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We study the consistency of two Higgs doublet models in light of the new bosonic particle discovery
at the LHC. We work within a general setup that we call here the 2HDM-G, in which the quarks
couple to both scalar doublets with aligned couplings such that flavor-changing neutral currents are
absent at tree level. The framework encompasses the traditional Type I, Type II, lepton specific,
and flipped models, but also provides for more general possibilities. The best fit to the current data
is given in the general scenario with specific parameter choices; however, a good fit is also obtained
within a democratic model in which both the up-type and down-type quarks couple to each doublet
with equal strengths. The approach provides a general framework in which to interpret future LHC
Higgs data within extensions of the Standard Model with two Higgs doublets.

PACS numbers: 12.60.Fr, 14.80.Ec

Introduction. The recent discovery of a Higgs-like par-
ticle with a mass close to 125 GeV at the Large Hadron
Collider (LHC) is the most significant crowning achieve-
ment in particle physics in several decades. If this particle
is indeed a Higgs boson, it is of paramount importance in
confirming spontaneous electroweak symmetry breaking
as the origin of mass. The properties of the Higgs bo-
son at colliders are also sensitive to physics beyond the
Standard Model (SM). Knowing or excluding additional
new particles that affect the Higgs properties can increase
our understanding of the nature of electroweak symme-
try breaking. One of the best-motivated extensions of the
SM is to add an additional Higgs doublet, resulting in two
Higgs doublet models (2HDM’s) (see [1] for a recent re-
view). Specific realizations of 2HDM’s have already been
studied in light of the Higgs-like particle discovery [2–4].

There are several well-known 2HDM’s that correspond
to different ways of coupling the Higgs doublets to the
SM fermions. The models can be classified into two
categories depending on whether they result in Higgs-
mediated flavor-changing neutral currents (FCNC) at
tree level. Within the first class of models, tree-level
FCNC are forbidden by global symmetries such as Peccei-
Quinn symmetry [5] or discrete symmetries. This class of
models include the Type I (2HDM-I), Type II (2HDM-
II), lepton-specific (2HDM-L) and flipped 2HDM, which
can be distinguished based on Yukawa coupling measure-
ments [6, 7]. The second class of models, which are com-
monly known as Type III models, include Yukawa cou-
plings of the up-type and down-type quarks to both Higgs
doublets. This class of models generically have tree-level
FCNC and are highly constrained by flavor observables
which are consistent with the SM.

Motivated by the measurements of the fermion Yukawa
couplings and the agreement of the flavor observables
with the SM, we explore a simple and relatively general
2HDM framework that captures the dominant effects
of Type III models in modifying the Higgs properties
but has no tree-level FCNC. In this setup, which we
label here for simplicity as the 2HDM-G, the quarks

each couple to both Higgs doublets with an aligned
flavor structure governed by the same Yukawa matrix,
as outlined in [11]. This coupling choice guarantees
the absence of tree-level FCNC due to fine-tuning,
and therefore FCNC may reappear at higher-loop level
with appreciable strength. However, we consider this
general framework because our principal guidance is
the experimental Higgs data, which points to specific
features that are not yet understood.

The 2HDM-G. We consider two complex electroweak
Higgs doublets: Φd = (Φ0

d,Φ
−
d ) with hypercharge Y =
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0
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the tree-level Higgs potential conserves CP, we have

Φd =
[

(vd + φr
d + i φi

d)/
√
2 , Φ−

d

]

,

Φu =
[

Φ+
u , (vu + φr

u + i φi
u)/

√
2
]

, (1)

in which vu,d are the usual electroweak vacuum expecta-
tion values (VEV’s), with v2 = v2u + v2d = (246 GeV)2.
The ratio of the two VEV’s is given by tanβ ≡ vu/vd.
Assuming CP conservation, the scalar potential is
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in which all parameters are real, and Φ̃u,d ≡ −iσ2Φ
∗
u,d.

Note that the λ6,7 terms, which are absent within specific
2HDM’s in which there is a softly broken Z2 symmetry
(see e.g. [1] for a review), are generically present within
this framework due to the choice of couplings of the Higgs
doublets to the quarks, as outlined more precisely below.
In the Higgs spectrum, there are two neutral scalars h

and H , one pseudo-scalar A, and one charged scalar H±.
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We mainly consider the phenomenology of the lightest
CP-even neutral scalar h, but we will also include the ef-
fects of the charged scalar on the h properties as well as
the experimental constraints onH , A andH±. The light-
est CP-even scalar h is given as usual by h = −φr

d sinα+
φr
u cosα with the mixing angle −π/2 ≤ α < π/2. In the

decoupling limit with mh ≪ mA ∼ mH ∼ mH± , one has
cos (β − α) = O(v2/m2

A) [12]. The tree-level couplings of
h to the W and Z are

ghV V = gV mV sin (β − α) , (3)

in which gV = 2mV /v for V = W or Z. The Yukawa
couplings of the Higgs doublets to the quarks and the
charged leptons are given in this framework without loss
of generality as follows:

−L = yu uR (cos γu Φu − sin γu Φ̃d)QL

+ yd dR (cos γdΦd + sin γd Φ̃u)QL

+ yℓ eR Φd LL + h.c. , (4)

in which yu,d,ℓ are 3 × 3 Yukawa matrices, and we have
neglected the neutrino interactions with the Higgs for
simplicity. In the above, we have used the freedom to
redefine the two linear combinations of Φu and Φ̃d [13]

to eliminate the coupling of the leptons to Φ̃u. Hence, in
this basis there are two mixing angles γu,d for the up-type
and down-type quark couplings.

Type I II L Flipped Democratic

γu
π
2

0 0 π
2

π
4

γd 0 0 π
2

π
2

π
4

TABLE I: The values of the mixing angles γu,d for different
2HDM’s. “L” means the lepton-specific 2HDM (2HDM-L).
The flipped 2HDM is similar to the 2HDM-II except that
the charged leptons couple to the same Higgs as the up-type
quarks. The democratic (2HDM-D) refers to the case in which
both doublets couple equally to up and down quarks.

In specific limits, the parameter space of this scenario
reduces to several well-known 2HDM’s, as shown in Table
I. It is clear that this more general framework will allow
us to cover a broader range in the Higgs sector than any
of these familiar limits. The couplings of h to fermions,
in units of the SM coupling, take the form

htt̄ :
cos (α+ γu)

sin (β + γu)
, hbb̄ : − sin (α− γd)

cos (β − γd)
,

hτ τ̄ : − sinα

cosβ
, (5)

in which we have shown only the dominant tree-level cou-
plings to the third-generation fermions. The Yukawa cou-
plings involving the charged Higgs H± are given by

gH−tb̄ =

√
2

v
[mt cot (β + γu)PR +mb tan (β − γd)PL] ,

gH−τ+ν =

√
2

v
[mτ tanβ PL] , (6)

which corresponds to (in commonly used notation) Au ≡
cot(β + γu) and Ad ≡ tan(β − γd).
We see from Eqs. (3) and (5) that the SM Higgs boson

couplings are recovered by choosing β = α+π/2 and γu =
γd = 0. The couplings to the electroweak gauge bosons
are generically smaller in this general setup than their SM
values. However, the couplings to fermions can be either
larger or smaller than the corresponding SM couplings.
Also, unlike the discrete 2HDM’s, the couplings to the
t-quark, the b-quark and the τ -lepton are independent of
each other. For example, by choosing α = 0 and non-
zero values of γu and γd, one can even have a vanishing
h → τ τ̄ partial decay width.
To compare with the experimental measurements, it is

necessary to determine the branching fractions of various
Higgs decay channels in this setup. First, we determine
the total width of h, which is given by

Γtot
h ≈ sin2 (α− γd)

cos2 (β − γd)
Γb
SM + sin2 (β − α) ΓW

SM , (7)

where for illustrative purposes we have assumed that the
total width is always dominated by the bb̄ and W+W−

channels and thus we have neglected subdominant con-
tributions from ττ and gg. In our numerical calculations,
we include all the subdominant channels in the determi-
nation of the total width. Given the parameter space
freedom, the total width can be much larger or smaller
than the total width of the SM Higgs boson. The ra-
tio of branching ratios for several important channels,
ρi ≡ BFi(2HDMX)/BFi(SM), then take the form

ρg =
cos2 (α+ γu)

sin2 (β + γu)

Γtot
SM

Γtot
X

, ρb =
sin2 (α− γd)

cos2 (β − γd)

Γtot
SM

Γtot
X

,(8)

ρτ =
sin2 α

cos2 β

Γtot
SM

Γtot
X

, ρV = sin2 (β − α)
Γtot
SM

Γtot
X

, (9)

ργ =

[

16 cos (α+ γu)

47 sin (β + γu)
− 63 sin (β − α)

47

]2
Γtot
SM

Γtot
X

. (10)

For ργ , we show here the result in the limit mh ≪
2mt, 2MW , but in our numerical calculations we use
the full one-loop formula including the H± contribu-
tion [14, 15].
The data are typically presented as ratios of the pro-

duction cross section times branching fraction divided
by the corresponding SM value, with the notation µj(i)
for the production type “i” and the decay channel “j.”
The µj(i) can be related to the ρi by µj(i) = ρj ρi for
the exclusive channel. For the inclusive channel, we sum
over the gg, V V and V h production modes.

Fit to the Higgs data. We perform a Bayesian fit to
the available LHC and Tevatron data following the same
method as [16]. We require all scalar potential param-
eters to be perturbative with λ2

i < 4π. We have also
included constraints on the parameter space that result
from the requirement that the potential is bounded from



3

below [17], and from vacuum stability (see [18] for a gen-
eral discussion of this issue in CP-conserving 2HDM’s).
From the present experimental results as of Moriond

2013 [9, 10, 19, 21–23] (see also [8]), a combination of
inclusive and selected exclusive channels yields the fol-
lowing distilled measurements:

µgg(γγ) = 1.1+0.2
−0.2 , µV V (γγ) = 1.2+0.5

−0.5 ,

µgg(V V ) = 0.79+0.15
−0.15 , µV V (V V ) = 1.0+0.4

−0.4 ,

µgg(ττ) = 0.9+0.6
−0.5 , µV V (ττ) = 1.3+0.6

−0.6 ,

µV h(bb̄) = 1.3+0.4
−0.4 ,

where pp, gg, V V and V h denote inclusive, gluon fusion,
vector boson fusion and associated production of the
Higgs boson. We constrain H with the excluded sig-
nal rate over a mass range up to 500 GeV [19] and H±

with a mass below the top mass [20], in accordance with
current limits. We also include the values of the pre-
cision electroweak observables S and T and the flavor
changing decays B0 → Xs + γ + X at next to leading
order (NLO) [24] in our fit. We require S = 0.04± 0.09,
T = 0.07±0.08 with an 88% positive correlation [25] and
BF(B0 → Xs + γ +X) = (3.43± 0.22)× 10−4 [26].1

The B0 → Xs + γ + X measurement places a sig-
nificant constraint on the charged Higgs couplings. We
show in Fig. 1 the plane of Au and Ad for two charged
Higgs masses and the associated regions of the traditional
2HDMs. Models that allow a simultaneous suppression of
Au and Ad, such as the 2HDM-I, 2HDM-L, and 2HDM-D
models, better permit a light charged Higgs. The 2HDM-
II and flipped models require a rather heavy charged
Higgs to evade the current bounds.
In Fig. 2, we show the bands associated with the

collider measurements of Eq. (11) in cos(β − α) and
tanβ for 2HDM-D. The solid lines indicate the central
value while the shaded region indicates the 1σ band of
the measurements combined over all production chan-
nels [µ(V V ) = 0.8+0.1

−0.1, µ(γγ) = 1.1+0.2
−0.2, µ(bb̄) = 1.3+0.4

−0.4

and µ(ττ) = 1.1+0.4
−0.4]. The Bayesian fit is represented

by the red points. Therefore, the measured V V , γγ
and ττ rates provide a good fit for small tanβ and
cos(β − α) → 0, in accordance with the decoupling limit
and B0 → Xs + γ +X .
In Fig. 3, we show the posterior mass distribution of

the heavy states, which have the peak values different
from the decoupling limit. Note that it is difficult to

1 The BaBar collaboration has reported measurements of B →

D+(D∗
+)τ−ν that deviate from Standard Model predictions by

2σ and 2.7σ, respectively [27]. In the context of a 2HDM these
measurements appear to require a charged Higgs with mass below
the LEP2 limit. In the BaBar analyses only the purely leptonic
tau decay modes are studied and the presence of multiple neutri-
nos in the final state requires complex methodology to separate
the signals from backgrounds. Hence, we set aside the BaBar re-
sults until independent measurements of these decay modes are
reported by the Belle and LHCb collaborations.

FIG. 1: Allowed regions consistent with B0
→ Xs + γ + X

measurements in Au and Ad for MH± = 200 GeV and 1
TeV. Traditional models that allow a suppression in both Au

and Ad are favored when the charged Higgs boson is light.
For each traditional model, we illustrate the location for a
selected set of tan β values. Pink regions denote exclusion at
the 95% C.L.

get such a large bb̄ value of µV h(bb̄) = 1.3 indicated by
the data. This is due to the already large branching
fraction in the SM. Hence, no central value line is shown
for that channel. However, this large value is dominated
by the Tevatron V h → bb̄ measurement. If the future
rate measured at the LHC is smaller as indicated by the
CMS measurement, agreement within this channel will
improve. With a suppressed bb̄ rate, another means to
enhance the h → γγ rate is available as the total width
decreases, thereby increasing the branching fraction to
the other decay modes. We find this occurs infrequently
within this scenario.

In Fig. 4, we show the posterior probability density
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FIG. 2: Ranges of cos(β−α) and tanβ in 2HDM-D consistent
with the experimental data. Data consisting of decays to V V ,
γγ, ττ and bb̄ constrain the parameter space to regions of
black, blue, red, and purple colors, respectively. A random
selection of points in our Bayesian fit are presented as red
dots. Due to B0

→ Xs + γ + X constraints, models with
small tan β are preferred.
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FIG. 3: Posterior probability of the heavy Higgs masses. To
achieve the enhanced h → γγ rate, the charged Higgs is typ-
ically light. Consistency with electroweak precision observ-
ables forces the associated heavy states to be of similar mass.

in the plane of γu and γd considering only B0 → Xs +
γ + X (top panel) and including all the data (bottom
panel). The dominant constraint in this plane arises from
B0 → Xs + γ + X . The LHC and EW precision data
continue to carve out more of the available parameter
space. The most preferred values do not fit any of the
traditional models. Of these models, the 2HDM-II and

FIG. 4: Posterior probability regions of 1σ and 95% C.L. in
the plane of γu and γd consistent with only B0

→ Xs+γ+X
(top panel) and all data (bottom panel). Traditional 2HDM
models (black circles) and the 2HDM-D (middle black circle)
are shown for comparison.

flipped models have the most tension from B0 → Xs +
γ + X as they lie outside the 95% C.L. region. This is
verified by the best-fit reduced χ2 distribution by channel
tabulated in Table II. (The best fit point for the general
model does not necessarily correspond to the most likely
point due to the sampling of the parameter space; for
instance, a fine-tuned best fit point is generally not the
most likely point.) The values of γu = γd = π/4 appear
to give quite good fits for the democratic 2HDM-D model.

As shown in Table II, the best fit is given by the
general setup with specific parameter choices, with the
2HDM-D not far behind. The pull from the data of the
best fits are given in Fig. 5, which immediately shows
that the data are well matched for specific parameter
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TABLE II: Reduced χ2 values of the best fit point for key
channels. For each Higgs decay channel, we sum over the
production mechanisms.

Model χ2
V V /ν χ2

γγ/ν χ2

bb̄
/ν χ2

ττ/ν χ2
b→sγ χ2

total/ν

SM 0.45 0.91 1.00 0.27 0.17 0.65

Type-I 0.52 0.76 1.13 0.32 0.06 0.60

Type-II 0.49 0.92 1.00 0.26 2.78 0.71

Lepton 0.62 0.77 0.99 0.27 0.02 0.55

Flipped 0.52 0.93 0.99 0.29 2.49 0.72

Democratic 0.43 0.76 1.22 0.31 0.00 0.59

General 0.44 0.77 0.99 0.27 0.02 0.55

--

--
--
--
--

--

-- --
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FIG. 5: Channels measured at the LHC and Tevatron with
best fit points from the 2HDM-G model denoted by ×.

regions within this general 2HDM framework.

Conclusions. The 2HDM-G framework provides a rich
setting in which to analyze the LHC Higgs-like data in the
context of simple extensions of the SM to allow for two
electroweak Higgs doublets. As one might expect, the
general model provides the best fit to the current data,
with the democratic model not far behind. A charged
Higgs of moderate mass is common. Further measure-
ments of the neutral Higgs boson properties and searches
for the charged Higgs boson will verify or falsify models
within this framework.

We note here that during the completion of our paper,
another paper appeared that also analyzes general two
Higgs doublet models with vanishing tree-level FCNC’s,
with a different parametrization [29].
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