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Abstract: After the discovery of the Higgs-like boson by the LHC 2012 it is the most

important task to check whether this new particle is the Standard Model Higgs boson or

something else. In this paper, we study whether the 125 GeV boson could be the pseudo-

Goldstone boson of Little Higgs models. We derive limits on the parameter space of several

Little Higgs models (simple group and product group models, with and without T -parity),

both from the experimental data from ATLAS and CMS about the different Higgs discovery

channels and the electroweak precision observables. We perform a fit of several Little Higgs

models to all electroweak parameters from measurements of SLC, LEP, Tevatron, and LHC.

For the Higgs searches, we include all available data from the summer conferences in 2012

as well as the updates from December 2012. We show that there always exists a region

in the parameter space of the models under consideration where the measured χ2 is equal

or lower than the SM χ2: a closer look at the minimum χ2 will however reveal that the

agreement with the collected data is not significantly better as within the SM. While for

the models without T -parity the Little Higgs scale f is forced to be of the order 2-4 TeV

in order to be compatible with the collected data, in the models with T -parity the scale f

is constrained to be only above O(500) GeV, reducing the amount of fine-tuning. We also

show that these results are still driven by the electroweak precision measurements due to

the bigger LHC data uncertainties.
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1 Introduction

The discovery of a bosonic particle with a mass of 125 GeV by the LHC experiments 2012 [1,

2] seems to be the last piece of the jigsaw puzzle of the electroweak interactions. However,

at present it is not yet clear whether this particle does really have all the properties of the

Standard Model (SM) Higgs boson, or whether it is a particle of some extension of the SM.

There are many reasons to believe in the existence of beyond the Standard Model

(BSM) physics: the missing CP violation needed for the explanation of the baryon-antibaryon

asymmetry in the universe, the missing dark matter component in the SM, and the ques-

tion about the stability of the Higgs potential and the electroweak vacuum. The latter

has been called the hierarchy or fine-tuning problem, namely the problem that the Higgs

self-coupling is driven to non-perturbative values for too large Higgs masses while the top

couplings tend to destabilize the electroweak vacuum. Furthermore, the bare Higgs mass

parameter seems to be tuned very accurately in order to get a Higgs mass at the elec-

troweak scale, as scalar masses are quadratically sensitive to new physics particles coupling

to them.

One paradigm to solve this problem is to assume the Higgs boson to be no fundamental,

but a composite particle, as e.g. in Technicolor, Topcolor or composite Higgs models.

The Higgs boson is relatively light compared to high scales, because it appears, like the

pions in chiral symmetry breaking, as the (pseudo)-Nambu-Goldstone bosons (pNGBs)

of a spontaneously broken global symmetry. However, this necessitates the presence of

strong interactions to bind new constituents together to something like the Higgs boson,
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and indications of such strong interactions had to show up in the electroweak precision

measurements from SLC and LEP (and also Tevatron). A solution to this problem has

been found using the formalism of collective symmetry breaking, where several global

symmetries are intertwined. If each of them were exact, the Higgs would still be an exact

massless Goldstone boson. Hence, the mass term arises only logarithmically at the one-loop

order or quadratically at two-loop order. This leaves such models weakly interacting at the

TeV scale and raises the scale for the onset of new strong interactions to several TeV up to

tens of TeV. These kinds of models have first been realized motivated from deconstructed

extra dimensions [3, 4], and then in a 4D setup by explicit constructions of coset spaces for

the symmetry breaking pattern [5–7]. There are two different types of models, so-called

Simple Group Models, where the weak gauge group extension is given by a simple Lie

group, while the Goldstone multiplet of the broken global symmetry is distributed over

several different non-linear sigma model fields, whereas in the Product Group Models the

Goldstone multiplet is a single representation parameterizing the coset space of the global

symmetry breaking, and the weak gauge group emerges as the unbroken part of a product

gauge group. The most prominent examples of these two classes are the Simplest Little

Higgs model [8] and the Littlest Higgs model [5], respectively. To ameliorate the amount of

fine tuning within the so-called Little Hierarchy problem between the electroweak and the

TeV scale, a discrete symmetry named T -parity has been introduced [9]: it cancels tree-level

contributions from heavy Little Higgs states to the electroweak precision observables (at

least in the gauge and scalar sector for the product-group models), and offers a possibility

for a dark matter particle. For an overview over and more details about Little Higgs

models, cf. [10, 11].

In this paper, we discuss the most common Little Higgs models, namely the Littlest

Higgs with and without T -parity as well as the Simplest Little Higgs, and fit the results

reported by both experimental collaborations, ATLAS and CMS, about the many different

Higgs search/discovery channels to these different models. This is accompanied by a simul-

taneous fit of the electroweak precision data to these models. We compare the constraints

coming from the LHC Higgs discovery with those from electroweak precision physics. The

paper is organized as follows: section 2 gives a technical introduction into the three differ-

ent Little Higgs models under consideration, structured according to their gauge and scalar

sector, the fermion sector, and finally discussing the electroweak precision observables for

these models. The experimental data needed for the analysis presented here are given in

section 3, where we also present the statistical methods that we used to perform the fit of

the Little Higgs models to the experimental data as well as to the precision observables.

Our results are presented in section 4, before we give our conclusions in section 5 . In the

appendix, technical details on the determination of the Higgs boson partial widths and

cross section as well as on the calculation of the electroweak precision observables within

the Little Higgs models are shown.

2 The Little Higgs framework

In this section, we will describe the structure of the three different Little Higgs models

under consideration, focusing in particular on the details which will affect our results.
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However, this section should not be thought as a comprehensive review of these models,

for which we refer to [10, 11].

We decided to present separately the structure of the gauge, the scalar and the fermion

sectors, in order to underline the different implementations of the Little Higgs paradigm

in the considered models. In the end, there is also a subsection describing the effect of the

Little Higgs structure on the predictions of Electroweak Precision Observables (EWPO).

2.1 Gauge and scalar sectors

Littlest Higgs model. The Littlest Higgs model (we mainly follow the presentation

given in [12] instead of the original paper [5]; in the sequel, we use the abbreviation L2H)

is based on a non-linear sigma model in the coset space

SU(5)/SO(5). (2.1)

The vacuum expectation value (vev) of an SU(5) symmetric tensor field generates the

global spontaneous symmetry breaking (2.1) at the scale f :

〈Σ〉 =




02×2 02×1 12

01×2 1 01×2

12 02×1 02×2


 (2.2)

In this setup, there are 14 Nambu-Goldstone Bosons (NGBs) Πa, a = 1, . . . , 14,

parametrized by

Σ(x) = e2 iΠaXa(x)/f 〈Σ〉 (2.3)

where Xa are the broken generators of the coset space SU(5)/SO(5).

This model belongs to the class of Product Group models, where the SM gauge group

emerges from the diagonal breaking of the product of several gauged groups: in this specific

realization there is a local invariance under [SU(2)1⊗U(1)1]⊗[SU(2)2⊗U(1)2], embedded in

the matrix structure, spontaneously broken through the vev 〈Σ〉 to its diagonal subgroup,

which is identified with the SM gauge group. A set of SU(2)⊗U(1) gauge bosons obtains a

mass of order f, while the other set is left massless and is identified with the SM gauge fields.

Under the unbroken SU(2)L ⊗ U(1)Y the Πa transform as 10 ⊕ 30 ⊕ 21/2 ⊕ 3±1: the

21/2 component is identified with the Higgs boson h, while the 3±1 component is a complex

triplet under SU(2)L which forms a symmetric tensor Φij ≡ Φ with components φ++, φ+,

φ0 and a pseudo-scalar φP , where both φ0 and φP are real scalars. The other components

are the longitudinal modes of the heavy gauge bosons and therefore will not appear in

unitary gauge.

The kinetic term for the NGB matrix can be expressed in the standard non-linear

sigma model formalism as

LΣ =
1

2

f2

4
tr
∣∣DµΣ

∣∣2 (2.4)

where the numerical coefficients assure canonically normalized kinetic terms for the scalar

fields. To impose a local invariance under [SU(2)1⊗U(1)1]⊗ [SU(2)2⊗U(1)2], the covariant

derivative is defined as

DµΣ = ∂µΣ− i
2∑

j=1

[
gj(WjΣ + ΣW t

j ) + g′j(BjΣ + ΣBt
j)
]

(2.5)
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and the generators of the gauged symmetries are explicitly given as

Qa1 =



σa/2 0 0

0 0 0

0 0 0


 Y1 = diag (3, 3,−2,−2,−2) /10

Qa2 =




0 0 0

0 0 0

0 0 −σa∗/2


 Y2 = diag (2, 2, 2,−3,−3) /10. (2.6)

The global symmetries prevent the appearance of a potential for the scalar fields at

tree level. The scalar potential is indeed generated at one-loop and higher orders due to the

interactions with gauge bosons and fermions, and is parametrized through the Coleman-

Weinberg (CW) potential [13]. The scalar potential takes the generic form

VCW = λφ2f
2 tr(φ†φ) + iλhφhf(hφ†hT − h∗φh†)− µ2hh† + λh4(hh†)2 (2.7)

where the coefficients λφ2 , λhφh and λh4 are functions of the fundamental parameters of

the model, while the Higgs mass parameter µ2 should be treated as a free parameter since

it receives big contributions also from two-loop diagrams, that have not been calculated.

Minimizing the potential to obtain the doublet and triplet vevs v and v′, and requiring

appropriate relations to correctly trigger electroweak symmetry breaking (EWSB), one can

express all four parameters in the scalar potential to leading order in terms of the physical

parameters f , m2
h, v and v′, and obtain the following relation between the two vevs

x ≡ 4v′f

v2
, 0 ≤ x < 1 . (2.8)

Diagonalizing the scalar mass matrix, one obtains at leading order the following spectrum:

mh =
√

2µ, mΦ =

√
2mh√

1− x2

f

v
, (2.9)

where all components of the triplet
(
φ++, φ+, φ0, φP

)
are degenerate at the order we are

considering. Since µ2 is treated as a free parameter, we will assume the measured Higgs

mass for the scalar doublet h, fixing therefore the value of µ.

If we parametrize the interaction terms of the charged components of the triplet to the

Higgs field in the following way

VCW ⊃ −2
m2

Φ

v
yφ+ φ

+φ−h− 2
m2

Φ

v
yφ++ φ++φ−−h (2.10)

then the couplings yφ after EWSB are predicted up to O
(
v2/f2

)
to be [14]

yφ+ =
v2

f2

(
−1

3
+
x2

4

)
, yφ++ = O

(
v4

f4

)
. (2.11)

This parametrization will be useful to calculate the contribution of the charged resonances

to the one-loop hγγ vertex, cf. appendix A.
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A set of SU(2)⊗U(1) gauge bosons (W ′, B′) obtains a mass term of order f from (2.4),

while the other set (W , B) remains massless. The mass eigenstates are related to the gauge

eigenstates by the following field rotations

W = sW1 + cW2, W ′ = −cW1 + sW2 (2.12)

B = s′B1 + c′B2 B′ = −c′B1 + s′B2

where the mixing angles, which we will treat as free parameters, are given by

c =
g1√
g2

1 + g2
2

, c′ =
g′1√

g′ 21 + g′ 22

. (2.13)

EWSB induces further mixing between the light and heavy gauge bosons: at leading

order, the spectrum is given by

mW± =
gv

2
mW±H

=
gf

2sc

mZ =
gv

2cw
mZH =

gf

2sc
(2.14)

mγ = 0 mAH =
g′f

2
√

5s′c′

If we parametrize the interaction terms of the charged gauge bosons to the Higgs field as

LΣ ⊃ 2
m2
W

v
yW W+W−h+ 2

m2
WH

v
yWH

W+
HW

−
Hh (2.15)

then the couplings yV after EWSB are predicted up to O
(
v2/f2

)
to be [14]

yW = 1 +
v2

f2

[
−1

6
− 1

4
(c2 − s2)2

]
, yWH

= −s2c2 v
2

f2
. (2.16)

The L2H model contains new matter content and interactions which contribute to

the EWPO, as we will discuss in detail later. In particular, from the exchange of heavy

SU(2) gauge bosons and from the presence of the triplet vev v′, the relation between the

Fermi constant GF and the doublet vev v is modified from its SM form: by comparing

the two relations one can thus express the L2H doublet vev v in terms of the SM value

vSM = 246 GeV up to O
(
v2

SM/f
2
)

as [14]

v = vSM

[
1−

v2
SM

f2

(
− 5

24
+
x2

8

)]
. (2.17)

Using this relation, we can express the corrections of the SM-like hV V couplings (V ≡ W,

Z) with respect to their SM values up to O
(
v2

SM/f
2
)

equivalently as

ghV V
gSM
hV V

= 1 +
1

8

v2
SM

f2

[
− 3 + x2 − 2(c2 − s2)2

]
(2.18)

where

ghV V =
m2
V

v
yV , gSM

hV V =
m2
V

v
∣∣
v=vSM

. (2.19)
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Eq. (2.18) will be useful to calculate the tree-level decays of the Higgs boson into the

SM-like gauge bosons, cf. appendix A .

We will not consider all other tree-level decay channels of the Higgs which involve the

heavy gauge bosons or the heavy scalar triplet: indeed in L2H the EWPD require f larger

than a few TeV, cf. ref. [15] and our results of section 4, making these decay channels

kinematically forbidden.

Littlest Higgs with T -parity. As just mentioned, the original Littlest Higgs model

suffers from severe constraints from EWPO, which could only be satisfied in small regions

of the parameter space. The most severe constraints resulted from tree-level corrections

to EWPO due to the exchange of the heavy gauge bosons present in the theory, as well as

from the small but non-vanishing vev of the additional scalar triplet field Φ. These severe

constraints are evaded with the introduction of a conserved discrete symmetry, called T-

parity, featuring T -odd partners for all (T -even) SM particles, and a lightest T -odd particle

that is stable. As a result, tree-level contributions of the heavy gauge bosons to EWPO

are suppressed, and corrections arise only at loop level.

The Littlest Higgs model with T -parity (for detailed reviews cf. [17, 18], and the

original papers [9, 19]; in the following we use the abbreviation LHT ) shares the same global

and local symmetry structure of the original L2H model. The LHT model has therefore

the same scalar kinetic term of eq. (2.4), where the T -parity can be naturally implemented

requiring that the coupling constant of SU(2)1 (U(1)1) equals that of SU(2)2 (U(1)2): in

this way the four mixing angles of the gauge sector c, s, c′, s′ are all equal to 1/
√

2.

Under T -parity, the Higgs field and the SM-like gauge bosons are T -even, while the

scalar triplet and the heavy gauge bosons are T -odd. Therefore the coupling h†Φh is

forbidden, leading to the relations for the triplet vev v′ = 0 and x = 0. Since the correction

of WH to the relation between GF and v is forbidden by T -parity, the functional form of

the Higgs vev v up to O
(
v2

SM/f
2
)

is modified as [14]

v = vSM

(
1 +

1

12

v2
SM

f2

)
. (2.20)

The scalar and gauge boson mass spectrum and their couplings to the Higgs field in

LHT model can be easily obtained from the respective L2H relations by taking c = s =

c′ = s′ = 1/
√

2 and x = 0. Only the hV V coupling (V ≡ W,Z) gets a different correction

in the LHT model because of the different functional form of v [20]:

ghV V
gSM
hV V

= 1− 1

4

v2
SM

f2
− 1

32

v4
SM

f4
+O

(
v6

SM

f6

)
. (2.21)

If the lightest T -odd particle AH is very light, also the tree-level decay h → AHAH
could be kinematically open in LHT. The hAHAH coupling is given by [12]

ghAHAH = −1

2
g′ 2 v , (2.22)

and in appendix A there is the explicit expression of the partial width of this decay channel:

indeed in LHT a lower value of f is allowed by EWPO [18], and thus this decay channel

– 6 –
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could be kinematically open. Note that if one assumes the AH to be the dark matter

particle, a resonant coannihilation of two heavy photons via s-channel Higgs exchange is

actually favored, rendering this channel close to irrelevant.

Simplest Little Higgs. The Simplest Little Higgs (for detailed reviews cf. [21–23], while

the original references are [7, 8], and the used abbreviation SLH ) is based on a non-linear

sigma model in the coset space

[SU(3)1 ⊗U(1)1]⊗ [SU(3)2 ⊗U(1)2]

[SU(2)1 ⊗U(1)1]⊗ [SU(2)2 ⊗U(1)2]
. (2.23)

The vevs of two SU(3)1 ⊗ SU(3)2 scalar fields φ1 ∼ (3,1) and φ2 ∼ (1,3) realize the

spontaneous symmetry breaking SU(3)i → SU(2)i (i = 1, 2) at scales f1 and f2 respectively,

giving rise to ten NGBs.

This model belongs to the class of Simple Group models, where the SM gauge group

emerges from the breaking of a larger simple group: in this specific realization there is

a local invariance under the diagonal subgroup SU(3)L ⊗ U(1)X , which is spontaneously

broken by the vevs of φ1,2 to the SM SU(2)L ⊗U(1)Y . Five NGBs are therefore eaten and

five new gauge bosons arise with a mass of the order of the scale f , with f2 = f2
1 + f2

2 .

The NGBs are parametrized with a non-linear representation of the two complex scalar

triplet fields φ1,2

φ1(x) = exp

(
itβΘ(x)

f

)



0

0

fcβ


 , φ2(x) = exp

(
− iΘ(x)

tβf

)



0

0

fsβ


 (2.24)

with tβ = sinβ/ cosβ = f2/f1 being the ratio of the vevs of the scalar triplets, and Θ(x)

the NGB matrix

Θ =
1

f

[(
02×2 h

h† 0

)
+

η√
2
13×3

]
. (2.25)

Here, we have already neglected (in unitary gauge) the NGBs that become the longitudinal

modes of the 5 heavy and 3 SM-like gauge bosons (after EWSB): indeed the remaining 2

physical NGBs are identified with the Higgs doublet h and with a pseudo-scalar η as above.

The presence of the pseudo-scalar η and in particular of the coupling h-Z-η is a peculiar

and distinguishing feature of Simple Group models class, as already pointed out in [24].

The kinetic term for the scalar sector can be expressed in the standard non-linear

sigma model formalism as

LΦ =
2∑

i=1

∣∣Dµφi
∣∣2 (2.26)

where the covariant derivative, in order to assure SU(3)L ⊗U(1)X local invariance, is

Dµ = ∂µ − igAaµTa + igxQxB
x
µ, gx =

g′√
1− t2w/3

(2.27)

with tW ≡ tan θW , and g, g′ the SM SU(2)L ⊗U(1)Y gauge couplings.

– 7 –



J
H
E
P
0
2
(
2
0
1
3
)
0
7
7

The global symmetries prevent the appearance of a Higgs potential at tree level. The

Higgs potential is indeed generated at one-loop and higher orders due to the interactions

with gauge bosons and fermions through the CW potential. One can show [22] that in this

setup the pseudo-scalar η remains massless, while the Higgs boson acquires a mass through

one-loop logarithmic and two-loop quadratic divergences (this is due to the collective sym-

metry breaking mechanism). To force η to have a non-zero mass, in order to avoid a new

and not observed long-range interaction, one possible solution is to introduce a term

− µ2
φ

(
φ†1φ2 +h.c.

)
(2.28)

into the CW potential by hand. This explicitly breaks the global SU(3) symmetry and also

the collective symmetry breaking mechanism, but the corrections are small [22]: we will

adopt this extension, and the parameter µφ will be then proportional to the pseudo-scalar

mass mη. The CW potential now becomes

VCW = −µ2h†h+ λ(h†h)2 − 1

2
m2
ηη

2 + λ′h†hη2 + . . . (2.29)

where the parameters are defined as in [22]. From the minimization of the potential one

obtains the expression for the vev of the Higgs field

v2 =
µ2

λ
(2.30)

and the mass of the pseudo-scalar η

m2
η =

µ2
φ

cβsβ
cos

(
v√

2fsβcβ

)
. (2.31)

If one assumes that the physics at the cut-off Λ = 4πf gives no sizable contribution to

the scalar potential, then the CW potential (2.29) fully determines the scalar masses and

their couplings: in order to realize a correct EWSB pattern, the free parameters of the CW

potential are then not anymore independent among themselves. In particular, we require

the parameter µ to reproduce the observed Higgs boson mass

mh =
√

2µ (2.32)

while we fix v in eq. (2.30) in order to match the prediction of the SM W -boson mass: the

W -boson mass is indeed predicted to be [22]

mW =
gv

2

[
1− 1

12

v2

f2

t4β − t2β + 1

t2β
+

1

180

v4

f4

t8β − t6β + t4β − t2β + 1

t4β
+O

(
v6

f6

)]
(2.33)

and therefore we require v to satisfy

v ' vSM

[
1 +

1

12

v2
SM

f2

t4β − t2β + 1

t2β
− 1

180

v4
SM

f4

t8β − t6β + t4β − t2β + 1

t4β

]
(2.34)

≡ vSM

[
1 + δ(2)

v − δ(4)
v

]
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where vSM = 246 GeV, in order to have mW = g vSM/2. Therefore (2.32) and (2.30), (2.34)

are two conditions which have to be imposed on the free parameters of the CW potential,

i.e. on f , tβ, µφ, R (R is a ratio of Yukawa couplings of the fermion sector which affects

µ, λ, cf. below): we decided to let f and tβ to be free parameters of our study, fixing the

values of µφ and R through the previous equations.

From (2.34) we also see that the correction to vSM is proportional to t2βv
2
SM/f

2 in the

large tβ limit: as suggested in [22], for perturbation theory to be valid, the O
(
v4

SM/f
4
)

correction should be suppressed by a factor of 0.1 relative to the O
(
v2

SM/f
2
)

correction, i.e.

δ(4)
v /δ(2)

v < 0.1. (2.35)

We will require this latter condition to be satisfied in the considered parameter space of

the model.

After EWSB and using relation (2.34), the leading order mass spectrum of the heavy

and light (SM) gauge bosons is given by [21, 22]

mW± =
g vSM

2
mX± = mY 0 = mȲ 0 =

gf√
2

mZ =
g vSM

2cw

(
1 +

v2

16f2
(1− t2w)2

)
mZ′ =

√
2

3− t2w
gf (2.36)

mγ = 0

where we have included also the O(v2/f2) custodial symmetry violating shift term in the

Z-mass, and cw is the cosine of the Weinberg angle. If we parametrize the interaction

terms of the charged gauge bosons to the Higgs field in the following way

LΦ ⊃ 2
m2
W

v
yW W+W−h+ 2

m2
X

v
yX X

+X−h (2.37)

then the couplings yV after EWSB are predicted to be [14]

yW '
v

vSM

[
1− 1

4

v2
SM

f2

t4β − t2β + 1

t2β
+

1

36

v4
SM

f4

(
t2β − 1

)2

t2β

]
, yX ' −

1

2

v2

f2
. (2.38)

Using relation (2.34), we can express the corrections of the hV V (V ≡ W,Z) couplings

with respect to their SM value up to O
(
v4

SM/f
4
)

equivalently as [22]

ghWW

gSM
hWW

= 1− 1

4

v2
SM

f2

(
t4β − t2β + 1

t2β

)
+

1

36

v4
SM

f4

(
t2β − 1

)2

t2β
(2.39)

ghZZ
gSM
hZZ

= 1− 1

4

v2
SM

f2

(
t4β − t2β + 1

t2β
+
(
1− t2w

)2
)

+
1

36

v4
SM

f4

(
t2β − 1

)2

t2β

where as usual

ghV V =
m2
V

v
yV , gSM

hV V =
m2
V

v
∣∣
v=vSM

. (2.40)
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2.2 Fermion sector

Littlest Higgs. The SM fermions acquire their masses through the Higgs mechanism

via Yukawa interactions: the large top Yukawa coupling induces a dominant quadratic

correction to the Higgs boson mass, spoiling the naturalness of a light Higgs boson. In

L2H model this problem is solved by introducing a new set of heavy fermions with coupling

to the Higgs field such that it cancels the quadratic divergence due to the top quark.

The new fermions are a vectorlike pair (T ′, T ′ c) with quantum numbers (3,1)Yi , (3̄,1)−Yi
respectively, and therefore they are allowed to have a bare mass term which is chosen to

be of order f .

The Yukawa-like Lagrangian for the third generation of quarks can be found e.g. in [12],

and contains the following interaction terms to the Higgs after EWSB:

Lt ⊃ −λ1f

(
sΣ√

2
t̄′L t
′
R +

1 + cΣ

2
T̄ ′L t

′
R

)
− λ2fT̄

′
L T
′
R +h.c. (2.41)

where cΣ = cos
(√

2h/f
)
, sΣ = sin

(√
2h/f

)
, and with λ1,2 as free parameters. After

diagonalization of the mass matrix, the leading order mass eigenvalues are the following

mt =
λ2R√
1 +R2

v, mT = λ2

√
1 +R2f . (2.42)

Here, we have defined the ratio of the Yukawa couplings

R = λ1/λ2. (2.43)

However we can fix λ2 requiring that, for given (f,R), mt corresponds to the experimental

top mass value: in this way, the only free parameters in the top sector are f and R. If we

parametrize the interaction terms of the top quark and heavy top to the Higgs field (the

dominant contributions to the effective hgg vertex) in the following way

Lt ⊃ −
mt

v
yt t̄ t h−

mT

v
yT T̄ T h , (2.44)

then the couplings yt,T after EWSB are predicted up to O
(
v2/f2

)
to be [14]

yt = 1− v2

f2

[
2R4 +R2 + 2

3(1 +R2)2
+
x2

4
− x

2

]
, yT = − R2

(1 +R2)2

v2

f2
. (2.45)

The scalar interactions with the up-type quarks of the first two generations have the

same form as Lt, except that there is no need for extra vectorlike quarks. The interactions

with the down-type quarks and leptons of the three generations are generated by a similar

Lagrangian, again without the extra vectorlike quarks. For the explicit forms of the La-

grangian terms we refer as before to ref. [12]. The important result for our analysis is the

explicit correction of the Higgs-fermion couplings with respect to their SM value: from the

Feynman rules of the vertices huu and hdd listed in the appendix of ref. [12], and using

relation (2.17), we obtain up to O
(
v2

SM/f
2
)

ghff

gSM
hff

= 1− 1

2

v2
SM

f2

[
7

4
+
x2

4
− x
]

f ≡ u, d, c, s, b (2.46)
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where

ghff =
mf

v
yf , gSM

hff =
mf

v
∣∣
v=vSM

. (2.47)

Eq. (2.46) will allow us to calculate the tree-level decays of the Higgs boson into two

fermions, cf. appendix A.

Littlest Higgs with T -parity. To implement T -parity in the fermion sector one intro-

duces two SU(2)A fermion doublets qA = (idLA ,−iuLA)T with A = 1, 2, as in [20]: T -parity

will be defined such that q1 ↔ −q2. The T -even combination uL+ = (uL1 − uL2) /
√

2

will be the up-type component of the SM fermion doublet, while the T -odd combination

uL− = (u1 + u2) /
√

2 will be its T -odd partner: the same definitions hold also for the

down-type components.

We require that the T -even (SM) eigenstates obtain a mass only from Yukawa-like

interactions after EWSB, while forcing the masses of the T -odd eigenstates to be at the

TeV scale. A possible Lagrangian that could generate a TeV mass only for the T -odd

combinations can be found in [20]:

Lk ⊃ −
√

2kf

[
d̄L− d̃c +

1 + cξ
2

ūL− ũc −
sξ√

2
ūL− χc −

1− cξ
2

ūL− uc

]
+

− mq ū
′
c uc −mq d̄

′
c dc −mχ χ̄

′
c χc + h.c. (2.48)

where cξ = cos
(
h/
√

2f
)
, sξ = sin

(
h/
√

2f
)
. uL− and dL− are the T -odd eigenstates, while

the other fields uc, dc, ũc, d̃c, u
′
c, d
′
c, χc, χ

′
c are all embedded in the so called mirror fermions

necessary to write down an invariant Lagrangian under all symmetries. k, mq and mχ are

matrices in flavor space for both quarks and leptons: we will assume for simplicity that

these matrices are all diagonal and flavor independent.

One can notice that the down-type fermions have only Dirac-mass terms and no inter-

actions with the Higgs:

−
√

2kf d̄L− d̃c −mq d̄
′
c dc. (2.49)

They are thus already mass eigenstates with masses

m1 =
√

2kf, m2 = mq (2.50)

and their contributions will not be considered in the effective one-loop couplings of the

Higgs, since they do not couple to the Higgs at tree level.

On the other side, the up-type combinations in (2.48) have Dirac-mass terms and also

couplings with the Higgs (cξ and sξ): by diagonalizing these couplings, one obtains the

following mass spectrum at leading order

mh
1 =
√

2kf, mh
2 = mχ, mh

3 = mq (2.51)

where the superscript h indicates that the eigenstates also have an interaction with the

Higgs field. The resulting couplings with the Higgs up to O
(
v2/f2

)
are

Lk ⊃ −
mh

1

v
y1 ū1 u1 h−

mh
2

v
y2 ū2 u2 h−

mh
3

v
y3 ū3 u3 h (2.52)

– 11 –



J
H
E
P
0
2
(
2
0
1
3
)
0
7
7

with

y1 = −1

4

v2

f2

1

1− 2 f2 k2

m2
χ

, y2 = −k
2 v2

2m2
χ

1

1− 2 f2 k2

m2
χ

, y3 = O
(
v4

f4

)
. (2.53)

We can further reduce the number of free parameters assuming that mq and mχ are

large enough such that the Higgs couplings (2.53) are independent from their values up to

O
(
v2/f2

)
, i.e.

mass (up-type) Higgs coupling (only up-type) mass (down-type)

mh
1,i =

√
2kf yi1 = −1

4
v2

f2
m1,i =

√
2kf

mh
2,i = mχ yi2 = 0 m2,i = mq

mh
3,i = mq yi3 = O

(
v4/f4

)

where we have restored the flavor index i = 1, 2, 3 referring to both quarks and leptons.

Under these assumptions, in the effective one-loop couplings of the Higgs we will then

consider only the contributions from the three degenerate up-type T -odd quarks ui1, since

the other couplings are either suppressed (yi2, yi3) or absent (down-type). The T -odd heavy

neutrinos coming from the same interactions are clearly not included in the couplings of

the Higgs with gluons and photons, being neither colored, nor electrically charged.

These new twelve T -odd partners ui1, di1 of the SM fermions can also generate four-

fermion operators via box diagrams involving the exchange of NGBs [18]. Assuming always

that the couplings k are flavor-diagonal and flavor-independent, the generated operators

have the form

O4-f = − k2

128π2f2
ψ̄Lγ

µψLψ̄
′
Lγµψ

′
L +O

(g
k

)
, (2.54)

where ψ and ψ′ are (distinct) SM fermions. The experimental bound on four-fermion

interactions involving SM fields provides an upper bound on the T -odd fermion masses:

the strongest constraint comes from the eedd operator, whose coefficient is required to be

smaller than 2π/(26.4 TeV)2 [18, 49], which thus yields

k2 . 0.367π3 f2
TeV (2.55)

where fTeV is the value of f in units of TeV. Taking a closer look to the contribution of the

T -odd fermions ui1 to the signal strength modifier, one can notice that their contribution

enters only in the combination

F1/2(mh
1) · y1 (2.56)

in the expression of the partial decay widths of the Higgs into two gluons and photons, cf.

eq. (A.6) and (A.7), respectively. However the coupling y1 is independent of k at the order

we are considering, and the loop factor F1/2 approaches a constant value F1/2 → −4/3 when

the particle in the loop is much heavier than the Higgs [25], as in our case (mh
1 � mh): the

net contribution of the heavy T -odd fermions is thus in good approximation independent

of the value of k. Without loss of generality we could therefore choose k to saturate the

four-fermion interaction bound (2.55), with an upper limit of 4π when f →∞.
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The next task is to write invariant Yukawa-like terms to give mass to the T -even

(SM) combinations uL+ and dL+. In order to avoid dangerous contributions to the Higgs

mass from one-loop quadratic divergences, the top Yukawa sector must also incorporate a

collective symmetry breaking pattern.

The details of the procedure could again be found in [20]: the Yukawa-like Lagrangian

for the top sector contains the following terms

Lt ⊃ −λ1f

(
sΣ√

2
t̄L+ t

′
R +

1 + cΣ

2
T̄ ′L+ t

′
R

)
− λ2f

(
T̄ ′L+ T

′
R+ + T̄ ′L− T

′
R−
)

+h.c. (2.57)

where cΣ = cos
(√

2h/f
)

and sΣ = sin
(√

2h/f
)
.

Among the terms that we have neglected, there are the interaction terms of the T -odd

eigenstate tL−, which does not acquire any mass term from Lt while obtaining its mass

from Lk as explained before. In Lt a different T -odd Dirac fermion T− ≡
(
T ′L−, T

′
R−
)

obtains a high-scale mass

mT− = λ2 f . (2.58)

It does not have tree-level interactions to the Higgs boson, and will be thus not included

in the Higgs one-loop effective couplings.

One should notice that the T -even top Lagrangian (2.57) has the same form as the

L2H top Lagrangian (2.41): the mass spectrum and the couplings to the Higgs boson will

therefore be the same in both models, by simply setting x = 0. The T -even combinations

in Lt, i.e. (tL+, t
′
R) and

(
T ′L+, T

′
R+

)
, mix among each other:

− Lt ⊃
(
t̄L+ T̄ ′L+

)
M

(
t′R
T ′R+

)
+h.c., M =




λ1f√
2

sin
√

2h
f 0

λ1f cos2 h√
2f

λ2f


 . (2.59)

The mass terms are diagonalized by defining the linear combinations [18]

tL = cosβ · tL+ − sinβ · T ′L+, TL+ = sinβ · tL+ + cosβ · T ′L+

tR = cosα · t′R − sinα · T ′L+ TR+ = sinα · t′R + cosα · T ′R+ (2.60)

Here, we use the dimensionless ratio R = λ1/λ2 as well as the leading order expressions of

the mixing angles

sinα =
R√

1 +R2
, sinβ =

R2

1 +R2

v

f
. (2.61)

The leading order mass spectrum is the following

mt =
λ2R√
1 +R2

v, mT+ = λ2

√
1 +R2f . (2.62)

Again, R and λ2 are considered to be free parameters. However we can fix λ2 requiring

that, for given (f,R), mt corresponds to the experimental top mass value: this way, the

only free parameters in the T -even top sector are f and R.
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The resulting couplings to the Higgs up to O
(
v2/f2

)
are given by [14, 16]

Lt ⊃ −
mt

v
yt t̄ t h−

mT+

v
yT+ T̄+ T+ h (2.63)

with

yt = 1− v2

f2

2R4 +R2 + 2

3 (1 +R2)2 , yT+ = − v
2

f2

R2

(1 +R2)2 . (2.64)

The other two generations of T -even (SM-like) up-type quarks acquire their mass

through analogous terms as Lt, but with the T± missing since the Yukawa couplings are

small and one does not have to worry about the quadratic divergences. Using eq. (2.20),

the corrections to the Yukawa couplings with respect to their SM values up to O
(
v4

SM/f
4
)

are given by [20]
ghūu
gSM
hūu

= 1− 3

4

v2
SM

f2
− 5

32

v4
SM

f4
u ≡ u, c. (2.65)

We need to construct also a Yukawa interaction which gives a mass after EWSB to the

T -even (SM-like) down-type quarks and charged leptons. Two possible constructions of

Lagrangians can be found in [20], which will be denoted as Case A and Case B, respectively.

The corresponding corrections to the Yukawa couplings with respect to their SM values up

to O
(
v4

SM/f
4
)

are given by (d ≡ d, s, b, l±i )

ghd̄d
gSM
hd̄d

= 1− 1

4

v2
SM

f2
+

7

32

v4
SM

f4
Case A

ghd̄d
gSM
hd̄d

= 1− 5

4

v2
SM

f2
− 17

32

v4
SM

f4
Case B. (2.66)

We will analyze the parameter space of the LHT model with both Case A,B implemen-

tations: it is to be noted that Case B predicts a stronger suppression for the down-type

fermion couplings to the Higgs boson, and this will have an influence on our results.

Simplest Little Higgs. Since this model contains a gauged SU(3), SM fermions that

are doublets under SU(2) must be enlarged into triplets under SU(3). In addition, new

SU(3) singlet fermions must be introduced to cancel the hypercharge anomalies and to give

mass to the new third components of the SU(3) triplet fermions. In the “anomaly-free”

scenario, the quarks of the third generation and all leptons are embedded into 3 of SU(3):

QT3 = (t, b, iT ) , LTm = (νm, lm, iNm) (m = 1, 2, 3) (2.67)

adding also the corresponding right handed singlets itc, ibc, iT c and ilcm, iN c
m. We do not

include a right-handed neutrino, leaving the neutrinos as massless.

The corresponding Yukawa Lagrangian LY can be found explicitly in [21, 23], and

gives rise at leading order to the following mass spectrum after EWSB:

mb ∝ λb mt = λt2 v R

√√√√ t2β + 1

2(t2β +R2)
mT = λt2 f

√√√√ t2β +R2

t2β + 1

mν = 0 mlm ∝ λlm,n mNm = λNm f
tβ√

1 + t2β

– 14 –



J
H
E
P
0
2
(
2
0
1
3
)
0
7
7

The free parameters are R =
(
λt1/λ

t
2

)
, λt2, λb f , tβ in the top sector, and λNm , λlm,n, f ,

tβ in the lepton sector, respectively. However we can fix λt2, λb and λlm,n requiring that

for given (f, tβ) the predicted values of mt, mb and mlm correspond to their experimental

values: in this way the free parameters in the top sector are f and tβ (notice that R is

fixed by the EWSB requirement), while in the lepton sector they are λNm , f , tβ. Since

the heavy neutrinos do not affect neither the effective hgg coupling, nor the hγγ one, the

parameter λNm is thus irrelevant for our study.

Regarding the couplings of these fermions to the Higgs, they can be parametrized as

LY ⊃ −
mi
l

v
yil l̄i li h−

mi
N

v
yiN N̄iNi h−

mt

v
yt t̄ t h−

mT

v
yT T̄ T h−

mb

v
yb b̄ b h (2.68)

and predicted up to O
(
v2/f2

)
to be [21]

yil = 1− 1

6

v2

f2

(
3 +

t4β − t2β + 1

t2β

)
, yiN = O

(
v4

f4

)

yt = 1− 1

6

v2

f2




(
1 + t2β

)2 (
R4 −R2 t2β + t4β

)

t2β

(
t2β +R2

)2


 , yT = −1

2

v2

f2
R2

(
t2β + 1

t2β +R2

)2

yb = 1− 1

6

v2

f2

(
3 +

t4β − t2β + 1

t2β

)
. (2.69)

The corrections of the bottom-quark and lepton Yukawa couplings with respect to their

SM values up to O
(
v4

SM/f
4
)

are equivalently given by

ghb̄b
gSM
hb̄b

=
ghl̄l
gSM
hl̄l

= 1− 1

4

v2
SM

f2

(
t4β + t2β + 1

t2β

)
− 1

720

v4
SM

f4

(
t8β + 24t6β − 19t4β + 24t2β + 1

t4β

)
(2.70)

where as usual

ghff =
mf

v
yf , gSM

hff =
mf

v
∣∣
v=vSM

. (2.71)

In the “anomaly free” embedding, the first two generations of quarks are embedded

into 3∗ of SU(3) with the corresponding right-handed singlets:

QT1 = (d,−u, iD) idc, iuc, iDc

QT2 = (s,−c, iS) isc, icc, iSc

Notice that the heavy vector-like quarks of the first two generations have electric charge

−1/3 in contrast to the charge +2/3 of the heavy quark of the third generation. The

Lagrangian terms for the Yukawa couplings of the first two generations of quarks can be

found in [21], and the resulting mass spectrum after EWSB consists of the SM quarks plus

two heavy D, S quarks with charge −1/3.

As suggested in [21], one would expect an hDc
mDm coupling at order v/f as for the

top sector, but this term is exactly canceled by the contribution from hDc
m dm after d-D

mixing if the down and strange quark masses are neglected. For this reason we will not
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include the heavy D, S in the calculation of the one-loop effective couplings: therefore only

the contributions from the top (the dominant one among the SM-like particles) and from

the heavy top T will be included in the one-loop effective couplings.

The corrections of the charm and strange quark Yukawa couplings with respect to their

SM values up to O
(
v4

SM/f
4
)

are finally given by

ghc̄c
gSM
hc̄c

=
ghs̄s
gSM
hs̄s

= 1− 1

4

v2
SM

f2

(
t4β + t2β + 1

t2β

)
− 1

720

v4
SM

f4

(
t8β + 24t6β − 19t4β + 24t2β + 1

t4β

)
.

(2.72)

2.3 Electroweak precision observables

Littlest Higgs. The contribution to EWPO from the L2H structure was already studied

in ref. [15]. They calculated all contributions to EWPO from the tree-level exchange of the

heavy gauge bosons and from the presence of the triplet vev v′: there should in principle

be also contributions due to heavy quark loop modifications to the light gauge boson

propagators, but as the authors of ref. [15] have shown, these contributions are almost an

order of magnitude smaller than the maximal contribution of the triplet vev. Therefore we

ignore them.

We refer to the original ref. [15] for the explicit expression of the 21 EWPO in terms

of the parameters f , c, c′, x defined above (the list of the 21 EWPO can be found in

section 3). We adapt their notation as follows:

∆ =
v2

f2
, ∆′ =

x2

16

v2

f2
. (2.73)

A derivation of the oblique parameters in the L2H model can be found in ref. [26].

Littlest Higgs with T -parity. Due to the introduction of T -parity, no T -odd state

can contribute as external state at tree-level: therefore no contributions to electroweak

observables arise at tree-level from T -odd states. The only new particle which is T -even is

the T -even top partner T+, but it can contribute at tree level only to observables involving

the SM top quark, such as its couplings to W and Z bosons: since these couplings have not

been measured experimentally yet, no constraints arise at tree-level also from the T -even

top partner. We will then consider only the one-loop contributions to EWPO coming from

the new T -even/odd states, using the results of ref. [18, 28, 29].

At one loop, oblique corrections to the electroweak gauge boson propagators induced

by diagrams involving the top and its T+ partner are given by

ST+ =
s2
β

2π

[(
1

3
− c2

β

)
log xt + c2

β

(1 + xt)
2

(1− xt)2
+

2c2
βx

2
t (3− xt) log xt

(1− xt)3
−

8c2
β

3

]

TT+ =
3

16π

s2
β

s2
w c

2
w

m2
t

m2
Z

[
s2
β

xt
− 1− c2

β −
2c2
β

1− xt
log xt

]
(2.74)

UT+ = −
s2
β

2π

[
s2
β log xt + c2

β

(1 + xt)
2

(1− xt)2
+

2c2
βx

2
t (3− xt) log xt

(1− xt)3
−

8c2
β

3

]
.
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Here, sβ = sinβ is the mixing angle in the right-handed top sector, xt = m2
t /m

2
T+, and sw

is the sine of the Weinberg angle.

The T -odd top partner T− does not contribute to the S,T,U parameters since it is an

SU(2)L singlet which does not mix with the SM top. Moreover, the corrections from T−
loops are very small, and we do not include them in our fit. But the other T -odd heavy

fermions coming from the interactions in eq. (2.48) give a contribution to the T parameter

at one-loop: under the assumption of flavor-independent k, the contribution of each T -odd

fermion partner is given up to O
(
v2/f2

)
by

TT-odd = − k2

192π2αw

v2

f2
. (2.75)

As explained in detail in the previous section, there is an upper bound on the value of

k coming from four-fermion interactions involving SM fields, eq. (2.55): the maximum

contribution to the T parameter consistent with this bound becomes

|TT-odd| . 0.05 (2.76)

for each T -odd fermion partner. The large number of T -odd partners (twelve) could

thus have a sizable effect on the EWPO: however a smaller value of k could reduce this

contribution, and so we have not included it in our fit.

Regarding the contribution from the gauge sector, the authors of ref. [29] calculated

that the total log-divergent contribution due to the custodial SU(2)-violating tree-level

mass splitting of the T -odd heavy W 3
H and W±H gauge bosons completely vanishes, leaving

only negligible finite terms of order v/f which we do not include in our analysis.

Another important correction to both the S and T parameters follows from the mod-

ified couplings of the Higgs boson to the SM gauge bosons. In the SM, due to its renor-

malizability, the one-loop contribution of the Higgs boson to the vector boson self energies

exactly cancels the logarithmic divergence arising from loops of would-be NGBs in the

gauge-less limit [30]. As first noticed by the authors of ref. [31], the modified Higgs cou-

plings to the SM gauge bosons imply that the contribution of the Higgs to the self-energy

does not exactly cancel the infrared log-divergence arising from the NGBs, leading to the

following contributions to the oblique parameters:

Sh = − 1

6π

(
1− y2

W

)
log

mh

Λ

Th =
3

8πc2
w

(
1− y2

W

)
log

mh

Λ
. (2.77)

yW parametrizes the shift of the coupling of one Higgs boson to the SM gauge bosons in

the usual notation, and Λ = 4πf is the cut-off of the non-linear sigma model. In particular

for the LHT model we obtain:

Sh = − 1

18π

v2

f2
log

mh

Λ

Th =
1

8πc2
w

v2

f2
log

mh

Λ
. (2.78)
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The LHT model contains an additional T -odd SU(2)L-triplet scalar field φ: the effects

on the S,T,U parameters are of order O(v4/m4
φ) and therefore negligible for mφ in its

natural range, around 1 TeV. We will thus not include these effects in our fit.

Finally, other possible contributions arise from new operators which parametrize the

effects of the UV physics on weak-scale observables:

SUV = cs
4m2

W

πg2f2

TUV = −ct
m2
W

2πe2g2f2
, (2.79)

where cs and ct are again coefficients of order one whose exact values depend on the details

of the UV physics, and which for simplicity we assume to be equal to one as in [28]. All

these different contributions to the oblique parameters are then summed up.

The only important non-oblique correction to the neutral-current interactions which

could affect the EWPO is the one-loop T+ contribution to the ZbLb̄L vertex: to leading

order in the limit mT+ � mt � mW it is given by

δg̃bb̄L =
g

cw

αw
8πs2

w

m4
t

m2
W m2

T+

R2 log
m2
T+

m2
t

. (2.80)

where we have used the notation of appendix B where more details on the calculation of

the EWPO can be found.

With the explicit expressions of the oblique parameters S,T,U and of the neutral-

current coefficient δg̃bb̄L , we can finally obtain the explicit expressions of the 21 EWPO

using the general results of ref. [32] summarized in appendix B. The list of these variables

and their experimental values can be found in section 3.

Simplest Little Higgs. The dominant tree-level contributions to the oblique parameters

in the SLH model come from the presence of a Z ′ boson with Z−Z ′ mixing: their explicit

expression can be found in ref. [8, 33] as

SZ′ =
8s2
w

αw

m2
W

g2f2
, TZ′ =

1

αw
· v

2

8f2
(1− t2w)2. (2.81)

The oblique parameters receive contributions also from the modification in the Higgs

couplings to the electroweak gauge bosons w.r.t. their SM values, cf. eq. (2.77):

Sh = − 1

18π

t4β − t2β + 1

t2β

v2

f2
log

mh

Λ

Th =
1

8πc2
w

t4β − t2β + 1

t2β

v2

f2
log

mh

Λ
. (2.82)

Again, Λ = 4πf is the cut-off of the non-linear sigma model.

The corrections in the flavor sector can be read off from the fermion-gauge interaction

Lagrangians in [21]: following their assumptions, we will ignore right-handed mixing and
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δh̃L δh̃R

νl −δ2
ν/2 0

ud −δ2
ν/2 0

cs −δ2
ν/2 0

tb −1
2δ

2
νt

4
β

(1−R2)2

(R2+t2β)
2 0

Table 1. Corrections of the charged-current couplings in SLH.

δg̃L δg̃R

νν −δ2
ν/2 + (1/2− s2

w)δZ/
√

3− 4s2
w 0

ll (1/2− s2
w)δZ/

√
3− 4s2

w s2
wδZ/

√
3− 4s2

w

uu (−1/2 + 2/3s2
w)δZ/

√
3− 4s2

w −2/3s2
wδZ/

√
3− 4s2

w

tt −1
2δ

2
νt

4
β

(1−R2)2

(R2+t2β)
2 + (1/2− 1/3s2

w)δZ/
√

3− 4s2
w −2/3s2

wδZ/
√

3− 4s2
w

dd δ2
ν/2 + (−1/2 + 2/3s2

w)δZ/
√

3− 4s2
w 1/3s2

wδZ/
√

3− 4s2
w

bb (1/2− 1/3s2
w)δZ/

√
3− 4s2

w 1/3s2
wδZ/

√
3− 4s2

w

Table 2. Corrections of the neutral-current couplings in SLH.

choose the Yukawa parameters in order to suppress the heavy-light mixing effects in the

first and second generations of quarks and in the b-quark sector.1 Using the notation of

appendix B and defining the quantities

δν = − v√
2ftβ

, δZ = −
(1− t2w)

√
3− t2w

8cw

v2

f2
, (2.83)

which parametrize the rotation to the mass eigenstates in the fermion- and in the neutral

gauge boson sectors, respectively, the corrections to the charged-current couplings up to

O
(
v2/f2

)
are given in table 1, while the corrections to the neutral-current couplings (with

u ≡ u, c and d ≡ d, s) are given in table 2.

With the explicit expressions of the oblique parameters S,T,U and of the charged- and

neutral-current coefficients, we can finally obtain the explicit expressions of the 21 EWPO

using the general results of ref. [32] cited in appendix B.

3 Statistical method and experimental data

It is customary for the experimental collaborations to express the results of the SM-like

Higgs searches in terms of a signal strength modifier µ, defined as the factor by which the

1Using the notation of ref. [21], under these assumptions, we obtain the following relations: ∆ui '
∆u3 = V u∗33 δνt

2
β

1−R2

R2+t2
β
' δνt

2
β

1−R2

R2+t2
β

, ∆Ddj ' ∆Dd ' δν and ∆Sdj ' ∆Ss ' δν .
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SM Higgs signal is modified for a given value of mh:

µi =
niS

nSM, i
S

=

∑
p σp · ε

p
i∑

p σ
SM
p · εpi

· BRi
BRSM

i

(3.1)

where i, p are indices for a specific decay channel and production mode, respectively. εpi is

the efficiency of the kinematic cuts for a given production mode p and decay channel i, and

niS is the number of expected Higgs signal events evaluated in a chosen model (e.g. nSM, i
S

is evaluated in the SM).

For each Higgs decay channel considered, the ATLAS and CMS collaborations usually

report the 95% CL limit on µ (µ95%) and the best-fit value µ̂ for a given hypothesis on

mh. In particular, values µ95% < 1 exclude at 95% CL the SM Higgs for that particular

value of the Higgs mass. The efficiencies of the kinematic cuts are instead not reported

by the collaborations (the only exceptions are all the γγ and CMS ττ 8 TeV channels),

making it thus very hard (if not impossible) to correctly compare a theory prediction with

the observed data.

To implement a χ2 analysis we follow the procedure described in [34]. One defines

the covariance matrix C of the observables, and ∆θi as the vector of the difference in the

observed and predicted value of the observables, which is a function of the free parameters

of the model. The χ2 measure is then given by

χ2 = (∆θi)
T (C−1

)
ij

(∆θj) . (3.2)

The 95% and 99% best-fit CL regions are then defined by the cumulative distribution

function for an appropriate number of degrees of freedom (d.o.f.).

3.1 Higgs searches

First, we consider as observables for the χ2 measure (3.2) the different best-fit values of

the signal strength modifiers of all available public data reported by the ATLAS and CMS

collaborations for the 7 and 8 TeV Higgs searches. In particular, we include in our analysis

the 7 TeV ∼ 5 fb−1 and 8 TeV ∼ 6 fb−1 data from the July 2012 publications of both

collaborations, and also the latest December 2012 update of up to ∼ 13 fb−1 of many of

the 8 TeV samples.

For our analysis, we have taken the matrix C to be diagonal with the sum of the

square of the 1σ theory and experimental errors as diagonal entries: off-diagonal correlation

coefficients are indeed neglected, as correlation coefficients are currently not supplied by

the experimental collaborations. As already discussed in [37], the absence of information

regarding correlations in fits of Higgs couplings is not a significant limitation, given the

current level of statistical uncertainty. The authors in [37] claim indeed that the error

on the best fit point assuming zero correlation is less than 1%, at least in the CMS γγ

final state.

For the experimental errors we use the quoted 1σ errors on the reported signal strength

(δµi,exp), while for theoretical uncertainties we propagate the cross section error δσi as an

– 20 –



J
H
E
P
0
2
(
2
0
1
3
)
0
7
7

uncertainty on the signal strength modifier:

δµi,th = µi




√∑
j r

2
j · δσ2

j∑
rj · σj

−

√∑
j δσ

2
j∑

j σj


 , (3.3)

where rj is the appropriate rescaling factor for each cross section j. In this way, the χ2

measure reduces to the usual form

χ2 =
∑

i

(µi − µ̂i)2

σ2
i

(3.4)

where µi is the i-th signal strength predicted by the model as a function of the free param-

eters, µ̂i is the respective best-fit value, and σi =
√
δµ2

i,exp + δµ2
i,th the total uncertainty.

We summarize in table 3 the available data, reporting in particular the different best-fit

values µ̂i and the reference masses at which the single µ̂i are evaluated. Notice that these

reference masses are not necessarily the masses at which the highest local significance has

been obtained for each channel. We have chosen the best-fit values of the signal strengths

and the corresponding masses in order to be able to reconstruct separately (for which only

7 TeV and combined results are given by the experiments) the 7 and 8 TeV signal strengths.

For example, even if the highest significance in the 7+8 TeV combined analysis of the

ATLAS ZZ channel [41] has been found for a Higgs mass of 123.5 GeV (µ̂ = 1.3 ± 0.5),

we used the 7+8 TeV signal strength for a Higgs mass of 126 GeV (µ̂ = 0.8 ± 0.4) for

reconstructing the 8 TeV signal strength reported in table 3, in order to comply with the

7 TeV signal strength which has been given in ref. [2] for mh = 126 GeV.

For some channels, indeed only the combined 7+8 TeV signal strengths are available in

addition to the 7 TeV results. As suggested in [34], one can assume a Gaussian approxima-

tion for the probability density functions (pdf ) describing the different signal strengths, i.e.

p[µi|µ̂i, σi] ' e(µi−µ̂i)2/(2σ2
i ) (3.5)

and obtain the combined pdf by multiplying the individual channel pdf s. The combined

pdf is therefore also Gaussian, with central value µ̂c and width σc approximately given by

1

σ2
c

=
∑

i

1

σ2
i

,
µ̂c
σ2
c

=
∑

i

µ̂i
σ2
i

. (3.6)

By solving the previous equations, one can then reconstruct the unknown 8 TeV data from

the reported 7 and 7+8 TeV data, as has been done for the channels marked with a red

asterisk in table 3.

It is to be noted that the collaborations have reported the best-fit values of the 7 and

8 TeV diphoton channels exclusively with respect to the different selection cut categories,

and reported also the different cut efficiencies for the single subchannels, cf. ref. [38, 43].

Therefore we were able to add all single diphoton subchannel contributions to the χ2

measure, exclusively with respect to the production modes.

For the h → bb channels we assume the results to be fully dominated by the Higgs-

Strahlung production mode, neglecting the contributions from the other production modes.
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ATLAS 7 TeV mh [GeV] µ̂

γγUClPT [38] 126.5 0.5 ± 1.5

γγUChPT [38] 126.5 0.2 ± 2.0

γγURlPT [38] 126.5 2.5 ± 1.7

γγURhPT [38] 126.5 10.4 ± 3.7

γγCClPT [38] 126.5 6.1 ± 2.6

γγCChPT [38] 126.5 -4.4 ± 1.8

γγCRlPT [38] 126.5 2.7 ± 2.0

γγCRhPT [38] 126.5 -1.6 ± 2.9

γγCT [38] 126.5 0.3 ± 3.6

γγjj [38] 126.5 2.7 ± 1.9

ZZ [2] 126.0 1.4 ± 1.1

WW [2] 126.0 0.5 ± 0.6

bb [40] 125.0 -2.7 ± 1.6

ττ [2] 126.0 0.4 ± 1.8

ATLAS 8 TeV mh [GeV] µ̂

γγUClPT [39] 126.5 1.0 ± 0.9

γγUChPT [39] 126.5 0.3 ± 1.2

γγURlPT [39] 126.5 2.9 ± 1.2

γγURhPT [39] 126.5 1.8 ± 1.4

γγCClPT [39] 126.5 1.5 ± 1.2

γγCChPT [39] 126.5 1.0 ± 1.6

γγCRlPT [39] 126.5 2.3 ± 1.2

γγCRhPT [39] 126.5 0.5 ± 1.6

γγCT [39] 126.5 2.0 ± 2.0

γγ2jhm [39] 126.5 2.0 ± 1.1

γγ2jlm [39] 126.5 3.6 ± 2.1

γγLT [39] 126.5 1.2 ± 2.2

ZZ [41]* 126.0 0.7 ± 0.4

WW [42] 126.0 1.4 ± 0.6

bb [40] 125.0 1.0 ± 1.4

ττ [42]* 126.0 0.7 ± 0.8

CMS 7 TeV mh [GeV] µ̂

γγcat0 [43] 125.0 3.2 ± 1.8

γγcat1 [43] 125.0 0.7 ± 0.9

γγcat2 [43] 125.0 0.7 ± 1.2

γγcat3 [43] 125.0 1.5 ± 1.6

γγjj [43] 125.0 4.2 ± 2.1

ZZ [44] 125.0 0.6 ± 0.6

WW [44] 125.0 0.4 ± 0.6

bb [44] 125.0 0.6 ± 1.2

ττ [48] 125.0 1.0 ± 0.9

CMS 8 TeV mh [GeV] µ̂

γγcat0 [43] 125.0 1.4 ± 1.2

γγcat1 [43] 125.0 1.5 ± 1.0

γγcat2 [43] 125.0 0.9 ± 1.2

γγcat3 [43] 125.0 3.8 ± 1.8

γγjj loose [43] 125.0 -0.6 ± 2.0

γγjj tight [43] 125.0 1.3 ± 1.6

ZZ [45]* 125.0 0.9 ± 0.4

WW [46]* 125.0 0.8 ± 0.3

bb [47]* 125.0 1.5 ± 0.7

ττ [48] 125.0 0.6 ± 0.6

Table 3. Signal-strength best-fit values of the 7 and 8 TeV samples collected by ATLAS and

CMS. The red asterisks mark the 8 TeV channels for which the best-fit signal-strengths have been

reconstructed from the 7 and 7+8 TeV values.

For all other channels we considered the signal as inclusive with respect to the production

modes, neglecting thus the cut efficiencies, since they have not been reported.

The SM parameters have been obtained from the updated values of the Particle Data

Group Collaboration [49], while for the SM Higgs production cross sections with respective

uncertainties and branching ratios we have used the recommended values by the LHC Higgs

Cross section Working Group [50].
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Value SM prediction

ΓZ [GeV] 2.4952 ± 0.0023 2.4961 ± 0.0010

Re 20.804 ± 0.050 20.744 ± 0.011

Rµ 20.785 ± 0.033 20.744 ± 0.011

Rτ 20.764 ± 0.045 20.789 ± 0.011

σhad [nb] 41.541 ± 0.037 41.477 ± 0.009

Rb 0.21629 ± 0.00066 0.21576 ± 0.00004

Rc 0.1721 ± 0.0030 0.17227 ± 0.00004

AeFB 0.0145 ± 0.0025 0.01633 ± 0.00021

AµFB 0.0169 ± 0.0013 0.01633 ± 0.00021

AτFB 0.0188 ± 0.0017 0.01633 ± 0.00021

Aτ (Pτ ) 0.1439 ± 0.0043 0.1475 ± 0.0010

Ae(Pτ ) 0.1498 ± 0.0049 0.1475 ± 0.0010

AbFB 0.0992 ± 0.0016 0.1034 ± 0.0007

AcFB 0.0707 ± 0.0035 0.0739 ± 0.0005

ALR 0.15138 ± 0.00216 0.1475 ± 0.0010

mW [GeV] 80.420 ± 0.031 80.381 ± 0.014

g2
L 0.3009 ± 0.0028 0.3040 ± 0.0002

g2
R 0.0328 ± 0.0030 0.03001 ± 0.00002

gνeV -0.040 ± 0.015 -0.0398 ± 0.0003

gνeA -0.507 ± 0.014 -0.5064 ± 0.0001

QW (Cs) -73.20 ± 0.35 -73.23 ± 0.02

Table 4. Experimental values and SM predictions of the 21 different EWPO.

3.2 Electroweak precision data

We incorporate EWPO by directly adding their contribution to the χ2 measure. In par-

ticular, we include the contribution from the 21 different low-energy and Z-pole precision

observables for mh = 124.5 GeV [49], as summarized in table 4.

Since no correlation coefficients are supplied for these 21 observables, we will assume

them as independent and add their contribution to the χ2 measure as

χ2 =
∑

i

(Oi − Ôi)2

σ2
i

. (3.7)

Here, Oi is the i-th observable predicted by the model as a function of the free parameters,

Ôi is the respective measured value, and σi the experimental uncertainty.

4 Results

In order to calculate the updated exclusion contours for the different models, we need to

determine the explicit expression of the signal strength modifier µi

µi =

∑
p σ

LH
p · ε

p
i∑

p σ
SM
p · εpi

· BR
LH
i

BRSM
i

(4.1)
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for each decay channel i. µi depends on the different free parameters of the model under

which it is evaluated: in particular, the three models we are considering share a free

parameter, namely the dimensionless ratio vSM/f with vSM = 246 GeV, where f is the

spontaneous symmetry breaking scale of the respective global symmetries. The ratio vSM/f

varies in the interval [0, 1]: the lower bound is the SM- or decoupling-limit where all the

modifications due to the Little Higgs structure are vanishing, recovering the SM results,

while the upper limit is set in order to constrain the global symmetry breaking scale to be

greater than the EWSB scale. The other free parameters are model-dependent, and under

few assumptions we will consider only one extra free parameter for each of the three models.

In the L2H model, the other free parameters are the mixing angles c, c′ in the gauge

sector (2.13), the ratio R = λ1/λ2 of the couplings in the top sector (2.43), and the

parameter x proportional to the triplet vev (2.8). However, we will fix the value of R to a

reference value of one, since our results will be with good approximation independent on

the particular value of R, as a consequence of the collective symmetry breaking mechanism,

as we will show later. For the remaining free parameters, we will let only the mixing angle

c vary between [0.1, 0.995], while presenting our results for few different choices of x and c′.

In the LHT model, besides the scale f , the only other free parameter for our study

is again the ratio R = λ1/λ2 of the couplings in the T -even top sector (2.57). In ref. [16]

the authors have performed a study to fix the allowed range for R in LHT : they obtained

R . 3.3 by calculating the J = 1 partial-wave amplitudes in the coupled system of (tt̄,

T T̄+, bb̄, WW , Zh) states to estimate the tree-level unitarity limit of the corresponding

scattering amplitudes. Therefore we will vary R between [0.1, 3.3], where the lower limit is

näıvely chosen by naturalness arguments.

In the SLH model the free parameters R = λt1/λ
t
2 and µ2

φ are fixed by the requirement

of EWSB, as described in section 2 , leaving f and tβ as free parameters of our study, where

tβ is the ratio of the vevs of the two scalar fields φ1,2 (2.24). We will let tβ vary between

[1.0, 15], where both limits are again näıvely chosen by naturalness. We will also require

the perturbative constraint (2.35) to be satisfied: this will restrict the allowed values of tβ
for a given value of f .

Following the procedure of section 3, we determine the χ2 measure (3.2) including the

contributions from the deviations among the predicted and reported best-fit values of the

different signal strength modifiers, and from the electroweak observables. The 95% and

99% CL allowed regions are then defined by the cumulative distribution function for an

appropriate number of d.o.f.: having a total of 49 different best-fit channels, and 21 EWPO,

the total number of d.o.f. is 70, since no free parameters have been fitted to the data.

We present in figure 1 the updated exclusion contours for the different models consid-

ered, distinguishing in particular Case A and Case B of the LHT. As the L2H model is

concerned, for the relative plot we have fixed x = 0 and c′ = 1/
√

2, and restrict ourself

to the region v/f ∈ [0, 0.1] where the EWPO are satisfied and no tree-level decay of the

Higgs involving new heavy partners is kinematically allowed, as already mentioned in sec-

tion 2. In the red region of the SLH plot the EWSB cannot be realized, and this region is

therefore excluded. In the blue region of each plot we registered a total χ2 which is lower

than the χ2 of the SM, with all signal strength modifiers set to 1 and all EWPO to their
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Figure 1. Allowed contours at 95% and 99% CL considering the whole available dataset for LHT

Case A (up left), LHT Case B (up right), L2H (down left) and SLH (down right). In the red

region, no EWSB is possible. In the blue regions we found a lower χ2 than the SM χ2: the white

points have the minimum χ2. The thick black lines represent contours of required fine-tuning.

SM predictions. The minimum of the χ2-value is denoted by the white points in the plots.

The black lines represent contours of required fine-tuning inside the model setup, as we

will explain later.

The new lower bounds of the symmetry breaking scale f at 99% and 95% CL within

each model, as well as the value of f at which the minimum χ2 has been determined, are

summarized in table 5.

One should notice that there always exists a region in the parameter space where the

measured χ2 is equal or lower than the SM χ2: however, the minimum χ2 differs only at

the 1% level w.r.t. the SM χ2, so we can conclude that the agreement of these different
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LHT Case A LHT Case B L2H SLH

f99%
min [TeV] 0.41 0.39 3.20 2.88

f95%
min [TeV] 0.47 0.39 3.58 3.26

fχ2
min

[TeV] 1.43 0.89 13.5 8.13

χ2
min/d.o.f. 1.048 1.041 1.049 1.043

χ2
SM/d.o.f. 1.054

Table 5. 99% and 95% CL lower bounds on the symmetry breaking scale f and χ2 comparison.

LHT mmin [GeV], Case A mmin [GeV], Case B

mWH
= mZH 269.6 262.2

mAH 64.5 62.8

mΦ 291.7 283.7

mT+ 553.6 537.5

L2H mmin [TeV]

mWH
= mZH 2.13

mΦ 2.30

mT 4.50

SLH mmin [TeV]

mWH
1.35

mZH 1.64

mT 2.81

Table 6. 99% CL lower limits on the spectrum of the new heavy particles.

LH models with the collected data can be as good as within the SM, but not significantly

better. In particular, for the L2H and the SLH models the regions of equal or lower χ2

than the SM χ2 shrink to the SM-like decoupling limit.

The 99% CL lower limits of f can be translated into 99% CL lower limits on the

spectrum of the new heavy particles of the different models, as summarized in table 6.

The collective symmetry breaking mechanism implemented in each LH model elim-

inates all 1-loop quadratic divergences in the Higgs mass squared parameter, where the

divergences from the SM particles are cancelled by quadratically divergent contributions

from new particles with same spin as the respective SM partners. The Higgs mass squared

parameter is thus only logarithmic-divergent at 1-loop. As the masses of the new parti-

cles increase, the difference between the remaining SM 1-loop contributions and that of

the new particles grows, requiring larger fine tuning of the Higgs mass squared parameter.

The naturalness of the model could therefore be quantified observing by how much the

contributions from the heavy states (δµ2) exceed the observed value of the Higgs mass

squared parameter, as originally proposed in [5]:

∆ =
|δµ2|
µ2

obs

, µ2
obs =

m2
h

2
. (4.2)

For example, if the new contributions to the Higgs mass squared parameter exceed µ2
obs by
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Figure 2. Allowed contours at 95% and 99% CL for LHT Case A considering separately the

contributions from the Higgs sector only (left) and from EWPO only (right).

a factor of 5, i.e. ∆ = 5, one says that the model requires 20% of fine tuning. Clearly, the

lower the value of fine tuning, the worse is the naturalness of the model.

The dominant log-divergent contribution to the Higgs mass squared parameter comes

from the top and its heavy partner loops, and is given for all the three LH models we are

considering by [5]

δµ2 = −
3λ2

tm
2
T

8π2
log

Λ2

m2
T

(4.3)

where Λ = 4πf is the cut-off of the non-linear sigma model, λt is the SM top Yukawa

coupling and mT is the mass of the heavy top partner as defined in the different models.

The thick black lines on the plots of figure 1 enclose these regions of required fine tuning

(on the right hand side of the line), and the level of fine-tuning is also denoted on the plots.

We can see that the lowest level of fine-tuning is ∼ 10% for both Case A and B of

LHT, while significantly worse for both SLH (∼ 1%) and L2H (∼ 0.1%). Comparing the

naturalness of the model, accommodating the 7 and 8 TeV LHC results and the EWPO,

to the MSSM [28] shows that only the model with T -parity, LHT, has less fine-tuning

than the ∼ 1% of the MSSM (in certain regions of parameter space). This is because the

implemented T -parity relieves the constraints from EWPO, allowing a smaller value of the

symmetry breaking scale f and therefore a smaller mass for the T -even top partner.

It is interesting to consider separately the χ2 contributions from the best-fit values and

from the EWPO. Considering e.g. the LHT case, the resulting plots are given in figure 2.2

Clearly, the combined results figure 1 are mainly driven by the electroweak data: this

should not be surprising, since the uncertainties on the electroweak observables are much

smaller compared to the uncertainties on the best-fit values of the signal strength modifiers.

This latter statement is therefore true also for the other LH models considered.

2We consider only the results for Case A, as they are compatible with those of Case B
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If only the Higgs data are considered, one can notice that there is a subdominant

dependence on the parameter R compared to the ratio vSM/f : this recovers a result already

pointed out in the context of the Higgs Low-Energy Theorem (LET ) in Composite Higgs

models [51–55], namely that the effective hgg and hγγ vertices do not depend on the details

of the heavy fermion sector (in our case on R). We will give the argument in the sequel.

Focusing only on the partial decay widths into two gluons, in the LET approximation

the interaction of the Higgs boson with gluons mediated by loops of colored particles, can

be expressed (at leading order in the expansion of the Higgs field h around its vacuum

expectation value v and considering only the contributions from fermions) by the following

effective Lagrangian [55]

Lhgg =
g2
s

48π2
GaµνG

aµν h

v

[
1

2
v
∂

∂v
log detM†M|h=v

]
, (4.4)

where M is the fermion mass matrix, including both the SM-like top and its heavy part-

ner(s). In the narrow width approximation, the partial width into two gluons normalized

to its SM value is given by the square of the expression in square brackets in eq. (4.4), and

agrees with our exact result (A.6) in the limit of heavy masses running in the loop.

It is a general result [54] of Composite Higgs models, as well as Little Higgs models,

that the determinant of the fermion mass matrixM†M is only a function of the non-linear

sigma model expansion parameter v/f and the details of the heavy fermion sector (i.e. on

the masses and couplings of the fermions), but not separately on v:

detM†M|h=v = F

(
v

f

)
× P (λi,mi, f) . (4.5)

This factorization clearly makes both eq. (4.4), and thus also the partial width into two

gluons, independent of the couplings and masses of the fermions. It is only a function of

the non-linear sigma model expansion parameter v/f .

Specializing to the LHT model case, one can easily see that this factorization indeed

happens by considering the fermion mass matrix of eq. (2.59):

detM†M|h=v =
1

2
λ2

1λ
2
2f

4 sin

√
2v

f

1

2
v
∂

∂v
log detM†M|h=v = 1− 2

3

v

f
(4.6)

making the partial width into two gluons independent of the fermion couplings (i.e. of R),

exactly in the LET limit and in good approximation with the exact expression, eq. (A.6).

Analogous statements hold also for the effective coupling of the Higgs to two pho-

tons [55], so that we conclude that the partial width into two photons is exactly inde-

pendent of R in the LET limit, and in good approximation with the exact expression,

eq. (A.7).

Note that the L2H model shares with the LHT model the same form of the top-Yukawa

Lagrangian, and therefore also the fermion mass matrix, cf. eqs. (2.41) and (2.57). This

allows us to take over the considerations about the dependence on model parameters for
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the L2H model: in particular, the results of the Higgs sector will again not depend on the

ratio R. Moreover, since the contribution from the heavy quark loop to the EWPO has

been neglected (justified as in ref. [15]), we were thus allowed to fix the value of R to a

reference value (R=1) without loss of generality.

Another observation from the Higgs-only plot on the left of figure 2 is that the region

with v/f & 0.62 is highly disfavored by the collected data. This is due to the fact that for

f . 396.2 GeV, the decay of the mh = 126 GeV Higgs boson into two heavy photons AH
becomes open and dominant, highly reducing all other branching ratios and therefore the

respective predicted signal strength modifiers µi (4.1), clearly in tension with the observed

data, cf. table 3.

An enhancement in the production cross sections could compensate this reduction in

the branching ratios, but this is not the case for the LHT model, since all production modes

are reduced w.r.t. their SM value. The VBF and HS production cross sections are slightly

suppressed because of the suppressed coupling of the Higgs boson with SM gauge bosons,

cf. eqs. (A.11) and (A.12). The GF production cross section is also suppressed in the whole

parameter space compared to the SM prediction. This suppression of the GF production

in LHT was already pointed out in [14] in terms of the effective hgg coupling, eq. (A.6).

Indeed, the top Yukawa coupling is suppressed by means of the expansion of the non-

linear sigma model, eq. (2.64), and the contribution from the T+ partner (of opposite sign

w.r.t. the top coupling) further suppresses the hgg coupling, as an effect of the collective

symmetry breaking mechanism, as explained before in the context of the LET theorem, cf.

eq. (4.6). The contribution from the three T -odd partners u1 is also negative, as we can

see from eq. (2.53). All these contributions cause thus a suppression in the effective hgg

coupling (A.6) compared to its SM value.

Considering now the L2H model, as for the LHT case the combined result on the lower

left of figure 1 is mainly driven by the EWPO contribution, and even more dramatically

since T -parity eliminates all tree-level contributions to the oblique parameters from the

heavy states and from the triplet vev v′, which are on the contrary present in the L2H case.

In figure 3, we show the dependence of the results on different choices of the parameters

c′ and x, in particular with c′ = {0.1, 1/
√

2}, i.e. with minimal and maximal mixing,

respectively, and with x = {0.0, 0.9}, i.e. with vanishing or nearly maximal triplet vev.

We can see that there is only a smooth dependence on c′ and x: the result is driven

mainly by the value of the symmetry breaking scale f . Compared to the LHT case, the

parameter space of the L2H model is indeed highly constrained for lower values of v/f , in

particular v/f . 0.1, and this translates into a higher amount of required fine tuning, of

the order ∼ 0.1%.

Not surprisingly, also the results for the SLH are driven by the EWPO constraints, as

can be seen from figure 4.

Nearly the whole parameter space is indeed still compatible at 99% CL with the Higgs-

sector data: only new data with increasing luminosity and reduced uncertainties on the

best-fit values of the signal-strength modifiers could give us more stringent information.

It is to be noted that in the Higgs-data plot there is however an excluded central band

up to vSM/f ∼ 0.6: in this region, the decays of the Higgs involving the pseudo-scalar η
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Figure 3. Allowed contours at 95% and 99% CL for L2H with different choices of c′ and x.

are indeed open and dominant, cf. eq. (A.4) and (A.5), highly reducing all other SM-like

branching ratios, in the same way as for the decay of the Higgs into a pair of heavy photons

AH discussed in the LHT case. Indeed if we plot the ratio of the Higgs mass w.r.t. the

mass of the pseudo-scalar η, we can identify the excluded regions in the left plot of figure 4

with the regions where the tree level decays involving the pseudo-scalar are kinematically

accessible, cf. figure 5.

5 Conclusions

In this paper, we have investigated the parameter space of the most prominent members

of Little Higgs models, the Littlest Higgs model with and without T -parity from the class

of Product Group Models, as well as the Simplest Little Higgs from the class of Simple
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Figure 4. Allowed contours at 95% and 99% CL for SLH considering separately the contributions

from the Higgs sector only (left) and from EWPO only (right).

Figure 5. Higgs mass versus pseudo-scalar η mass in SLH.

Group Models, in the light of all present collider data as of the end of the year 2012. We

included all published discovery and search channels for the Higgs boson from both LHC

collaborations, ATLAS and CMS, together with the electroweak precision observables.

The latter have been mostly updated by the results on the W mass from the Tevatron

experiments recently.

Our results show that the experimental data from LHC are not yet precise enough to

compete with the electroweak precision data, and we have to wait for an update from the

collaborations with higher luminosity. For both the Littlest Higgs and the Simplest Little

Higgs model without T -parity, EWPO force the Little Higgs scale f to be of the order
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of 2-4 TeV in order to be compatible with the precision electroweak data. Both models

hence show a bit worse fine-tuning than the so-called natural pMSSM. On the other hand,

T -parity does the job for which it has been invented, namely to reduce this amount of fine-

tuning. The scale in the case of the Littlest Higgs model with T -parity is only constrained

to be above 700-1200 GeV, and in most cases, the new T -odd particles can still be well

below the TeV scale. The fine-tuning in the Higgs sector is less by a factor of two to five

compared to the natural pMSSM.

We note further, that we did not include searches for exotic particles like additional

gauge bosons or heavy vector-like quarks in our fits. This has been partially done else-

where [28, 56, 57], and on the other hand, these searches will not be reaching enough

sensitivity before the start of the 14 TeV run to become truly compatible.
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A Higgs boson partial widths and production cross sections

For tree-level decays of the Higgs, the partial widths get a correction at lowest order via

the corresponding modified couplings [14]:

Γ(h→ V V ) = Γ(h→ V V )SM

(
ghV V
gSM
hV V

)2

V ≡W,Z

Γ(h→ f̄f) = Γ(h→ f̄f)SM

(
ghff

gSM
hff

)2

f ≡ c, b, µ, τ (A.1)

with the different couplings and masses defined as in the previous sections.

There are also some new tree-level decay channels which are special to the different

Little Higgs models, and which have to be taken into account if kinematically accessible.

In particular, defining

xi =
4m2

i

m2
h

(A.2)

in LHT the Higgs field could decay into two heavy photons AH , basically an invisible decay,

with partial width [14]

Γ(h→ AHAH) =
g2
hAHAH

m3
h

128πm4
AH

√
1− xAH

(
1− xAH +

3

4
x2
AH

)
if xAH < 1 (A.3)
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while in SLH two new decay channels involving the pseudo-scalar η are possibly open [22]

Γ(h→ ηη) =
m4
η

8π v2mh

√
1− xη if xη < 1 (A.4)

Γ(h→ Zη) =
m3
h

32π f2

(
t2β − 1

tβ

)2

λ3/2

(
1,
m2
Z

m2
h

,
m2
η

m2
h

)
(A.5)

with λ(1, x, y) = (1− x− y)2 − 4xy.

Defining the functions [25]

F0(x) = x [1− xf(x)]

F1/2(x) = −2x [1 + (1− x)f(x)]

F1(x) = 2 + 3x+ 3x(2− x)f(x)

f(x) =





[
sin−1

(
1√
x

)]2

for x ≥ 1

−1

4

[
log

(
1 +
√

1− x
1−
√

1− x

)
− iπ

]2

for x < 1

the general expression of the partial widths for the one-loop decays of the Higgs boson into

two gluons or two photons are given by

Γ(h→ gg) =
α2
sm

3
h

32π3 v2

∣∣∣∣
∑

f, col

−1

2
F1/2(xf ) yf

∣∣∣∣
2

, (A.6)

where the sum is extended over all colored fermionic particles of the spectrum which have

a non-negligible coupling yf to the Higgs boson (in contrast to SUSY there are no colored

scalars in Little Higgs models), and by

Γ(h→ γγ) =
α2m3

h

256π3 v2

∣∣∣∣
∑

f, ch

4

3
F1/2(xf ) yf +

∑

v, ch

F1(xv) yv +
∑

s, ch

F0(xs) ys

∣∣∣∣
2

(A.7)

respectively. Here, the different sums run over all electrically charged fermionic (f ), vector

(v) and scalar (s) particles of the spectrum which have a non-negligible coupling yf,v,s to

the Higgs boson.

At the LHC, the main production channel for the Higgs is the Gluon Fusion (GF):

q

q

q

g

g

H
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The hadronic GF cross section is given by the usual convolution [25]

σ (pp→ h) =

∫ 1

τ

dx

x
g
(
x, µ2

F

)
g

(
τ

x
, µ2

F

)
σ̂ (gg → h) τ (A.8)

where τ = m2
h/s, with s the total hadronic c.m. energy squared, g

(
x, µ2

F

)
is the parton

distribution function of the gluon at the factorization scale µ2
F , and

σ̂ (gg → h) =
π2

8m3
h

Γ (h→ gg) (A.9)

is the partonic cross section in the narrow-width approximation.

Using eq. (A.9) we can thus approximate the Little Higgs prediction for the GF cross

section as a rescaling of the SM prediction:

σ(pp→ h)LH ∼
Γ (h→ gg)LH
Γ (h→ gg)SM

· σ(pp→ h)SM. (A.10)

The second most important channel for Higgs production at the LHC is the vector-

boson Fusion (VBF). For the mass of the Higgs we are considering, the SM VBF cross

section is smaller than the GF cross section by about an order of magnitude, but it could

be important for some Higgs decay channels because of its distinctive kinematic signature

of forward jets with high transverse momentum.

To calculate the Little Higgs prediction of the VBF cross section we have not included

the contributions from the heavy gauge bosons (or any other heavy particles) as they are

more difficult to be produced, and therefore we can safely neglect their contribution to the

VBF cross section. We are left therefore with only the contributions from the light quarks

(u, . . . , b) and from the Z and W± gauge bosons.

Neglecting for simplicity possible O (v/f) corrections in the charged- and neutral-

current couplings of the light quarks with the SM gauge bosons, at tree-level the Little

Higgs VBF cross section is then given by its SM value rescaled with the appropriate (and

model dependent) Higgs-gauge bosons coupling squared a2 ≡ (ghV V /g
SM
hV V )2. Hence, we

can factorize the rescaling factor out of the amplitude

∣∣∣∣∣∣∣∣∣∣∣∣∣

W

W

q q

q q

H
a

+ Z

Z

q q

q q

H
a

∣∣∣∣∣∣∣∣∣∣∣∣∣

2

⇒ σ(qq → qqh)LH =

(
ghV V
gSM
hV V

)2

· σ(qq → qqh)SM. (A.11)

Even if the latter equation is a tree-level result, we have used the value of the SM VBF

cross section recommended in [50], obtained at higher perturbative orders, to obtain the

Little Higgs prediction through eq. (A.11).
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One should notice that in order to evaluate the VBF cross section in the SLH model,

we neglected also the custodial-symmetry violating shift in the Z-mass (2.39), which is

parametrically smaller than the other O
(
v2/f2

)
contribution, so that both hWW and

hZZ vertices could share the same rescaling factor.

The Higgs-Strahlung production (HS) has a cross section which is about one to two

orders of magnitude smaller than the GF cross section for Higgs masses < 200 GeV, but

it is important for certain Higgs decay channels because of the possibility of tagging the

associated vector boson in leptonic decays. In particular one can distinguish between the

production of the Higgs associated with the charged W± or with the neutral Z.

Using the same arguments as for the VBF case, we can conclude that at tree-level

the correction to the HS cross section is again proportional to the square of the respective

modified Higgs-gauge bosons coupling

∣∣∣∣∣∣∣∣∣∣

W

W

q

q H

a

∣∣∣∣∣∣∣∣∣∣

2

+

∣∣∣∣∣∣∣∣∣∣

Z

Z

q

q H

a

∣∣∣∣∣∣∣∣∣∣

2

⇒ σ(qq → V h)LH =

(
ghV V
gSM
hV V

)2

· σ(qq → V h)SM. (A.12)

As before, even if the latter equation is a tree-level result, we have used the value of the SM

HS cross sections recommended in [50], obtained at higher perturbative orders, to obtain

the Little Higgs prediction through eq. (A.12).

B General structure of electroweak precision observables

Using the notation of ref. [32], one can parametrize the change of the charged- and neutral-

current couplings of the SM-like gauge bosons due to the presence of new-physics as follows

Lcc ⊃ −
g√
2

∑

i,j

f̄iγ
µ
(

(hL + δh̃L)PL + (hR + δh̃R)PR

)
fjWµ

Lnc ⊃ −
g

c̃W

∑

i

f̄iγ
µ
(

(gL + δg̃L)PL + (gR + δg̃R)PR

)
fiZµ , (B.1)

where gL,R, hL,R are normalized such that gL = I3 − Q · s̃2
W , gR = −Q · s̃2

W , hL = Vij ,

hR = 0. PL,R are the chiral projectors, and c̃W = g/
√
g2 + g′ 2 (and similarly s̃W ) are the

bare couplings as in the Standard Model.3

In ref. [32], the authors presented a parametrization of 21 different EWPO, both at low

energies and at the Z pole, in terms of the oblique parameters S,T,U and of the coefficients

δg̃L,R, δh̃L,R defined as before. We refer to the original reference for the explicit expressions.

3When evaluating electroweak observables, one should notice that the bare couplings c̃W , s̃W , ẽ can also

get corrections from non-zero oblique parameters S,T,U.
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In the L2H model, ref. [15] already provides the explicit expressions of the 21 EWPO

in terms of the free parameters of the model. For the LHT and SLH models, we calculated

the different contributions of these models to the oblique parameters S,T,U and to the

coefficients δg̃L,R, δh̃L,R, in order to reconstruct the different contributions to the EWPO,

which have then been included in our χ2 analysis.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License which permits any use, distribution and reproduction in any medium,

provided the original author(s) and source are credited.
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