalar component.

In the Lepton Specific model, the results for µZγ are
very similar to those presented for Type I, while in the
Flipped model, the results are similar to those of Type
II.

We highlight the situation regarding µτ+τ− in the
Flipped model, presented in Fig. 9. Notice that one can
find points as large as µτ+τ− = 7.5 for reasonable values
of µγγ ∼ 1.

FIG 9. Flipped model results in the µτ+τ− - µγγ plane.
The points in red/dark-grey, blue/black, and green/light-
gray correspond to |s2| < 0.1, 0.45 < |s2| < 0.55, and
|s2| > 0.85, respectively.

iii. Wrong-sign h1bb̄ couplings in Type II C2HDM

Here we discuss for the first time the wrong-sign hbb̄
couplings in the context of the Type II C2HDM. We
have seen that in the Type II real 2HDM we had kD =
− sinα/ cosβ (in fact, to be precise and independent of
the phase conventions leading to the usual choices for the
ranges of α, one should talk about C kD > 0 as the right
sign solution and C kD < 0 as the wrong-sign solution).

The situation is rather different in the C2HDM be-
cause, according to Eq. (6), there are two couplings of
h1 with the fermions: the scalar-like coupling a and the
pseudoscalar-like coupling b (so that we shall use the no-
tation aD and bD for the couplings with the down-type
quarks, and aU and bU for the couplings with the up-
type quarks). As usual, we assume that experiments
have obtained the SM values for µZZ , µWW , µγγ , and
µτ+τ− within 20%. Denoting by sgn(C) the sign of C, we
show in Fig. 10 a simulation in the sgn(C) sin (α1 − π/2)-
tanβ plane. In cyan/light-grey we show the points which
pass µV V = 1.0± 0.2; in blue/black the points that also
satisfy |s2|, |s3| < 0.1; and in red/dark-grey the points
that satisfy |s2|, |s3| < 0.05. The left legs correspond
to sin (β − α) ∼ 1 and the right sign solution, while the
right legs correspond to sin (β + α) ∼ 1 and the wrong-
sign solution. We see that, for generic s2 and s3, the two
regions are continuously connected. In contrast, when
|s2|, |s3| < 0.05, we tend to the disjoint solutions of the
real 2HDM [26].

The constraints on the sgn(C) aD-sgn(C) bD plane are
shown in Fig. 11. We see that sgn(C) aD can have both
signs, and so can sgn(C) bD. Moreover, these different re-
gions are continuously connected. In the C2HDM there is
still a very large region of either negative sign permitted.
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FIG 10. Results of the simulation of Type II C2HDM
on the sgn(C) sin (α1 − π/2)-tanβ (sinα-tanβ) plane.
In cyan/light-grey we show all points obeying µV V =
1.0 ± 0.2; in blue/black the points that satisfy in addi-
tion |s2|, |s3| < 0.1; and in red/dark-grey the points that
satisfy |s2|, |s3| < 0.05.

FIG 11. Results of the simulation of Type II C2HDM
on the sgn(C) aD-sgn(C) bD plane of scalar-pseudoscalar
couplings of h1bb̄. We assume that the measurements
come from current data at 8 TeV and are made within
20% (5%) of the SM. Constraints from µV V are in
cyan/light-grey, from µγγ are in red/dark-grey, and from
µτ+τ− are in blue/black.

iv. Predictions in the 2HDM for the 14 TeV run

We now focus on the real 2HDM. Assuming current
experiments (20% errors at 8 TeV) and, in addition, the
µV V are measured at 14 TeV to lie around unity with
a 5% precision, our predictions for µZγ (in cyan/light-
gray), µτ+τ− (in red/dark-gray) and µγγ (in black) are
shown in Fig. 12. Here, we would be led to conclude

that a 5% measurement of µτ+τ− ∼ 1 would exclude
kD < 0 for large tanβ. As explained in Ref. [26], this
conclusion is misleading since the µτ+τ− (and the µbb̄
rates, combining all production modes) depend crucially
on the detailed mix of the gluon production through
intermediate tops and bottoms. Thus, we agree with
Ref. [22] that a 5% measurement of µγγ can be used to
exclude the wrong-sign solution, while µτ+τ− should not.
Concerning µZγ , there are bad news and good news. The

FIG 12. Prediction for µτ+τ− (red/dark-gray), µZγ
(cyan/light-gray) and µγγ (black) as a function of tanβ,
for the LHC at 14 TeV, with a measurement of µV V
within 5% of the SM at 14 TeV.

bad news comes from the fact that the results in Fig. 12
show that µZγ . 1. Therefore, this channel cannot be
used to exclude the kD < 0 solution. The good news
are the following. The ratio µV V , even at 20%, puts a
strong bound on µZγ . In fact, we found that, for kD < 0
and before applying the µV V constraint, µZγ could be as
large as two for µγγ ∼ 1, as shown in the black region of
Fig. 13. However, the requirement that µV V should be
within 20% of the SM drastically limits this upper bound,
requiring it to be very close to the SM value, as shown
in the red/dark-gray region of Fig. 13. This means that
a measurement of & 1.3 in µZγ when 0.8 < µV V < 1.2
would exclude not only the SM but also the CP conserv-
ing 2HDM. If we require a measurement of µV V to be
within 5% of the SM (cyan/light-gray region of Fig. 13),
then both µγγ and µZγ have to be below their SM values
for kD < 0. We find that this effect is more predominant
in γγ (µγγ < 0.9) than in Zγ (µZγ < 1).

V. CONCLUSIONS

We discuss the decay of a mixed scalar/pseudoscalar
state into Zγ, which will be probed in the next LHC run.
We consider the constraints that current experiments im-
pose on the four versions of the C2HDM and discuss the
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FIG 13. Predictions for µZγ versus µγγ at 14 TeV, for
kD < 0. In black, we have the points in the SET (obeying
theoretical constraints and S, T, U , only). In red/dark-
gray (cyan/light-gray), the points satisfying in addition
V V within 20% (5%) of the SM, at 14 TeV.

prospects of future bounds, including h→ Zγ. This pro-
vides an update of Type I and Type II, and the first
discussion of current constraints on the Lepton Specific
and Flipped C2HDM.

In the C2HDM, the parameter s2 measures the pseu-

doscalar content, with s2 = 0 (s2 = 1) corresponding to
a pure scalar (pseudoscalar). The fact that ATLAS has a
rather large central value for µγγ places strong limits on
C2HDM, but it also disfavours the SM at 2-σ. But, even
excluding this constraint, we find that current experi-
ments already disfavor a large pseudoscalar component
|s2| > 0.85, at over 1-σ level in all C2HDM versions.

We have discussed the possibility that the scalar com-
ponent of the Type II C2HDM h1qq̄ coupling (a) has a
sign opposite to that in the SM. Current experiments
allow for either sign of both sgn(C) aD and sgn(C) bD,
covering a rather large region.

Finally, we performed an analysis of Zγ in the real
2HDM. We have shown that, before including the LHC
data, values of µγγ and µZγ were allowed between 0 and
3, but with a correlation between the two, as shown in the
black region of Fig. 13. Things change dramatically when
the simple constraint 0.8 < µV V < 1.2 is imposed. In
that case, we obtain the red/dark-gray region of Fig. 13,
which already places µγγ and µZγ close to the SM. A
5% measurement of V V around the SM at 14 TeV will
bring µZγ just below unity. Thus, this decay cannot be
used to exclude kD < 0. But we have the reverse advan-
tage. It is obvious that a measurement of µZγ > 1 would
exclude the SM. We have shown that a 5% precision on
µV V around the SM, together with µZγ > 1, would also
exclude kD < 0, and, together with µZγ > 1.1, would
exclude altogether the Type II 2HDM with softly broken
Z2. If µZγ turns out to lie a mere 20% above the SM
value, then the softly broken Type II 2HDM is not the
solution.
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