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In this paper, we use the latestHiggsmeasurements fromATLAS andCMS to constrain the parameter space
of the model of Schmaltz, Stolarski, and Thaler, a little Higgs model with two Higgs doublets, which we will
refer to as theBLHmodel.We account for all production and decaymodes explored atATLASandCMS in two
scenarios: a general case, which assumes the h0 state is light (mh0 ≈ 125 GeV) and the masses of the other
neutral scalars (H0 andA0) are allowed to vary, and a casewith a near-degeneracy between themasses of the h0
and A0 and, for some choices of parameters, the H0 states. The near-degeneracy scenario can result in an
enhanced diphoton rate, as measured by ATLAS, but is largely ruled out by a combination of the h0 → τþτ−
and the heavyH0 → WþW− measurements. In the general case, we find large regions of parameter space that
are in better agreement with either the ATLAS or CMS results than is the SM. However, a significantly
enhanceddiphoton rate is only possible through large contributions to theh0γγ effective coupling fromcharged
Higgs bosons in a region of parameter space that borders on violation of perturbativity in the scalar sector.
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I. INTRODUCTION

After analyzing the results from approximately 5 fb−1 of
integrated luminosity at both 7 TeV and 8 TeV center-of-
mass collision energies, both ATLAS and CMS revealed the
discovery of a new resonance in the γγ, ZZ� → 4l and
WW� → lþl−ET decay channels, consistent with a Higgs
boson at amass of approximately 125GeV,with a combined
significance of more than 5σ [1,2]. Now that the remaining
8 TeV collision data, corresponding to approximately
20 fb−1 of integrated luminosity, has been analyzed, this
new state continues to be consistent with a Higgs boson.
However, there are indications that its branching ratios
might deviate from those of the Standard Model (SM)
Higgs boson, particularly in the diphoton decay rate that is
sensitive to the presence of newphysics [3,4].More datawill
be needed for precise determination of the branching ratios.
Prior to Moriond 2013, both the CMS and the ATLAS

experiments found an enhancement in the diphoton signal
strength, without significant deviations from SM values
in the ZZ� and WW� signal strengths [3,5–11]. Following
Moriond 2013, CMS updated their diphoton analysis with
results that were in better agreement with the SM pre-
dictions [12]. Of interest, however, is that ATLAS [13,14]
still observes an excess in the diphoton rate at a significance
of approximately 2σ; and the ATLAS diphoton resonance

provides a best fit invariant mass for the Higgs boson that is
larger than the measured resonance mass for the ZZ� final
state (126.8 GeV versus 124.3 GeV).
Beyond the StandardModel physics may be significantly

constrained by comparing its predictions to the measured
mass and the various measured signal strengths (μ̂) of the
Higgs-like state. In general, vector boson fusion (VBF),
vector boson associated production (VH), and the
ZZ�=WW� decay modes are sensitive to modifications
of the Higgs boson couplings to gauge bosons; top quark
associated production (ttH) and the fermion decay modes
are sensitive to modifications of the Higgs boson couplings
to fermions; and gluon fusion (ggF) and the diphoton (γγ)
and Zγ loop-induced decay modes are sensitive to the
presence of new colored and electrically charged states,
respectively, that couple to the Higgs boson, as well as
modifications to the hWþW− and htt̄ couplings.
In general, Little Higgs models without T-parity are

more highly constrained by precision electroweak mea-
surements than by the LHC Higgs results [15,16], while T-
parity models are primarily constrained by relic abundance
considerations [17] and LHC search results [18]. The recent
non-T-parity Little Higgs model of Schmaltz, Stolarski,
and Thaler, which we will refer to as the BLH model [19],
is not as constrained by precision measurements due to the
presence of a custodial symmetry and a disassociation of
the masses of the top partner and heavy gauge boson states.
The BLH model features a global SOð6ÞA × SOð6ÞB

symmetry that is broken to a diagonal SOð6ÞV at a scale
f ∼O ðTeVÞ when a nonlinear sigma field, Σ, develops a
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vev (hΣi ¼ 1). The resulting 15 pseudo-Nambu Goldstone
bosons are parametrized as two real SUð2ÞL triplets, ϕa and
ηa (a ¼ 1; 2; 3), two complex Higgs doublets, h1 and h2,
and a real singlet σ. A general two-Higgs doublet potential
is generated in part explicitly and in part radiatively, where
the quartic coupling for the Higgs arises when integrating
out the heavy scalar singlet, σ. A second global symmetry
of the form SUð2ÞC × SUð2ÞD is also present, and is broken
to a diagonal SUð2Þ at a scale F > f when a second
nonlinear sigma field, Δ, develops a vev (hΔi ¼ 1). To
connect these two nonlinear sigma models, the SUð2ÞLA ⊂
SOð6ÞA and SUð2ÞC symmetries are gauged with the same
SUð2ÞA gauge bosons, while the SUð2ÞLB ⊂ SOð6ÞB and
SUð2ÞD symmetries are gauged with the same SUð2ÞB
gauge bosons. The diagonal subgroup of SUð2ÞA×SUð2ÞB
is then identified as the Standard Model SUð2ÞL.
Meanwhile, the diagonal combination of SUð2ÞRA ×
SUð2ÞRB ⊂ SOð6ÞA × SOð6ÞB is gauged by the hyper-
charge Uð1ÞY , while leaving the Δ sector unchanged.
This symmetry breaking leads to an extra heavy gauge
boson triplet (Z0, W0�), with large squared masses propor-
tional to f2 þ F2, which reduces their contribution to
precision electroweak observables. Fermions in the BLH
model, including the newly introduced top partners (T, B,
T2=3
b , T5=3

b , T5 and T6), only transform under the global
SOð6ÞA × SOð6ÞB. This leads to top partners with masses
proportional only to the scale f, lighter than the heavy
gauge bosons, and results in a lesser degree of fine-tuning
than in other Little Higgs models [15,19].
The BLHmodel has a large parameter space, allowing for

a wide range of experimental signatures that could poten-
tially reproduce either the CMS or the ATLAS results. Since
the BLH model is a type I two-Higgs doublet model
(2HDM), it also presents the possibility for a near-degen-
eracy between two or three physical scalar fields (h0,H0 and
A0), which would have a large effect on the measured signal
rates of the observed scalar resonance. In particular, since a
CP-odd scalar (A0) boson does not couple directly to pairs
of gauge bosons (WW� andZZ�), it is possible for a (nearly)
degenerate CP-odd scalar to contribute to the diphoton rate
without affecting these signal strengths. Type I 2HDM are
not as strongly affected bymeson factory constraints as type
II 2HDM [20], and so the near-degenerate case presents a
very interesting possibility that we explore in this paper.
Although this scenario can lead to an enhancement in μγγ , it
also leads to a large enhancement in μττ. As we will show,
this effectively rules out the entirety of the near-degenerate
scenario.
Alternatively, the large number of new vector boson,

fermion and scalar fields in the BLH model can contribute
to the loop-induced production and decay modes of a light
Higgs boson. These additional states can also reproduce the
observed enhancement of the diphoton rate without sig-
nificantly affecting the nonloop-induced couplings [21].
Furthermore, mixing between flavor eigenstates in the BLH

model further leads to modifications of the couplings from
the normal SM expressions that can also result in changes
to the Higgs boson signal strengths. These three features
(extra Higgs states, new gauge and fermion states, modified
couplings) combined lead to the possibility of large
variances in the Higgs boson signal strength rates, and
the potential to reproduce either the ATLAS or CMS
measurements.
In this paper, we explore the Higgs results in the BLH

model, accounting for all production and decay modes
explored separately by ATLAS and CMS, in two scenarios:
a general case, which assumes the h0 state is light
(≈125 GeV) and the masses of the other states (H0 and
A0) are allowed to vary, and a second case with a near-
degeneracy between the masses of the h0 and A0 fields. The
masses of the h0 and A0 fields are input parameters for the
model, while the H0 mass is calculated from these input
parameters and from the values of tan β, the ratio of the
vacuum expectation values of the two Higgs doublets, and
v [see Eq. (16)]. Therefore, the H0 state may or may not be
similarly near degenerate in the latter scenario, depending
on the values of the input parameters (mh0 ; mA0

; tan β; v).
These two regions are not orthogonal, as the general
scenario does allow for the possibility of near degeneracy
in the masses of the A0 andH0 states; this will be discussed
further in Sec. IV B. In Sec. II, we describe the formalism
we use in our calculations of the Higgs results, while in
Sec. III we describe the details of the BLH model that are
relevant to our calculations. In Sec. IV, we compare the
BLH model predictions to the measured results from
ATLAS and CMS in both scenarios. We summarize our
results in Sec. V.

II. CALCULATIONS

A. Production and decay

As shown in [22–24], the scalar interactions of a Little
Higgs model Lagrangian can be normalized to the form
of the SM expressions by introducing scaling factors yi,
such that

Lh ¼−X
f

CS0f̄fS0f̄fþ
X
V

CS0VVS0V
†V −X

S

CS0SSS0S
†S

þ
X
S0;V

gS0S0VS0S
0†Vμðp0−p0Þμ

¼−
X
f

mf

v
yS0f̄fS0f̄fþ

X
V

2
m2

V

v
yS0VVS0V

†V

−X
S

2
m2

S

v
yS0SSS0S

†Sþ
X
S0;V

gS0S0VS0S
0†Vμðp0−p0Þμ

ð1Þ
for fermion species f, vector bosons V and scalars S. The
S0 label denotes the h0, H0, and A0 (with an appropriate γ5
factor) for the fermion interactions, and the h0 and H0 for
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the vector boson and scalar boson interaction terms. The
parameters (v, mi, Ci, yi) are model dependent. The
expression for the vev, v, will be discussed further in
Sec. III.
A Higgs boson of approximately 125 GeV decays

predominantly to pair produced, kinematically accessible
states, such as bb̄ and τþτ−, and to one on-shell and one
off-shell vector boson (ZZ� and WW�). Decays to
diphotons, digluons and Zγ also occur through loop
interactions [22]. In the BLH model, all three physical
Higgs states (h0, H0 and A0) can decay to light fermions
and to loop-induced final states, but only the CP-even
states (h0 and H0) can decay to pairs of weak gauge
bosons, as shown in Figs. 1, 2, and 3. In our calculations,
we account for the contributions from all three Higgs
states, and include all new particle states of the model that
contribute to the loop diagrams.
When the scalar couplings are expressed in the form of

Eq. (1), the partial decay widths of the S0 ¼ h0; A0; H0

can be written in terms of the SM calculated values (we
use the values calculated in [25]) multiplied by some
combination of scaling factors. For direct decays, this is
straightforward. For loop-induced decays the scaling
factors must also include the loop factors. The direct
decays are given by

ΓðS0 → bb̄ÞBLH ¼ rS0bb̄ΓðS0 → bb̄ÞSM;
ΓðS0 → cc̄ÞBLH ¼ rS0cc̄ΓðS0 → cc̄ÞSM;

ΓðS0 → τþτ−ÞBLH ¼ rS0ττΓðS0 → τþτ−ÞSM;
ΓðS0 → ZZ�ÞBLH ¼ rS0ZZΓðS0 → ZZ�ÞSM;

ΓðS0 → WW�ÞBLH ¼ rS0WWΓðS0 → WW�ÞSM; ð2Þ

where

rS0bb̄ ≡
�
yS0bb̄
yv

�
2

;

rS0cc̄ ≡
�
yS0cc̄
yv

�
2

;

rS0ττ ≡
�
yS0ττ
yv

�
2

;

rS0ZZ ≡
�yS0ZZy2Zf̄f

yv

�2

;

rS0WW ≡
�yS0WWy2Wf̄f0ymW

yv

�2

: ð3Þ

FIG. 1. Direct decay modes of the h0, H0 and A0 states.

FIG. 2. Loop diagrams contributing to decays to pairs of photons, where f refers to all fermions with an electric charge, including
heavy, vectorlike quark states. Similar diagrams exist for the Zγ final state, where one of the photons is replaced by a Z boson.

FIG. 3. Loop diagrams contributing to decays to pairs of
gluons, where f refers to all fermions with a color charge,
including heavy, vectorlike quark states. This is also the process
for the gluon-fusion production mode.
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The factor yv accounts for the differences between the vev
in the BLH model and the SM vev, such that v ¼ yvvSM,
and is discussed in further detail in the following section.
The factor ymW

≡mBLH
W =mSM

W is the ratio of the W boson
mass calculated in the BLH model and in the SM, and
appears when making the replacement g ¼ 2mW=v in the
expression for the S0 → WW� partial width [26].
The factorsofyVf̄f aregivenbyyWf̄f0 ¼ ðgBLH

Wf̄f0 ÞL=ðgSMWf̄f0 ÞL
and yZf̄f ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððgBLH

Zf̄f
Þ2L þ ðgBLH

Zf̄f
Þ2RÞ=ððgSMZf̄fÞ2L þ ðgSM

Zf̄f
Þ2RÞ

q
,

and account for differences in the expressionsof the couplings
of the light vector bosons to fermions in the BLHmodel. For
our chosen parameter values, we found that these factors
amount to at most a 1% correction to the Zf̄f and Wf̄f0
couplings. Although these corrections are numerically small,
it is appropriate to include them when the experimental
measurements rely on leptonic decay modes of the vector
bosons. Thus, we account for Z → lþl− and W� → l�νl
decays (l ¼ e; μ) in thecalculationof theZZ� andWW� decay
widths, corresponding to the experimental results from
ATLAS and CMS [3,5–11]. Likewise, the Z → lþl− decay
(l ¼ e; μ) is taken into account in theZγ channel as measured
by ATLAS and CMS [27,28], by including a factor of y2

Zf̄f
in

the expression for ΓðS0 → ZγÞBLH in Eqs. (4) and (5) below.
The expressions for the partial widths of the loop-

induced decay modes are given by

ΓðS0 → γγÞBLH ¼ rS0γγΓðS0 → γγÞSM;
ΓðS0 → ZγÞBLH ¼ rS0ZγΓðS0 → ZγÞSM;
ΓðS0 → ggÞBLH ¼ rS0ggΓðS0 → ggÞSM; ð4Þ

where

rS0γγ ≡
jPfSMA

BLH
f;γγ þ ABLH

W;γγ þ ABLH
new;γγj2

y2vj
P

fSMA
SM
f;γγ þ ASM

W;γγj2
;

rS0Zγ ≡
jPfSMA

BLH
f;Zγ þ ABLH

W;Zγ þ ABLH
new;Zγj2

y2vj
P

fSMA
SM
f;Zγ þ ASM

W;Zγj2
y2
Zf̄f

;

rS0gg ≡
jPqSM

ABLH
q;gg þ ABLH

new;ggj2
y2vj

P
qSM

ASM
q;ggj2

: ð5Þ

In this form, the ABLH
new terms in each channel account

for the contributions from loops involving only the new
(non-SM) particles of the BLH model. Thus, we find the
expressions

ABLH
new;γγ ¼

X
f

ABLH
f;γγ þ ABLH

W0;γγ þ
X
S

ABLH
S;γγ ;

ABLH
new;Zγ ¼ 2

X
f

ABLH
f;Zγ þ ABLH

W0;Zγ þ 2
X
S

ABLH
S;Zγ ;

ABLH
new;gg ¼

X
f

ABLH
f;gg : ð6Þ

The expressions for the A terms in the BLHmodel are given
by [29,30]

ABLH
f;γγ ≡ yS0f̄fQ

2
fN

f
cFfðτfÞ;

ABLH
V;γγ ≡ yS0VVQ

2
VFVðτVÞ;

ABLH
S;γγ ≡ yS0SSQ

2
SFSðτSÞ;

ABLH
f;Zγ ≡ yS0f̄f½ðgBLHZf̄f

ÞL þ ðgBLH
Zf̄f

ÞR�QfN
f
cFfðτf; λfÞ;

ABLH
V;Zγ ≡ yS0VVg

BLH
ZVVQVFVðτV; λVÞ;

ABLH
S;Zγ ≡ yS0SSg

BLH
ZSS QSFSðτS; λSÞ;

ABLH
f;gg ≡ yS0f̄fFfðτfÞ; ð7Þ

where the SM expressions from the denominators in Eq. (5)
can be found by setting the yi scaling factors in Eq. (7) to
unity. In these expressions, Q is the electric charge of
the particle, and Nc is the number of colors (3 for quarks, 1
for leptons). The form factors FfðτfÞ, FVðτVÞ and FSðτSÞ
[and similarly for Ffðτf; λfÞ, FVðτV; λVÞ and FSðτS; λSÞ]
are found by integrating over the fermion (f), gauge
boson (V) and scalar (S) loops, respectively. These are
given by [29,30]

FfðτÞ ¼
�
2τð1þ ð1 − τÞfðτÞÞ for S0 ¼ h0; H0

2τfðτÞ for S0 ¼ A0

;

FVðτÞ ¼ −ð2þ 3τ þ 3τð2 − τÞfðτÞÞ;
FSðτÞ ¼ −τð1 − τfðτÞÞ;

Ffðτ; λÞ ¼
�
I1ðτ; λÞ − I2ðτ; λÞ for S0 ¼ h0; H0

−I2ðτ; λÞ for S0 ¼ A0

;

FVðτ; λÞ ¼ 4ð3 − tan2θwÞI2ðτ; λÞ
þ ðð1þ 2τ−1Þtan2θw − 5 − 2τ−1ÞI1ðτ; λÞ;

FSðτ; λÞ ¼ −I1ðτ; λÞ; ð8Þ

where

I1ðx; yÞ ¼
xy

2ðx − yÞ þ
x2y2

2ðx − yÞ2 ðfðxÞ − fðyÞÞ

þ x2y
ðx − yÞ2 ðgðxÞ − gðyÞÞ;

I2ðx; yÞ ¼ −
xy

2ðx − yÞ ðfðxÞ − fðyÞÞ;

fðxÞ ¼
8<
:

½arcsinð1= ffiffiffi
x

p Þ�2; x ≥ 1

− 1
4

h
ln
�
1þ ffiffiffiffiffiffi

1−xp
1− ffiffiffiffiffiffi

1−xp
�
− iπ

i
2
; x < 1

;

gðxÞ ¼
8<
:

ffiffiffiffiffiffiffiffiffiffiffi
x − 1

p
arcsinð1= ffiffiffi

x
p Þ; x ≥ 1ffiffiffiffiffiffi

1−xp
2

h
ln
�
1þ ffiffiffiffiffiffi

1−xp
1− ffiffiffiffiffiffi

1−xp
�
− iπ

i
; x < 1

: ð9Þ
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In the above, τf;V;S≡4m2
f;V;S=m

2
S0
and λf;V;S≡4m2

f;V;S=m
2
Z,

for field f, V or S, with corresponding mass mf;V;S. In the
limit that τi ≫ 1, these factors approach the values of
Ff → 4=3, FV → −7, and FS → 1=3.
In the BLH model, it is useful to consider the contri-

butions of each of three sectors—gauge, fermion and
scalar—to the diphoton rate. This can be performed by
summing up all contributing states Shγγ−G ¼ P

ABLH
V;γγ ,

Shγγ−F ¼ P
ABLH
f;γγ and Shγγ−S ¼

P
ABLH
S;γγ . The relative

value and sign of these terms, Shγγ−G, Shγγ−F, and
Shγγ−S, represent the size of the contribution of that sector
of particle states to the diphoton effective coupling. The
diphoton effective coupling is dominated by gauge boson
loops in the SM, with a subdominant contribution from
fermions (predominantly the top quark). This is not
expected to change significantly in the BLH model in
regions of parameter space that produce SM-like signal
strength ratios. The reason for this is that, for example, a
decrease in the gauge contribution to the diphoton rate
would likely correspond to a smallerWþW− rate, assuming
a negligible contribution from the heavy W0.
For new fields whose masses are proportional to f or F,

such as the new vectorlike quarks and heavy gauge bosons
in the BLH model, the scaling factors behave as
yi ∝ ðv=fÞk, where k ≥ 1. Thus, while the factor of
FiðτÞ may increase in magnitude with increasing mass
of the new state, the scaling factor, yi, decreases at a faster
rate, and very high mass states typically have only a small
contribution to the loop factors. It is also possible that
loops involving bothW� and W0� or ϕ� and η� contribute
to the S0 → γγ and S0 → Zγ decay widths due to vertices
of the form of hWþW0− and hϕþη−. However, since the
γWþW0− and γϕþη− couplings of the BLH model are
suppressed at Oðv2=f2Þ, these mixed loops can be safely
neglected in this model.
In addition to the decays discussed above, the heavy

CP-even scalar,H0, and the CP-odd scalar, A0, of the BLH
model, when kinematically allowed, may also decay to top
quarks (H0; A0 → tt̄ð�Þ), pairs of scalars (H0 → hhð�Þ;
A0A

ð�Þ
0 , HþH−ð�Þ), or a scalar and a gauge boson

(H0 → A0Zð�Þ; H�W∓ð�Þ and A0 → hZð�Þ, where in the
case of off-shell decays, Z� → ff̄ and W� → ff̄0) [31].
These decays have the effect of lowering the H0 and A0

branching ratios to the standard modes considered above.
Hence, their contributions to the Higgs signal strengths
under consideration in this study are lowered, particularly
for H0 and A0 masses above roughly 200–300 GeV [31].
Thus, it is important to include their effects in our
analysis.
The partial widths for the top quark decays of

S0 ¼ H0; A0 were calculated using the data from [25],
scaled in a similar manner as the direct decays of
Eqs. (2) and (3):

ΓðS0 → tt̄ÞBLH ¼ βpt

�
yS0tt̄
yv

�
2

ΓðS0 → tt̄ÞSM ð10Þ

where βt ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

t =m2
S0

q
and p ¼ 0ð−2Þ for S0 ¼

H0ðA0Þ is an additional factor that accounts for the
difference in kinematics of the CP-even H0 and CP-odd
A0 decays.
The scalar-scalar and scalar-gauge partial widths

were calculated using HDECAY [32] in a generic
2HDM using the mixing angle parameters α2HDM ¼
−0.14 and tan β2HDM ¼ 1.5 for a range of scalar masses
from 125 to 1200 GeV in 5 GeV increments. To calculate
the widths for a particular set of BLH model parameters,
interpolation was used on the discrete set of 2HDM widths
and the results were scaled according to

ΓðH0 → A0ZÞBLH ¼ rHAZΓðH0 → A0ZÞ2HDM;
ΓðH0 → H�W∓ÞBLH ¼ rHHWΓðH0 → H�W∓Þ2HDM;

ΓðH0 → hhÞBLH ¼ rHhhΓðH0 → hhÞ2HDM;
ΓðH0 → A0A0ÞBLH ¼ rHAAΓðH0 → A0A0Þ2HDM;

ΓðH0 → HþH−ÞBLH ¼ rHHHΓðH0 → HþH−Þ2HDM;
ΓðA0 → hZÞBLH ¼ rAhZΓðA0 → hZÞ2HDM; ð11Þ

where

rHAZ ≡
� ðgH0A0ZÞBLH
ðgH0A0ZÞ2HDM

�
2

;

rHHW ≡
� ðgH0H�W∓ÞBLH
ðgH0H�W∓Þ2HDM

�
2

;

rHhh ≡
� ðgH0hhÞBLH
ðgH0hhÞ2HDM

�
2

;

rHAA ≡
� ðgH0A0A0

ÞBLH
ðgH0A0A0

Þ2HDM

�
2

;

rHHH ≡
� ðgH0HþH−ÞBLH
ðgH0HþH−Þ2HDM

�
2

;

rAhZ ≡
� ðgA0hZÞBLH
ðgA0hZÞ2HDM

�
2

; ð12Þ

where the expressions for the 2HDM couplings, g2HDM,
used in HDECAY are written in Appendix E of [33]. We
have verified that these couplings agree with those listed in
Appendix A of [22]. The couplings, gBLH, of the BLH
model are directly related to the scaling factors, yi, and are
listed in Eq. (21) and (28) of Sec. III.
Expressions similar to those for the decay modes exist

for the production modes. At the LHC, the primary
production mode is through gluon-gluon fusion (ggF),
which occurs via the reverse of the diagram in Fig. 3.
The other production mechanisms at the LHC include
vector boson fusion (VBF), associated production with a
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vector boson (VH), and associated production with top
quarks (ttH). The diagrams for these subdominant proc-
esses are given in Fig. 4.
In the BLH model, the cross sections are modified from

the SM expressions in a similar manner as the decay
widths, and can be expressed as a multiplicative factor
times the SM values, such as

σðggFÞBLH ¼ rS0ggσðggFÞSM;
σðVBFÞBLH ¼ ðy2S0WWy

2
mW

=y2vÞσðVBFÞSM;
σðWHÞBLH ¼ ðy2S0WWy

2
mW

=y2vÞσðWHÞSM;
σðZHÞBLH ¼ ðy2S0ZZ=y2vÞσðZHÞSM;
σðVHÞBLH ¼ σðWHÞBLH þ σðZHÞBLH;
σðttHÞBLH ¼ y2S0tt̄σðttHÞSM: ð13Þ

The factor modifying the gluon fusion production mode,
rS0gg, is the same as for the gg decay mode, defined in
Eq. (5). Since ymW

≈ 1 and yS0WW ¼ yS0ZZ in the BLH
model due to custodial symmetry, the VBF and VH
expressions are essentially independent of whether the
gauge boson is a Z or a W.

III. MODEL DETAILS AND COUPLINGS

The following subsections deal with the determination of
the scaling factors, yi, for all neutral Higgs states (h0; H0; A0)
coupling to the charged scalars (H�;ϕ�; η�), the gauge
bosons (Z;W�;W0�), the SM fermions, and the additional
fermions (T; B; T2=3

b ; T5=3
b ; T5; T6) of the BLH model.

A. Scalar sector

The BLH model Higgs fields, h1 and h2, form a two-
Higgs doublet potential that undergoes spontaneous sym-
metry breaking. The most basic form of this potential is
given below as in [19], and is sufficient for understanding
EWSB in the model:

V¼1

2
m2

1h
T
1h1þ

1

2
m2

2h
T
2h2−BμhT1h2þ

λ0
2
ðhT1h2Þ2: ð14Þ

In this form, each of the Higgs “doublets” are written as 4’s
of SOð4Þ, which have the same degrees of freedom and
hypercharge values as the standard two Higgs doublets
from [34]. Additionally, while there are other quartic terms
present in the BLH model [namely ðhT1h1Þ2, ðhT2h2Þ2,
ðhT1h1ÞðhT2h2Þ, and ðhT1h1 þ hT2h2ÞðhT1h2Þ], their coeffi-
cients are generated at loop level and do not significantly
affect the details of electroweak symmetry breaking. As
these terms have a small effect on the diagonalization, they
are ignored in the determination of the mass eigenstates.
They are not ignored in the determination of the couplings,
however, as they comprise the dominant contribution to the
interactions of the scalar triplets with the Higgs fields.
The parameters in this potential are generated in part

explicitly and in part radiatively, as with other Little Higgs
models, and spontaneous symmetry breaking occurs for
parameter values that satisfy Bμ > m1m2. The minimiza-
tion condition is achieved by shifting the first component
of each of h1 and h2 by a respective vacuum expectation
value (vev), v1 and v2. These vevs can be parametrized
by a mixing angle, tan β ¼ v1=v2 ¼ m2=m1, where v ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
is related to the Standard Model vev via the

relation v ¼ yvvSM (the expression for yv will be addressed
in the next subsection).
Diagonalizing the mass matrix for the scalar sector

results in three physical neutral scalar fields (h0, H0

and A0, along with the unphysical G0), and two physical
charged scalar fields (H�, along with the unphysical G�),
parametrized by an angle α such that

h1½1� ¼ cos αh0 − sin αH0 þ v sin β;

h2½1� ¼ sin αh0 þ cos αH0 þ v cos β;

h1½2� ¼ − cos βA0 þ sin βG0;

h2½2� ¼ þ sin βA0 þ cos βG0;

h�1 ¼ − cos βH� þ sin βG�;

h�2 ¼ þ sin βH� þ cos βG�: ð15Þ

The four parameters in the Higgs potential (m1, m2, Bμ

and λ0) can be replaced by a more phenomenologically
accessible set consisting of the masses of the h0 and A0

states, along with the mixing angle β and the vev, v. In this
parametrization, we find the following expressions:

FIG. 4. Subdominant production modes for Higgs bosons at the
LHC: vector boson fusion (VBF), associated production with a
vector boson (VH), and associated productionwith top quarks (ttH).
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λ0 ¼
m2

h0

v2

�
m2

h0
−m2

A0

m2
h0
− sin2ð2βÞm2

A0

�
;

Bμ ¼
1

2
ðm2

A0
þ v2λ0Þ sinð2βÞ;

tan α ¼
Bμ cotð2βÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
μ= sin2ð2βÞ − 2λ0Bμv2 sinð2βÞ þ λ20v

4 sin2ð2βÞ
q

Bμ − λ0v2 sinð2βÞ
;

m2
H� ¼ m2

A0
¼ m2

1 þm2
2;

m2
H0

¼ Bμ

sinð2βÞ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

B2
μ

sin2ð2βÞ − 2λ0Bμv2 sinð2βÞ þ λ20v
4 sin2ð2βÞ

s
;

m2
σ ¼ ðλ56 þ λ65Þf2 ≡ 2λ0f2Kσ: ð16Þ

Since the quartic interaction, with coupling λ0, is produced
when the heavy singlet state (σ) is integrated out, it is
related to the fundamental parameters λ56 and λ65 via
λ0 ¼ 2λ56λ65=ðλ65 þ λ56Þ. The parameters λ56 and λ65 are
the coefficients of the quartic potential, defined in Eq. (9) of
[19], and must both be nonzero to achieve collective
symmetry breaking and generate a Higgs quartic coupling.
Rather than expressing m2

σ in terms of these two free
parameters, we instead choose to parametrize it in terms of
λ0 and a single free parameter, Kσ , as shown in the last line
of Eq. (16).
There exists a number of theoretical constraints that can

be placed on these parameters, primarily due to perturba-
tivity requirements. The value of the mixing angle β is
limited by two constraints, the first of which is the
requirement that λ0 < 4π, leading to an upper bound of

tan β <

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − m2

h0
m2

A0

Þð1 − m2
h0

4πv2Þ
r
m2

h0
m2

A0

ð1þ m2
A0
−m2

h0
4πv2 Þ

− 1

vuuuuut : ð17Þ

A lower bound also exists, and is set by examining the
radiatively induced contributions to m1 and m2 in the
model, which suggest that tan β ≳ 1 [19]. Furthermore,
there are limits on Kσ from requiring that λ56=65 are real
valued and < 4π, such that

λ56=65 ¼
1

2f2
ðm2

σ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m4

σ − 2f2m2
σλ0

q
Þ; ð18Þ

which leads to the bounds

1 < Kσ <
16π2

λ0ð8π − λ0Þ
: ð19Þ

The BLH model also contains two physical, real
triplets, with charged fields ϕ� and η� that are relevant
to the diphoton and Zγ decay modes. These scalar triplet
fields obtain a contribution to their mass from the explicit
symmetry breaking terms in the model, as defined in
Eq. (38) of [19], that depends on the parameter
m4 ∼ 10 GeV. However, their masses are dominated by
contributions from the Coleman-Weinberg potential involv-
ing gauge boson loops for ϕ� and hypercharge boson
loops for η�. The dominant contributions to their masses
are given by

m2
ϕ� ≈ κG

3

32π2
g2Ag

2
B

�
1 − v2

2f2
F2

f2 þ F2

�
ðf2 þ F2Þ

× log

�
Λ2

m2
W0

�
;

m2
η� ≈ κY

3

16π2
g02

�
1 − v2

2f2

�
Λ2; ð20Þ

where Λ ≈ 4πf is the compositeness scale, and κG and κY
are taken as Oð1Þ factors that account for the details of the
cancellation of the gauge logarithmic, and hypercharge
quadratic divergent loops, respectively, at the scale Λ. In
our calculations, we take into account all contributions up
to Oðv2=f2Þ, including the subdominant explicit symmetry
breaking mass terms [19], but we do not show them here
for brevity. The factors gA and gB are the gauge couplings
for SUð2ÞA and SUð2ÞB, respectively, which will be
discussed in further detail in Sec. III B.
The scaling factors for the charged scalar interactions are

given by
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yh0ηþη− ≈ −ðcβsα þ cαsβÞ
v2

2f2
¼ −sαþβ

v2

2f2
;

yH0η
þη− ≈ −ðcβcα − sαsβÞ

v2

2f2
¼ −cαþβ

v2

2f2
;

yh0ϕþϕ− ≈ −ðcβsα þ cαsβÞ
v2F2

2f2ðf2 þ F2Þ ¼ −sαþβ
v2F2

2f2ðf2 þ F2Þ ;

yH0ϕ
þϕ− ≈ −ðcβcα − sαsβÞ

v2F2

2f2ðf2 þ F2Þ ¼ −cαþβ
v2F2

2f2ðf2 þ F2Þ ;

yh0HþH− ≈
v2

ð768f2m2
A0
π2Þ

�
−9κGF2g2Ag

2
B log

�
Λ2

m2
W0

	
ðcβsα þ cαsβÞ − 32κSλ0m2

σ log

�
Λ2

m2
σ

	
ð3cβsα þ 2cαsβÞ

þ 128π2cβsβð−6f2λ0ðcαcβ þ sαsβÞ þm2
A0
ðcαcβ − sαsβÞðc2β − s2βÞÞ

�
;

yH0HþH− ≈
v2

ð768f2m2
A0
π2Þ

�
9κGF2g2Ag

2
B log

�
Λ2

m2
W0

	
ðcβcα − sαsβÞ þ 32κSλ0m2

σ log

�
Λ2

m2
σ

	
ð3cβsα þ 2cαsβÞðc2β − s2βÞ

þ 128π2cβsβð−6f2λ0ðcβsα − cαsβÞ þm2
A0
ðcβsα þ cαsβÞðc2β − s2βÞÞ

�
;

yH0A0A0
≈

v2

ð768f2m2
A0
π2Þ

�
9κGF2g2Ag

2
B log

�
Λ2

m2
W0

	
ðcβcα − sαsβÞ þ 32κSλ0m2

σ log

�
Λ2

m2
σ

	
ð3cβsα þ 2cαsβÞðc2β − s2βÞ

þ 36κYg2tan2θwΛ2ðcβcα − sβsαÞ þ 128π2cβsβð−6f2λ0ðcβsα − cαsβÞ þm2
A0
ðcβsα þ cαsβÞðc2β − s2βÞÞ

�
;

yH0h0h0 ≈
v2

ð768f2m2
hπ

2Þ
�
9κGF2g4cot2θg log

�
Λ2

m2
W0

	
ðcβcα − sαsβÞ

þ 96κSλ0m2
σ log

�
Λ2

m2
σ

	
ðcβcα − sβsα þ sαcαðsβcα − cβsαÞÞ þ 12κYg2tan2θwΛ2ðcβcα − sβsαÞ

− 3072π2cβsβðf2λ0ðcβcα − sβsα þ 3sαcαðsβcα − cβsαÞÞ þm2
A0
ððc2α − s2αÞðcβsα þ sβcαÞÞÞ

�
; ð21Þ

where cθ ¼ cos θ, sθ ¼ sin θ, and tθ ¼ tan θ, for θ ¼ β
and αþ β. The factor of κS is also taken as an Oð1Þ factor
that accounts for the details of the cancellation of the
logarithmic divergence involving scalar loops. Here we
have also neglected contributions from higher orders in
the expansion of v=f, and terms proportional to the
small explicit symmetry breaking parameters in the BLH
model [19].

B. Gauge sector

The gauge couplings gA and gB, associated with
SUð2ÞA × SUð2ÞB, can be parametrized in a more phe-
nomenological fashion in terms of a mixing angle θg
(tan θg ≡ gA=gB) and the SUð2ÞL gauge coupling,

g ¼ gAgB=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2A þ g2B

p
. Furthermore, g and g0, the gauge

coupling associated with the Uð1ÞY symmetry, can be
parametrized as in the SM in terms of the fundamental
charge, e, and the weak mixing angle, θw, such that
sin θw ¼ g0=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g02

p
, and e ¼ g sin θw.

The masses of the gauge bosons in the BLH model are
given by

m2
W ¼ g2v2

4
y2mW

;

m2
Z ¼ g2v2

4c2w
y2mW

;

m2
W0 ¼ g2

4c2gs2g
ðf2 þ F2Þ −m2

W;

m2
Z0 ¼ m2

W0 þ g2s2wv4

16c2wðf2 þ F2Þ ðc
2
g − s2gÞ2; ð22Þ

where

y2mW
¼ 1 − v2

6f2
ð1þ 3

2

f2

f2 þ F2
ðc2g − s2gÞ2Þ ð23Þ

and cg ¼ cos θg and sg ¼ sin θg. While both m2
W and m2

Z
obtain corrections of Oðv4=f2Þ, which do not vanish as
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F → ∞, the model retains custodial symmetry and such
factors cancel out in their contribution to the ρ parameter.
Additionally, corrections to the Zf̄f couplings are propor-
tional to v2=ðf2 þ F2Þ, and do vanish for F → ∞ [19].
We use the experimental value of the fine structure

constant, αEM, to determine the value of e (¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αEM=4π

p
),

and calculate v and sin θw from the experimental values of
GF and the pole mass of the Z boson, by exploiting the
custodial symmetry relation, ρ ¼ 1. Accounting for the
contributions from theW andW0 in the process μ → eν̄eνμ,
gives an expression for the vev, v, in terms of the SM vev,
such that

v ¼ yvvSM ð24Þ

where

yv ¼ 1þ v2SM
12f2

�
1þ f2

2ðf2 þ F2Þ ð3þ 12ðc2g − s2gÞÞ
�
:

ð25Þ

Combining this with the expression for the Z pole mass
(m̂Z), the weak mixing angle in the BLH model can be
expressed as

sin2θw ¼ 1

2

�
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − e2v2

m̂2
Z
y2mW

s �
: ð26Þ

The scaling factors important to the VBF and VH
production modes, and to the diboson decay modes
(S0 → γγ; VV�) are given by

yh0WW ¼ yh0ZZ ¼ sαþβy2mW
;

yH0WW ¼ yH0ZZ ¼ cαþβ

sαþβ
yh0WW;

yh0W0W0 ¼ −sαþβ
c2gs2gv2

f2 þ F2
;

yH0W0W0 ¼ cαþβ

sαþβ
yh0W0W0 : ð27Þ

We see that sαþβ is the most important parameter control-
ling these scaling factors and note that the coupling to the
W0 gauge boson is suppressed at Oðv2=F2Þ.
The heavier Higgs states, A0 and H0, may also decay

to combinations of scalar and gauge states, such as
A0 → hZð�Þ and H0 → A0Zð�Þ; H�W∓ð�Þ. These couplings
do not have an equivalent expression in the SM, so we
provide the explicit BLH coupling expressions below:

gA0Zh0 ¼ i
g

2cw
cαþβ þOðv2=f2Þ;

gH0ZA0
¼ −i

g
2cw

sαþβ þOðv2=f2Þ;

gH0H�W∓ ¼ ∓ g
2
sαþβ þOðv2=f2Þ: ð28Þ

C. Fermion sector

The Yukawa terms for the light fermions in the BLH
model Lagrangian take the form

L ¼ yufQTΣUc þ ydfQTð−2iT2
RΣÞDc þ H:c:; ð29Þ

where T2
R is the second component of the triplet of

SUð2ÞR generators corresponding to the SOð4ÞR subgroup
of SOð6Þ, and performs the charge conjugation of the
Higgs fields for interactions with the down-type quarks.
This identifies the BLHmodel as a type I 2HDM, with light
fermion masses given by

m2
f ¼ y2fv

2sin2β

�
1 − v2

3f2
þ � � �

�
; ð30Þ

and scaling factors of the form

yh0ff̄ ¼ cα
sβ

− 2v2

3f2
sαþβ;

yH0ff̄ ¼ −
sα
sβ

− 2v2

3f2
cαþβ;

yA0uū ¼ cot β

�
1þ 2v2

3f2

�
;

yA0dd̄ ¼ −yA0uū: ð31Þ

The following expressions give the leading order contri-
butions in terms of sαþβ and tβ:

cα
sβ

¼ sαþβ þ cαþβ=tβ;

sα
sβ

¼ −cαþβ þ sαþβ=tβ: ð32Þ

The BLH model also includes a number of heavy,
vectorlike quarks that act to protect the Higgs boson mass
from developing quadratic divergences from the top quark
loops. The Yukawa interactions for the heavy fermions,
which includes the top quark, take the form given in
Eq. (46) of [19]:

L ¼ y1fQTSΣSUc þ y2fQ0T
a ΣUc þ y3fQTΣU0c

5 þ H:c:

ð33Þ
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These couplings can be parametrized in terms of y1 and two
mixing angles, defined such that y2 ¼ y1= tan θ12 and
y3 ¼ y1= tan θ13. The value of y1 is then fixed through
the measured top quark mass.
As we showed in [35], analytic methods for determining

the mass eigenstates for the heavy quarks fail in the region
where jy2 − y3j ≈ 0, due to the degeneracy between the T
and T5 states. This can clearly be seen by observing a
slice of the ðtan θ12; tan θ13Þ parameter space, where
tan θ13 ¼ 1 − tan θ12, as in Fig. 5. As a result, we use
numerical diagonalization to determine the mass eigen-
states of the heavy quarks, and thus their coupling to the h0,
H0 and A0 states, for all values of tan θ12 and tan θ13.
Therefore, we do not provide analytic solutions for the
relevant scaling factors.
However, we can provide some insight into their

contributions to the Higgs production and decay. Since
the vectorlike quarks (T; B; T2=3

b ; T5=3
b ; T5; T6) obtain con-

tributions to their masses proportional to f, the lowest
order contribution to their scaling factor is Oðv=fÞ, and
their contribution to the loops in the S0gg and S0γγ
effective vertices drop off rapidly with increasing f. In
particular, the scaling factors for the B and T5=3

b are
suppressed at Oðv3=f3Þ, making these two states effec-
tively decouple from the process. The scaling factors for
the T5 and T are the largest for the set, but with values
typically smaller than 0.02, while for the T6 and T2=3

b the
scaling factor is suppressed by an additional factor of
about 10.
Since the top quark is generated from the heavy quark

Yukawa terms, it gets a mass proportional to v, and thus
the dependence of the scaling factor for the top quark on β
and α behaves at lowest order like those of the light up-
type quarks. This dependence on β and α, characteristic of
a type I 2HDM, results in the most significant deviations
from the SM in the fermion contributions to the loop
interactions.

D. Parameter survey

We use the following fixed values in our
calculations [36]:

αEM ¼ 1=127.9;

GF ¼ 0.0000116637 GeV−2;
m̂Z ¼ 91.1876 GeV;

mt ¼ 172.5 GeV;

mb ¼ 4.16 GeV;

mτ ¼ 1.77684 GeV;

mc ¼ 1.28 GeV;

m4 ¼ 30 GeV;

m5 ¼ 30 GeV;

m6 ¼ 30 GeV: ð34Þ

Of note, the parameters m4;5;6 are explicit symmetry
breaking mass terms in the full BLH model scalar potential
[19] that are small and provide a negligible contribution to
the interactions examined. As discussed in [19], these
parameters are introduced to break all the axial symmetries
in the Higgs potential, giving positive masses to all scalars.
In particular, the η0 state receives a mass equal to
m4 ∼ 10 GeV. Since this state couples to top quarks and
would decay predominantly to b quarks, it may be visible in
tt̄bb̄ final states. The value of m4 would strongly affect the
rate for this process, but this is not relevant for the signal
strengths considered here.
To be thorough, we randomize all remaining parameters

in the BLH model over the ranges:

mh0 ∈ ð124; 126Þ GeV;
mA0

∈ ðmh0 ;MaxðmA0
ÞÞ ½see Eq.ð36Þ�;

f ∈ ð700; 3000Þ GeV;
F ∈ ðMinðFÞ;MinðFÞ þ 4000 GeVÞ;

tan β ∈ ð1;Maxðtan βÞÞ ½see Eq.ð17Þ�;
tan θg ∈ ð0; 5Þ;
tan θ12 ∈ ð0; 5Þ;
tan θ13 ∈ ð0; 5Þ;

Kσ ∈ ð1;MaxðKσÞÞ ½see Eq.ð19Þ�;
κG ∈ ð0; 5Þ;
κY ∈ ð0; 5Þ;
κS ∈ ð0; 5Þ; ð35Þ

where
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FIG. 5. Slice of fermion mass plots, depending on mixing
angles tan θ12 and tan θ13, corresponding to (f ¼ 1000 GeV,
tan β ¼ 3.35). The point at which the heaviest state switches from
the T to T5 is obvious.
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MaxðmA0
Þ ¼

�
700 GeV ðgeneral scenarioÞ
128 GeV ðnear-degenerate scenarioÞ.

ð36Þ

We determine MinðFÞ as follows. Electroweak precision
observables (EWPO) place constraints on the mass of the
heavy gauge bosons, as a function of the heavy gauge
boson mixing angle, sin θg, as shown in [19] for a light
Higgs boson mass of 125 GeV. This lower limit on the W0
mass in turn determines Min(F) for each value of sin θg via
the third line in Eq. (22). So the parameter sets we generate
satisfy this EWPO constraint.
Since the mass of the observed resonance is not precisely

known, and especially since the ZZ� and γγ mass peak
values in the ATLAS measurements are distinct, we allow
the mass of the light Higgs boson to vary over a small
range. All other values are calculated from this base set, as
described in the preceding sections of this paper.
Additionally, we separate our analysis into two

scenarios—a “general case,” where mA0
varies up to

700 GeV, and a “near-degenerate" case, where mA0
can

take a maximum value of 128 GeV.

IV. RESULTS

Both CMS and ATLAS have now published updated
signal strengths for each given production mode and final
state using the 7 TeV and 8 TeV data. We have calculated
the expected value for these signal strength ratios in the
BLH model for 60k parameter sets for each of the general
and the near-degenerate cases. Each set corresponds to a
point on the plots which follow. Specifically, we calculate:

μBLHXX ¼ L7

P
iσ

BLH
i;7 BRBLH

XX þ L8

P
iσ

BLH
i;8 BRBLH

XX

ðL7

P
iσ

SM
i;7 BR

SM
XX þ L8

P
iσ

SM
i;8 BR

SM
XXÞjmexp

h

where

BRXX ¼ ΓðS0 → XXÞP
YΓðS0 → YYÞ : ð37Þ

The sum over the index i accounts for all contributing
production modes, including the A0 and H0 mediated
production. Since the signal strengths from CMS and
ATLAS are calculated based on the experimentally deter-
mined best fit mass, our μ values are normalized to the
expected results for a SM Higgs boson with the mass given
in the experimental study, and are weighted by the 7 TeV
and 8 TeV integrated luminosities, L7 and L8 respectively.
Summaries of the published results from CMS and ATLAS
can be found in Tables I and II, respectively.
While we include contributions from the A0 and H0 in

our determination of the signal strength ratios, some
constraints currently exist on heavy scalars. In particular,
both CMS [44] and ATLAS [45] have placed 95% C.L.

constraints on the decays of a heavy Higgs boson to
WþW−, and CMS provides 95% C.L. exclusions on
σ=σSM for the H → γγ final state for masses up to
150 GeV [12]. We have incorporated these results and
show parameter points that violate these constraints in light
red/pink to distinguish them from the unconstrained results.
We present our results using two different χ2 measures in

Figs. 6–26. In order to show the BLH parameter sets that
produce results in better agreement with the measured data
than the SM, we calculate χ2BLH − χ2SM, where

χ2BLH=SM ¼
X
i

ðχ2BLH=SMÞi ¼
X
i

ðμBLH=SMi − μobsi Þ2
ðδμobsi Þ2 ;

ð38Þ

where the sum over the index i includes all channels listed
in Tables I and II and μSMi ≡ 1. This measure is employed in
Figs. 10, 12–19, and 26. For Figs. 6–9, 11, and 20–25, we
calculate an alternate measure Δχ2, defined as

Δχ2 ¼
X

i¼γγ;WW�
ðχ2BLHÞi − χ2min; ð39Þ

where the sum in this case is only over the γγ and WW�
channels from Tables I and II and

TABLE I. Summary of published Higgs boson results from
CMS. Note: The quoted γγ result uses the multivariate analysis
value, rather than the cut-based analysis value.

Signal ProductionL7 (fb−1)L8 (fb−1) μ̂ mh (GeV)

γγ [12] inclusive 5.1 19.6 0.78þ0.28−0.26 125

ZZ� [37] inclusive 5.1 19.6 0.91þ0.30−0.24 125.8

ZZ� [37] VBF 5.1 19.6 1.22þ0.84−0.57 125.8

WW� [38] ggF 4.9 19.5 0.76� 0.21 125
bb̄ [39] VH 5.0 12.1 1.3þ0.7−0.6 125
τþτ− [40] inclusive 4.9 19.4 1.1� 0.4 125
τþτ− [40] VBF 4.9 19.4 1.4� 0.6 125

TABLE II. Summary of published Higgs boson results from
ATLAS.

Signal Production L7 (fb−1)L8 (fb−1) μ̂ mh (GeV)

γγ [14] inclusive 4.8 20.7 1.65þ0.34−0.30 126.8

ZZ� [41] inclusive 4.6 20.7 1.7þ0.5−0.4 124.3

WW� [42]ggFþ VBF 4.6 20.7 1.01� 0.31 125
WW� [42] VBF 4.6 20.7 1.66� 0.79 125
WW� [42] ggF 4.6 20.7 0.82� 0.36 125
bb̄ [43] VH 4.7 13.0 −0.4� 1.0 125
τþτ− [7] inclusive 4.6 13.0 0.7� 0.7 125
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χ2min ¼ Min

� X
i¼γγ;WW�

ðχ2BLHÞi
�
: ð40Þ

This measure focuses only on the most precisely measured
signal strength values in order to identify regions of the
BLH parameter space which favor either the distinctive
CMS diphoton and WW� results or those of ATLAS. The
values of χ2min in the near-degenerate and general scenarios
are listed in Table III. In all figures, both the ATLAS (right
panel) and CMS (left panel) results are included, in order to
show the differences between the ATLAS and CMS
preferred regions.

A. Near-degenerate scenario

We define a near-degenerate scenario such that the mass
of the A0 is constrained to be within a few GeVof the mass
of the lighter scalar Higgs state (h0), which allows it to
contribute to any signal strength that involves fermionic
couplings in both the production mode (ggF, ttH) and the
decay mode (bb̄, τþτ−, γγ and Zγ). Depending on the other
parameters, the mass of the heavier scalar Higgs state (H0)
can also be nearly degenerate with the h0, and thus also
contribute significantly to the measured signal strengths,

including WW� and ZZ�. Ultimately, this scenario can
reproduce an enhanced diphoton signal strength, as mea-
sured by ATLAS, due to multiple scalar states contributing.
However, at the same time, the τþτ− mode is also
enhanced, beyond what is experimentally observed. So
the scenario is largely ruled out. However, it remains useful
as a tool to study the contribution of the different scalar
states to the various processes.
Since several scalar fields may be contributing signifi-

cantly to the diphoton production rate, it is useful to
consider the individual contribution to μγγ from each of
the h0, A0 and H0. For this purpose, we define

μγγ ¼ μhγγ þ μAγγ þ μHγγ; ð41Þ

where μSγγ includes only the cross section from the
production and decay of the stated scalar, S.
We first focus on the issue of the CMS results versus

those of ATLAS. Figure 6 shows that both the more SM-
like μγγ from CMS and the excess μγγ from ATLAS can be
accommodated in the near-degenerate scenario. Together,
Figs. 7, 8, and 9 provide insight into the reproduction of the
data of each experiment within the BLH parameter space,
in terms of the particular scalar states that are being
produced, and in terms of the parameters sinðαþ βÞ and
tan β. Those parameter sets that yield results consistent with
the CMS data involve a strongly suppressed h0 contribution
to the diphoton signal strength ratio, μhγγ, as seen in the left
panels of Figs. 7 and 8. The reduced h0 contribution results
from a suppression of the coupling between the h0 and the
W boson that occurs for small to moderate values of
sinðαþ βÞ [see Eq. (27) for α and β dependence], as seen
in the left panel of Fig. 9. The h0 coupling to the top quark
is slightly enhanced for this range of sinðαþ βÞ and tan β

FIG. 6 (color online). Near-degenerate scenario: WW� versus diphoton signal strength ratios, assuming a reduced Δχ2 calculation
(including only μγγ and μWW measurements) to focus on the disparity between the CMS and ATLAS diphoton signal strength ratios.
Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.

TABLE III. Values of χ2min, as defined in Eq. (40), in the general
and near-degenerate cases. These calculated values include only
the γγ and WW� channels from Tables I and II.

Near-degenerate General

Experiment χ2min Experiment χ2min

CMS 0.001 CMS 0.007
ATLAS 0.08 ATLAS 0.11
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values, which results in destructive interference with the
gauge boson contribution to the diphoton effective cou-
pling. The diphoton rate as measured by CMS, which is
near that of the SM, is instead understood as predominantly
a result of contributions from both the A0 and H0 decays.
The WW� signal strength ratio, as measured by CMS, is
produced from a combination of the decays of the h0
and H0.
The right panels of Figs. 7, 8, and 9 give equivalent

information for the reproduction of the ATLAS data. Here it
is primarily BLH parameter sets with large sinðαþ βÞ and
small tan β that are favored by the data. This range of the
parameters yields a diphoton signal ratio approximately

40% due to production and decay of the CP-odd state, A0,
with an admixture of decays of theH0 and h0 providing the
rest of the contribution. The WW� production arises
primarily from the h0, with a smaller contribution from
the H0, which is proportional to cosðαþ βÞ.
The results presented in Figs. 6–9 only include the

diphoton and WW� signal rates in the χ2 measure. The
picture is drastically different when accounting for the full
data set, as shown in Fig. 10. Comparing the full χ2BLH to
that of χ2SM, it is clear that there are almost no parameter
values in which the near-degenerate BLH model is a better
fit to the data than is the SM, nor is it even close. This is due
entirely to the μττ signal strength ratio, as shown in Fig. 11.

FIG. 8 (color online). Near-degenerate scenario: CP-odd scalar versus light Higgs boson contributions to the diphoton signal strength
ratio, assuming a reduced Δχ2 calculation (including only μγγ and μWW measurements) to focus on the disparity between the CMS and
ATLAS diphoton signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.

FIG. 7 (color online). Near-degenerate scenario: heavy versus light Higgs boson contributions to the diphoton signal strength ratio,
assuming a reducedΔχ2 calculation (including only μγγ and μWW measurements) to focus on the disparity between the CMS and ATLAS
diphoton signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
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When the CP-odd scalar field is nearly degenerate with
the light Higgs boson, it contributes a significant amount to
the production of τþτ− pairs. For most parameter regions
producing a signal consistent with the diphoton rates
observed by either CMS or ATLAS, the τþτ− signal
strength ratio would need to be 3–5 times larger than the
SM rate, and several sigma larger than the respective
measured values.
These calculations do not include the effect of interfer-

ence. There are no interference effects between the CP-
even (h0 and H0) states and the CP-odd (A0) state due to
CP invariance. In the case where the heavier CP-even state,
H0, is nearly degenerate with the h0, the mass difference

between the two is typically large enough compared to the
corresponding boson widths that the interference effects
can be neglected. This was the approach in [20] wherein the
authors point out that the experimental mass resolutions
are significantly larger than the Higgs widths and, so, the
assumption does not significantly constrain their analysis.
Since we are democratic in our scan, we do include some
parameter points in which the mass separation is small
enough such that interference effects should be included;
however, we find that the value of μAττ, the contribution of
the CP-odd scalar to the di-tau signal strength ratio,
increases for decreasing mH0

−mh0 . The region with small
mH0

−mh0 is thus ruled out due to considerations of the

FIG. 10 (color online). Near-degenerate scenario: comparison of the sinðαþ βÞ and tan β parameters, using a χ2 − χ2SM measure to
compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points in
pink indicate an exclusion at 95% C.L. due to high mass resonance.

FIG. 9 (color online). Near-degenerate scenario: comparison of the sinðαþ βÞ and tan β parameters, assuming a reduced Δχ2
calculation (including only μγγ and μWW measurements) to focus on the disparity between the CMS and ATLAS diphoton signal strength
ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
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CP-odd scalar contributions alone, suggesting that
the inclusion of interference effects will not change our
conclusions.

B. General scenario

In the general scenario, we allow the mass of the CP-odd
scalar to vary between the mass of the light Higgs boson
and 700 GeV. Thus, there is some overlap between the
regions of parameter space explored in this and the near-
degenerate scenario. However, since the τþτ− results
exclude the entirety of the near-degenerate scenario, the
points of overlap will be greyed out in Figs. 12–19, which

are colored based on χ2 − χ2SM. This is discussed in further
detail below.
Figures 12–19 distinctly show that the BLH model is a

better fit to the CMS data than is the SM for a significant
portion of the parameter space, and is a better fit to the
ATLAS data than is the SM for a smaller set of parameter
points. The region of better fit occurs for values of
sinðαþ βÞ≳ 0.9, mA0

≳ 200 GeV and f ≳ 1200 GeV for
CMS, as shown on the left side of Figs. 12 and 13,
respectively. The right side of Fig. 13 indicates that
agreement between the BLH model and ATLAS results
occurs predominantly for mA0

≳ 200 GeV and for
f ≳ 2200 GeV, with an extended region of agreement

FIG. 12 (color online). General scenario: comparison of the sinðαþ βÞ and tan β parameters, using a χ2 − χ2SM measure to compare the
BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points in pink indicate
an exclusion at 95% C.L. due to high mass resonance.

FIG. 11 (color online). Near-degenerate scenario: comparison of the τþτ− signal strength ratio to the diphoton ratio, assuming a
reduced Δχ2 calculation (including only μγγ and μWW measurements) to focus on the disparity between the CMS and ATLAS diphoton
signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
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between 1200≲ f ≲ 2200 GeV for parameter sets on the
lower boundary of mA0

∼ 200 GeV. The favored large
values of sinðαþ βÞ for both experimental result sets are
understandable in order to achieve μWW ∼ 1, and larger
values of f reduce the contribution from higher order terms
in the expansion of v=f in the couplings.
Both the ATLAS and CMS results can be realized in

the general scenario, as is evident in Fig. 14, where we
show μWW versus μγγ . Figure 15 shows that the parameter
sets which produce a value of μγγ > 1, as in the ATLAS
side of Fig. 14, occur more frequently near the boundaries
of excluded regions of tan β and mA0

. In both the CMS
and ATLAS cases, the region with mA0

≲ 200 GeV is

mostly ruled out. This means the A0 contribution to μττ is
small for parameter points that are allowed and makes
that signal strength more consistent with the SM, as
shown in Fig. 16. These results are therefore effectively
orthogonal to the near-degenerate scenario, even though
there is a small amount of overlap between the parameter
spaces generated.
To enhance the excluded (pink) points in Fig. 15, a

dashed line of the approximate region enclosing the
excluded points has been included. For low values of
mA (less than 250 GeV), parameter sets are excluded
primarily due to the constraint on AðHÞ → γγ production.
For larger values of mA, the exclusion comes entirely from

FIG. 14 (color online). General scenario: comparison of theWW� signal strength ratio to the diphoton ratio, using a χ2 − χ2SM measure
to compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points
in pink indicate an exclusion at 95% C.L. due to high mass resonance.

FIG. 13 (color online). General scenario: comparison of the CP-odd scalar mass, mA0
, and f parameters, using a χ2 − χ2SM measure to

compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points in
pink indicate an exclusion at 95% C.L. due to high mass resonance.
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theH0 → WþW− search. In the areas with overlap between
excluded and nonexcluded points, there is large variation
in the BRðH0 → WþW−Þ and σðgg → H0Þ values due to
influences from the other fundamental parameters (such as
f and the scalar sector parameters), and large variations in
the total width of the H0. This allows for many parameter
sets to avoid exclusion, with sufficiently low branching
ratio or production rate, or both. The small region of pure
exclusion at approximately tan β ∼ 3 and mA0

∼ 380 GeV
occurs due to all parameter points having a sufficiently
large production rate and branching ratio for exclusion.
This results in the appearance of an apparently isolated

region with a high density of excluded parameter sets.
However, this appearance is simply a result of the two-
dimensional display of values that depend on multiple
degrees of freedom in which the excluded points are
displayed as the lowest layer.
As is clear from Figs. 14 (μγγ, μWW), 16 (μγγ , μττ), 17

(μγγ , μbb), and 18 (μγγ , μγZ), the general scenario of the
BLH model includes parameter sets that can produce
signal strength ratios in better agreement with either
CMS or ATLAS than is the SM. The BLH model also
allows for the possibility of μZZ > μWW , as supported by
the ATLAS measurement set and visible in the right side

FIG. 16 (color online). General scenario: comparison of the τþτ− signal strength ratio to the diphoton ratio, using a χ2 − χ2SM measure
to compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points
in pink indicate an exclusion at 95% C.L. due to high mass resonance.

FIG. 15 (color online). General scenario: comparison of the CP-odd scalar mass,mA0
, and tan β parameters, using a χ2 − χ2SM measure

to compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points
in pink indicate an exclusion at 95% C.L. due to high mass resonance. Dashed region indicates approximate boundary enclosing
excluded (pink) points.
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of Fig. 19. This occurs due to our calculation of an
inclusive cross section that includes contributions from
the H0, which has larger suppressions to the WþW−
branching ratio at larger masses than the ZZ. An invariant
mass windowing of 4l events would likely exclude any
excess H0 → ZZ� → 4l contributions, and result in a
measurement of μWW ∼ μZZ.
It remains to understand the physics underlying the

enhancement of the diphoton rate, in agreement with the
ATLAS results, in the general scenario. It is not a result of
significant contributions from the production and decay
of the other neutral Higgs bosons in the 2HDM. While
Figs. 12 through 19 show the parameter sets that are in

better agreement with the experimental results than is the
SM, they do not focus on the parameter sets which best
agree with the experimental values. To examine the physics
underlying the enhancement in the ATLAS diphoton rate,
we consider the reduced χ2 (Δχ2) that includes only the
μWW and μγγ values. This will focus on the results which
agree with the diphoton rate while constraining the results
to also agree with the precisely measured WW rate. In
Fig. 20, we plot μWW versus μγγ . Figure 20 shows that the
points in agreement using the reduced χ2 (green points with
Δχ2 < 1) are a subset of those that are a better fit to the data
than is the SM, as previously shown in Fig. 14 (green points
with χ2 − χ2SM < 0).

FIG. 18 (color online). General scenario: comparison of the γZ signal strength ratio to the diphoton ratio, using a χ2 − χ2SM measure to
compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points in
pink indicate an exclusion at 95% C.L. due to high mass resonance.

FIG. 17 (color online). General scenario: comparison of the bb̄ signal strength ratio to the diphoton ratio, using a χ2 − χ2SM measure to
compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points in
pink indicate an exclusion at 95% C.L. due to high mass resonance.
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We now investigate the contributions of different
particles to the diphoton loop process. By separately
examining the real component of the fermion, scalar and
gauge contribution to the diphoton effective coupling,
Shγγ−F ¼ P

fA
BLH
f;γγ , Shγγ−G ¼ P

VA
BLH
V;γγ , and Shγγ−S ¼P

SA
BLH
S;γγ respectively, as in Figs. 21, 22, and 23, it becomes

clear that there are two possibilities that result in a
significant enhancement of the diphoton rate. As shown
in Fig. 21 (right panel), the contribution from fermions is
approximately SM-like. This is as expected since signifi-
cant deviation would also result in significant alterations of
the gluon fusion effective coupling to the Higgs. Similarly,

as shown in Fig. 22 (right panel), the contribution from
gauge bosons is also SM-like. The additional heavy gauge
bosons of the BLH model do not affect the results due to
their large mass and suppressed couplings. Any significant
alteration of the hWW coupling from its SM value would
result in disagreement with the μWW results.
The right panel of Fig. 23 shows the most obvious source

of enhancement of the diphoton rate, as measured by
ATLAS. The enhancement occurs when the scalar con-
tribution to the diphoton effective coupling becomes
significant, dominated by the contribution from the charged
Higgs field, H�. The dominant component of the diphoton

FIG. 20 (color online). General scenario: comparison of the WW� and diphoton signal strength ratios, assuming a reduced Δχ2
calculation (including only μγγ and μWW measurements) to focus on the disparity between the CMS and ATLAS diphoton signal strength
ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.

FIG. 19 (color online). General scenario: comparison of the ZZ� andWW� signal strength ratios, using a χ2 − χ2SM measure to compare
the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points in pink
indicate an exclusion at 95% C.L. due to high mass resonance.
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effective coupling comes from the W boson loop, which
has a negative relative value, as do the contributions from
the charged scalars (H�, η� and ϕ�), while the sum of all of
the fermion loops contribute positively. Thus, enhancement
of the scalar loop contribution increases the effective
coupling strength of hγγ (reductions of the contribution
from fermion loops would have a similar effect, but are not
important here). We have determined that the diphoton
enhancement occurs where the h0HþH− coupling becomes
large for large values of λ0, corresponding to where tan β is
near the the upper boundary of its allowed range as seen in

the right panel of Fig. 24. This region lies close to the border
of perturbativity constraints, as discussed in Eq. (17).
Figure 25 also shows several parameter points which fit

the data well but do not have a significant scalar loop
contribution to the diphoton effective coupling. These
points correspond to a moderate contribution to the
diphoton rate from the production of the CP-odd scalar
at masses above 300 GeV. This is an artifact of the method
we use for calculating, which determines an inclusive
(σh0 þ σH0

þ σA0
) cross section, but excludes parameter

sets only for which the heavier resonances would be

FIG. 22 (color online). General scenario: comparison of the gauge boson contribution to the diphoton effective coupling and the
diphoton signal strength ratio, assuming a reduced Δχ2 calculation (including only μγγ and μWW measurements) to focus on the disparity
between the CMS and ATLAS diphoton signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high
mass resonance.

FIG. 21 (color online). General scenario: comparison of the fermion contribution to the diphoton effective coupling and the diphoton
signal strength ratio, assuming a reduced Δχ2 calculation (including only μγγ and μWW measurements) to focus on the disparity between
the CMS and ATLAS diphoton signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass
resonance.
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distinguishable at 95% C.L. In other words, if the heavier
resonances do not result in an exclusion, they contribute to
the total cross section calculated. Little information was
given by the experiments regarding any invariant mass
windowing incorporated into the determination of the
diphoton excess, and so we chose an inclusive cross section
calculation.
With regards to the other parameters in the model,

particularly the heavy quark mixing angles, θ12 and θ13,
and heavy gauge boson mixing angle, θg, no constraints can
be placed with the existing data. This is because these states

do not get a large component of their mass from the Higgs
vacuum expectation value, and so they do not contribute
significantly to the loop factors. In Fig. 26, we show, as an
example, the T6 mass versus f. The only constraint that can
be determined is an overall mass constraint arising directly
from the constraint on f. In particular, the minimum heavy
quark mass as determined from the Higgs data is approx-
imately 300 GeV—the precise value of which is unim-
portant, as direct constraints from pair production searches
for heavy vectorlike quarks rule out much heavier
states [46,47].

FIG. 24 (color online). General scenario: comparison of the CP-odd scalar mass, mA0
, and tan β parameters, assuming a reduced Δχ2

calculation (including only μγγ and μWW measurements) to focus on the disparity between the CMS and ATLAS diphoton signal strength
ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.

FIG. 23 (color online). General scenario: comparison of the scalar contribution to the diphoton effective coupling and the diphoton
signal strength ratio, assuming a reduced Δχ2 calculation (including only μγγ and μWW measurements) to focus on the disparity between
the CMS and ATLAS diphoton signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass
resonance.
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V. SUMMARY

The BLH model provides, in principle, a rich source of
phenomenology. Apart from incorporating a two-Higgs
doublet model, it includes additional scalar triplets, heavy
gauge bosons, and a set of six new heavy quarks. In this
paper, we have investigated whether the model includes
parameter sets that are consistent with the Higgs boson
signal strength ratios recently measured by the CMS and
ATLAS experiments. We have used a couple of χ2

measures, one to compare the fit of the BLH model to
the data relative to that of a SM fit and another to identify
regions of BLH model parameter space favored by the

results of the two experiments. As described above, we
have found that the BLHmodel can reproduce the results of
either experiment but primarily via modifications to the
couplings of top quarks to the Higgs states and through the
contributions of additional scalar states in the context of a
2HDM. As a 2HDM, the BLHmodel provides two possible
scenarios: the general case in which a single Higgs state
dominates contributions to the signal strength ratios, and
the near-degenerate case in which multiple Higgs states
contribute to the observed results.
At this time, the experimental data remains statistically

limited and there remain discrepancies between the central

FIG. 26 (color online). General scenario: comparison of the mass of the T6 heavy vectorlike quark to the f parameter, using a χ2 − χ2SM
measure to compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios.
Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.

FIG. 25 (color online). General scenario: comparison of the pseudoscalar contribution to the diphoton signal strength ratio to the light
Higgs boson contribution, assuming a reduced Δχ2 calculation (including only μγγ and μWW measurements) to focus on the disparity
between the CMS and ATLAS diphoton signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high
mass resonance.
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values of the CMS and ATLAS results. However, using the
full set of measured signal strength ratios, we find that the
BLH model in the near-degenerate scenario is a worse fit to
the data of each experiment than is the SM for almost all
parameter sets. This is a consequence of a large enhance-
ment of the μττ signal strength by the contribution of the
CP-odd scalar state nearly degenerate with the light Higgs
boson. In this scenario, for parameter sets consistent with
the observed diphoton rates, μττ is predicted to be 3–5 times
larger than its SM value, and several sigma larger than
the value measured by CMS or ATLAS. Consequently, a
precise measurement of μττ will be sufficient to exclude the
near-degenerate scenario in the BLH model.
On the other hand, large regions of the general BLH

parameter space provide a better fit to the experimental
results than does the SM. This corresponds to sinðαþ βÞ ≳
0.9 in order to achieve μWW ∼ 1, while f ≳ 1200 GeV is
necessary such that higher order corrections in the expan-
sion in v=f do not reduce couplings between the t quark
and h0, and the W boson and h0. A CP-odd scalar mass of
mA ≳ 300 GeV is favored, resulting in a value of μττ that is
consistent with the SM. These rather general constraints
provide good agreement with the CMS diphoton results,
allowing a large range of tan β and mA values. The signal
strength ratios are produced primarily through the light
Higgs boson with approximately SM-like couplings.
Due to the enhancement of the overall scalar andCP-odd

scalar production for 130≲mA ≲ 300 GeV, much of this
region of parameter space is already directly ruled out at
95% C.L. by heavy Higgs searches in the WW and γγ
channels. Additionally, all parameter regions of the BLH
model predict the values of μWW and μZZ to be similar, such
that the entirety of the BLH model would be excluded if the
difference in the μZZ and μWW results becomes statistically
significant to the degree currently measured by ATLAS.

It is possible to reproduce the ATLAS μγγ measurement
with a SM-like μττ in the BLH model, but for a restricted
space of parameter sets. The physical origin of the enhance-
ment of the diphoton rate is a significant enhancement
of the charged Higgs field (H�) contribution to the
diphoton loop. The diphoton enhancement occurs for
maximal values of tan β, where the h0HþH− coupling
becomes large.
More accurate measurements, including the bb̄, τþτ−

and Zγ final states, with higher luminosity will be crucial to
determining the status of the BLH model, and for deter-
mining the values of the scalar sector parameters. The
2HDM sector of the BLH model is likely its most
accessible aspect, with fairly light CP-odd and, conse-
quently, charged Higgs states allowed. Discovery and
measurement of heavy quark partners can lead to further
constraints on the value of the scale f, as discussed in [35].
However, in the BLH model, measurements of the mass
and branching ratios of the lightest heavy quark partner is
insufficient to significantly constrain the value of f, due to
the presence of degenerate states and the involvement of the
two mixing angles, tan θ12 and tan θ13. In [48], it was
shown that measurement of several of the heavy quark
masses is needed to isolate the value of the scale f from the
values of the heavy quark mixing angles.
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