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LHC searches for the standard model Higgs Boson in �� or �� decay modes place strong constraints on

the light technipion state predicted in technicolor models that include colored technifermions. Compared

with the standard Higgs Boson, the technipions have an enhanced production rate (largely because the

technipion decay constant is smaller than the weak scale) and also enhanced branching ratios into di-

photon and di-tau final states (largely due to the suppression of WW decays of the technipions). These

factors combine to make the technipions more visible in both channels than a standard model Higgs would

be. Hence, the recent ATLAS and CMS searches for Higgs bosons exclude the presence of technipions

with masses from 110 GeV to nearly 2mt in technicolor models that (a) include colored technifermions

(b) feature topcolor dynamics and (c) have technicolor groups with three or more technicolors (NTC � 3).

For certain models, the limits also apply out to higher technipion masses or down to the minimum number

of technicolors (NTC ¼ 2). The limits may be softened somewhat in models where extended technicolor

plays a significant role in producing the top quark’s mass. Additional LHC data on di-tau and di-photon

final states will be extremely valuable in further exploring technicolor parameter space.
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I. INTRODUCTION

Experiments now underway at the CERN Large Hadron
Collider (LHC) are striving to discover the agent of elec-
troweak symmetry breaking, thereby revealing the origin of
themasses of the elementary particles.Many of the searches
are phrased in terms of placing constraints on the properties
of the scalar Higgs boson state predicted to exist in the
standard model (SM)[1–3]. In that theory, electroweak
symmetry breaking occurs through the vacuum expectation
value of a fundamental weak-doublet scalar boson. Via the
Higgs mechanism [4–7], three of the scalar degrees of
freedom of this particle become the longitudinal states of
the electroweakW� and Z bosons and the last, the standard
model Higgs boson (hSM), remains in the spectrum.
Recently, both the ATLAS and CMS collaborations at the
CERN LHC have reported searches for the standard model
Higgs in the two-photon [8,9] and �þ�� [10–12] decay
channels. They have placed upper bounds on the cross-
section times branching ratio (� � B) in each channel over
the approximate mass range 110 GeV � mh � 145 GeV,
generally finding that � � B cannot exceed the standard
model prediction bymore than a factor of a few. In addition,
ATLAS has independently constrained the production of a
heavy neutral scalar SM Higgs boson with mass up to
600 GeV and decaying to �þ��. In this paper, we apply
these limits to the neutral ‘‘technipion’’ (�T) states

predicted to exist in technicolormodels that include colored
technifermions. Because both the technipion production
rates and their branching fractions to �� or �� can greatly
exceed the values for a standard model Higgs, the LHC
results place strong constraints on technicolor models. This
strategy was first suggested as a possibility for hadron
supercolliders over 15 years ago in Refs. [13–15].
Technicolor [16–18] is a dynamical theory of electro-

weak symmetry breaking in which a new strongly-coupled
gauge group (technicolor) causes bilinears of the fermions
carrying its gauge charge (technifermions) to acquire a
nonzero vacuum expectation value. If the technifermion
bilinear carries appropriate weak and hypercharge values,
the vacuum expectation value breaks the electroweak sym-
metry to its electromagnetic subgroup. Fermion masses
can then be produced dynamically if technicolor is incor-
porated into a larger ‘‘extended technicolor’’ [19,20]
framework coupling technifermions to the ordinary quarks
and leptons. Producing realistic values of fermion masses
from extended technicolor (ETC) interactions without si-
multaneously generating large flavor-changing neutral cur-
rents (FCNC) is difficult; the best prospects are ‘‘walking’’
technicolor models where the presence of many technifer-
mion flavors causes the technicolor gauge coupling to vary
only slowly with energy scale [21–26]. Even in those
models, it is difficult to generate the observed mass of
the top quark from ETC interactions without producing
unacceptably large weak isospin violation [27]; the best
known solution is to generate most of the top-quark’s mass
(mt) via new strong ‘‘topcolor’’ [28] dynamics, without a
large contribution from ETC [29].
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As we review below (see also [30]), many technicolor
models, including those with walking and topcolor dynam-
ics, feature technipion states, pseudoscalar bosons that are
remnants of electroweak symmetry breaking in models
with more than one weak doublet of technifermions.
Production of light technipion states at lepton colliders
has been studied by a variety of authors [31–36]; the
most comprehensive analysis [36] used LEP I and LEP II
data to constrain the anomalous couplings of technipions to
neutral electroweak gauge bosons and derived limits on the
size of the technicolor gauge group and the number of
technifermion doublets in various representative techni-
color models. Subsequently, the authors of [37] considered
technipion phenomenology at hadron colliders; they dem-
onstrated both that technipions can be produced at a greater
rate than the standard model Higgs, because the technipion
decay constant is smaller than the electroweak scale, and
also that the technipions can also have higher branching
fractions to �� or �� final states. As a result, the techni-
pions are predicted to produce larger signals in these two
channels at LHC than the hSM would [37].

In this work, we show that the ATLAS [8,10,11] and
CMS [9,12] searches for the standardmodel Higgs exclude,
at 95% CL, technipions of masses from 110 GeV to nearly
2mt in technicolor models that (a) include colored techni-
fermions, (b) feature topcolor dynamics, and (c) have tech-
nicolor groups with three or more technicolors (NTC � 3).
For certain models of this kind, the limits also apply out to
higher technipion masses or down to the minimum number
of technicolors (NTC ¼ 2). We also show how the limits
may be modified in models in which extended technicolor
plays a significant role in producing the mass of the top
quark; in some cases, this makes little difference, while in
other cases the limit is softened somewhat. Overall, we find
that the ATLAS and CMS bounds significantly constrain
technicolor models. Moreover, as the LHC collaborations
collect additional data on these di-tau and di-photon final
states and extend the di-photon analyses to higher mass
ranges, they should be able to quickly expand their reach
in technicolor parameter space.

II. TECHNICOLOR AND TECHNIPIONS

Dynamical theories of electroweak symmetry breaking
embody the possibility that the scalar states involved in
electroweak symmetry breaking could be manifestly com-

posite at scales not much above the weak scale v �
246 GeV. In technicolor theories [16–18], a new asymp-
totically free strong gauge interaction breaks the chiral
symmetries of massless fermions T at a scale ��
1 TeV. If the fermions carry appropriate electroweak quan-
tum numbers [e.g. left-handed (LH) weak doublets and
right-handed (RH) weak singlets], the resulting condensate
h �TLTRi � 0 breaks the electroweak symmetry correctly to
its electromagnetic subgroup. Three of the Nambu-
Goldstone Bosons of the chiral symmetry breaking become
the longitudinal modes of the W and Z, making those
gauge bosons massive. The hierarchy and triviality prob-
lems plaguing the standard model are absent: the logarith-
mic running of the strong gauge coupling renders the low
value of the electroweak scale natural, while the absence of
fundamental scalars obviates concerns about triviality.
In so-called minimal technicolor models, there are no

composite scalars left in the spectrum. However, many
dynamical symmetry-breaking models include more than
the minimal two flavors of technifermions needed to break
the electroweak symmetry. In that case, there will exist
pseudo Nambu-Goldstone (PNGB) bosons known as tech-
nipions, which could potentially be accessible to a standard
Higgs search. Technipions that are bound states of colored
technifermions can be produced through quark or gluon
scattering at a hadron collider, like the LHC, through the
diagrams in Fig. 1. In the models with topcolor dynamics,
where ETC interactions (represented by the shaded circle)
contribute no more than a few GeV to the mass of any
quark, there is only a small ETC-mediated coupling be-
tween the technipion and ordinary quarks in diagrams 1(b)
and 1(c). Combining that information with the large size of
the gluon parton distribution function (PDF) at the LHC
and the NTC enhancement factor in the techniquark loop at
left, we expect that the diagram in Fig. 1(a) will dominate
technipion production in these theories. We study these
models here and in Sec. III. Technipions in models without
strong top dynamics could, in contrast, have a large top-
technipion coupling, making diagram 1(c) potentially im-
portant; we will consider that scenario in Sec. IV.
Technipions that are bound states of noncolored technifer-
mions would be produced at hadron colliders only through
diagrams 1(b) and 1(c), which would generally yield a
significantly lower production rate; we comment on these
models in the discussion (Sec. V).
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FIG. 1. Feynman diagrams for single technipion production at the LHC. The shaded circle in diagrams (b) and (c) represents an ETC
coupling between the ordinary quarks and techniquarks.
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No single technicolor model has been singled out as a
benchmark; rather, different classes of models have been
proposed to address the challenges of dynamically gener-
ating mass while complying with precision electroweak
and flavor constraints. We will study the general con-
straints that the current LHC data can place on a variety
of theories with colored technifermions and light techni-
pions. Following [36,37], the specific models we examine
are: (1) the original one-family model of Farhi and
Susskind [38] with a full family of techniquarks and tech-
nileptons, (2) a variant on the one-family model [35] in
which the lightest technipion contains only down-type
technifermions and is significantly lighter than the other
pseudo Nambu-Goldstone bosons, (3) a multiscale walking
technicolor model [39] designed to reduce flavor-changing
neutral currents, (4) a low-scale technciolor model (the
Technicolor Straw Man model, or TCSM) [40] with
many weak doublets of technifermions and (5) a one-
family model with weak-isotriplet technifermions [31].
For each model, the properties of the lightest electrically-
neutral technipion that couples to gluons (and can therefore
be readily produced at LHC) are shown in Table I. For
completeness, we show the name and technifermion con-
tent of each state in the notation of the original paper
proposing its existence; while each paper has its own
conventions, all technifermion names including ‘‘Q’’ or
‘‘D’’ refer to color-triplets (a.k.a. techniquarks) while those
including ‘‘L’’ or ‘‘E’’ refer to color-singlets (a.k.a. techni-
leptons).1 In the TCSM low-scale model, the second-
lightest technipion is the state relevant for our study (the
lightest, being composed of technileptons, lacks an anoma-
lous coupling to gluons); in the other models the lightest
technipion is the relevant one. For simplicity, the lightest
relevant neutral technipion of each model will be generi-
cally denoted P. Furthermore, we will assume that the
lightest technipion state is significantly lighter than other

neutral technipions in the spectrum, in order to facilitate
the comparison to the standard model Higgs boson.2

Single production of a technipion can occur through the
axial-vector anomaly which couples the technipion to pairs
of gauge bosons. For an SUðNTCÞ technicolor group with
technipion decay constant FP, the anomalous coupling
between the technipion and a pair of gauge bosons is given,
in direct analogy with the coupling of a QCD pion to
photons,3 by [41–43]

NTCAV1V2

g1g2
8�2FP

�����k
�
1 k

�
2�

�
1�

�
2 (1)

where

AV1V2
�Tr½TaðT1T2þT2T1ÞLþTaðT1T2þT2T1ÞR	 (2)

is the anomaly factor, Ta is the generator of the axial vector
current associated with the techipion, subscripts L and R
denote the left- and right-handed technifermion compo-
nents of the technipion, the Ti and gi are the generators and
couplings associated with gauge bosons Vi, and the ki and
�i are the four-momenta and polarizations of the gauge
bosons. The value of the anomaly factor Agg for the

lightest PNGB of each model that is capable of coupling
to gluons appears in Table I, along with the anomaly factor
A�� coupling the PNGB to photons. Also shown in the

table is the value of the technipion decay constant, FP for
each model.4

TABLE I. Properties of the lightest relevant PNGB (technipion) in representative technicolor models with colored technifermions. In
each case, we show the name and technifermion content of the state (in the notation of the original paper), the ratio of the weak scale to
the technipion decay constant, the anomaly factors for the two-gluon and two-photon couplings of the technipion, and the technipion’s
couplings to leptons and quarks. The symbols Q or D refer to color-triplets (a.k.a. techniquarks) while those including L or E refer to
color-singlets (a.k.a. technileptons). The multiscale model incorporates six technileptons, which we denote by L‘. For the TCSM low-
scale model, ND refers to the number of weak-doublet technifermions contributing to electroweak symmetry breaking; this varies with
the size of the technicolor group. The parameter y in the isotriplet model is the hypercharge assigned to the technifermions.

TC models PNGB and content v=FP Agg A�� �l �f

FS one family [38] P1 1
4
ffiffi
3

p ð3 �L�5L� �Q�5QÞ 2 � 1ffiffi
3

p 4
3
ffiffi
3

p 1 1

Variant one family [35] P0 1
2
ffiffi
6

p ð3 �E�5E� �D�5DÞ 1 � 1ffiffi
6

p 16
3
ffiffi
6

p
ffiffiffi
6

p ffiffi
2
3

q

LR multiscale [39] P0 1
6
ffiffi
2

p ð �L‘�5L‘ � 2 �Q�5QÞ 4 � 2
ffiffi
2

p
3

8
ffiffi
2

p
9 1 1

TCSM low scale [40] �00
T

1
4
ffiffi
3

p ð3 �L�5L� �Q�5QÞ ffiffiffiffiffiffiffi
ND

p � 1ffiffi
3

p 100
27

ffiffi
3

p 1 1

MR Isotriplet [31] P1 1
6
ffiffi
2

p ð3 �L�5L� �Q�5QÞ 4 � 1ffiffi
2

p 24
ffiffiffi
2

p
y2 1 1

1Note that the LR multiscale model [39] incorporates six
technileptons, which we denote L‘.

2The detailed spectrum of any technicolor model depends on
multiple factors, particularly the parameters describing the ‘‘ex-
tended technicolor’’ [19,20] interaction that transmits electro-
weak symmetry breaking to the ordinary quarks and leptons.
Models in which several light neutral PNGBs are nearly degen-
erate could produce even larger signals than those discussed
here.

3Note that the normalization used here is identical to that in
[37] and differs from that used in [36] by a factor of 4.

4In the multiscale model [model 3], various technicondensates
form at different scales; we set Fð3Þ

P ¼ v
4 in keeping with [39] and

to ensure that the technipion mass will be in the range to which
the standard Higgs searches are sensitive.
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Examining the technipion wavefunctions in Table I, we
note that the PNGB’s do not decay toW boson pairs, since
the WþW� analog of Fig. 1(a) vanishes due to a cancella-
tion between techniquarks and technileptons. The corre-
sponding ZZ diagrams will not vanish but, again due to a
cancellation between techniquarks and technileptons, will
instead yield small couplings for the technipion to ZZ (and
Z�) proportional to the technifermion hypercharge cou-
plings [36]. The small coupling and phase space suppres-
sion yield much smaller branching ratios for the PNGB’s to
decay to ZZ or Z�, and hence these modes are irrelevant to
our limits.

The rate of single technipion production via glue-glue
fusion and a techniquark loop [Fig. 1(a)] is proportional to
the technipion’s decay width to gluons through that same
techniquark loop

�ðP ! ggÞ ¼ m3
P

8�

�
	sNTCAgg

2�FP

�
2
: (3)

In the SM, the equivalent expression (for Higgs decay
through a top-quark loop) looks like [44]

�ðhSM ! ggÞ ¼ m3
h

8�

�
	s

3�v

�
2
�
3�

2
ð1þ ð1� �Þfð�ÞÞ

�
2
; (4)

where � � ð4m2
t =m

2
hÞ and

fð�Þ¼
8><
>:
½sin�1ð��ð1=2ÞÞ	2 if �� 1

�1
4

�
log

�
1þ ffiffiffiffiffiffiffi

1��
p

1� ffiffiffiffiffiffiffi
1��

p
�
� i�

�
2
if �<1;

(5)

so that the expression in square brackets in Eq. (4)
approaches 1 in the limit where the top quark is heavy
(� 
 1). Therefore, the rate at which P is produced from
gg fusion exceeds that for a standard Higgs of the same
mass by a factor


gg prod ¼ �ðP ! ggÞ
�ðhSM ! ggÞ

¼ 9

4
N2

TCA
2
gg

v2

F2
P

�
3�

2
ð1þ ð1� �Þfð�ÞÞ

��2
(6)

where, again, the factor in square brackets is 1 for scalars
much lighter than 2mt. A large technicolor group and a
small technipion decay constant can produce a significant
enhancement factor.

Technipions can also be produced at hadron colliders via
b �b annihilation [as in Fig. 1(b)], because the ETC interac-
tions coupling quarks to techniquarks afford the technipion
a decay mode into fermion/antifermion pairs. The rate is
proportional to the technipion decay width into fermions:

�ðP ! f �fÞ ¼ NC�
2
fm

2
fmP

8�F2
P

�
1� 4m2

f

m2
P

�
s=2

(7)

whereNC is 3 for quarks and 1 for leptons. The phase space
exponent, s, is 3 for scalars and 1 for pseudoscalars; the

lightest PNGB in our technicolor models is a pseudoscalar.
For the technipion masses considered here, the value of the
phase space factor in (7) is so close to 1 that the value of s
makes no practical difference. The factors �f are nonstan-

dard Yukawa couplings distinguishing leptons from quarks.

The variant one-familymodel has�quark ¼
ffiffi
2
3

q
and�lepton ¼ffiffiffi

6
p

; the multiscale model also includes a similar factor, but
with average value 1; �f ¼ 1 in the other models. For

comparison, the decay width of the SMHiggs into b-quarks
is:

�ðhSM ! b �bÞ ¼ 3m2
bmh

8�v2

�
1� 4m2

b

m2
h

�
3=2

: (8)

Thus, the rate at which P is produced from b �b annihilation
exceeds that for a standard Higgs of the same mass by


bb prod ¼ �ðP ! b �bÞ
�ðhSM ! b �bÞ ¼

�2
bv

2

F2
P

�
1� 4m2

b

m2
h

�ðs�3Þ=2
: (9)

The enhancement is smaller than that in Eq. (6) because
there is no loop-derived factor of NTC.
For completeness, we note that the branching fraction

for a technipion into a photon pair via a techniquark loop
is:

�ðP ! ��Þ ¼ m3
P

64�

�
	sNTCA��

2�FP

�
2
: (10)

as compared with the result for the standard model Higgs
boson (through a top-quark loop) [44]

�ðhSM!��Þ¼m3
h

9�

�
	

3�v

�
2
�
3�

2
ð1þð1��Þfð�ÞÞ

�
2
: (11)

From these decay widths, we can now calculate the
technipion branching ratios to all of the significant two-
body final states, taking NTC ¼ 2 and NTC ¼ 4 by way of
example. In the TCSM low-scale model we set ND ¼ 5
(10) for NTC ¼ 2ð4Þ to make the technicolor coupling
walk; in the Isotriplet model, we set the technifermion
hypercharge to the value y ¼ 1. We find that the branching
ratio values are nearly independent of the size ofMP within
the range 110 GeV—145 GeVand also show little variation
onceMP > 2mt; to give a sense of the patterns, the branch-
ing fractions forMP ¼ 130 GeV are shown in Table II and
those for MP ¼ 350 GeV are shown in Table III. The
branching ratios for the SM Higgs at NLO are given for
comparison; these were obtained from the Handbook of
LHC Higgs Cross Sections [45]. The primary differences
are the absence of a WW decay for technipions and the
enhancement of the two-gluon coupling (implying in-
creased gg ! P production); the di-photon and di-tau
decay widths can also vary moderately from the standard
model values.
Pulling this information together, and noting that the

PNGBs are narrow resonances, we may define an enhance-
ment factor for the full production-and-decay process
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yy ! P ! xx as the ratio of the products of the width of
the (exclusive) production mechanism and the branching
ratio for the decay:


P
yy=xx ¼

�ðP ! yyÞ � BRðP ! xxÞ
�ðhSM ! yyÞ � BRðhSM ! xxÞ

� 
yy prod
xx decay: (12)

And to include both the gluon fusion and b-quark annihi-
lation production channels when looking for a technipion
in the specific decay channel P ! xx, we define a com-
bined enhancement factor


P
total=xx¼

�ðgg!P!xxÞþ�ðbb!P!xxÞ
�ðgg!hSM!xxÞþ�ðbb!hSM!xxÞ

¼
P
gg=xxþ�ðbb!P!xxÞ=�ðgg!hSM!xxÞ
1þ�ðbb!hSM!xxÞ=�ðgg!hSM!xxÞ

¼
P
gg=xxþ
P

bb=xx�ðbb!hSM!xxÞ=�ðgg!hSM!xxÞ
1þ�ðbb!hSM!xxÞ=�ðgg!hSM!xxÞ

�½
P
gg=xxþ
P

bb=xxRbb:gg	=½1þRbb:gg	: (13)

Here, Rbb:gg is the ratio of b �b and gg initiated Higgs boson

production in the standard model, which can be calculated
using the HDECAY program [46]. In practice, as noted
in [37], the contribution from b-quark annihilation is
far smaller than that from gluon fusion for colored
technifermions.

III. MODELS WITH COLORED
TECHNIFERMIONS AND

ATOPCOLOR MECHANISM

We will now show how the LHC data constrains techni-
pions composed of colored technifermions in theories
where the top-quark’s mass is generated by new strong
topcolor dynamics [29] preferentially coupled to third-
generation quarks. In such models, the ETC coupling
between ordinary quarks and technifermions (or techni-
pions) is very small, so that gluon fusion through a top-
quark loop will be negligible by comparison with gluon
fusion through a technifermion loop, as a source of
technipion production.

A. LHC Limits on Models with Light Technipions

Here, we report our results for technipions in the 110–
145 GeV mass range where direct comparison with Higgs
production is possible. We consider final states with pairs
of photons or tau leptons, since the LHC experiments have
reported limits on the standard model Higgs boson in both
channels.
First, we show the limits derived from the CMS and

ATLAS searches for a standard model Higgs boson decay-
ing to �� in Fig. 2. The multiscale [39], TCSM low-scale
[40], and isotriplet [31] models predict rates of technipion
production and decay to diphotons that exceed the experi-
mental limits in this mass range even for the smallest

TABLE II. Branching ratios for phenomenologically important modes (in percent) for technipions of mass 130 GeV for NTC ¼ 2, 4
and for a standard model Higgs [45] of the same mass.

Decay Channel One Family Variant one family Multiscale TCSM low-scale Isotriplet SM Higgs

NTC ¼ 2 NTC ¼ 4 NTC ¼ 2 NTC ¼ 4 NTC ¼ 2 NTC ¼ 4 NTC ¼ 2 NTC ¼ 4 NTC ¼ 2 NTC ¼ 4

b �b 77 56 61 50 64 36 77 56 60 31 49

c �c 7 5.1 0 0 5.8 3.2 7 5.1 5.4 2.8 2.3

�þ�� 4.5 3.3 32 26 3.8 2.1 4.5 3.3 3.5 1.8 5.5

gg 12 35 7 23 26 59 12 35 14 29 7.9

�� 0.011 0.033 0.11 0.35 0.025 0.056 0.088 0.26 17 36 0.23

WþW� 0 0 0 0 0 0 0 0 0 0 31

TABLE III. Branching ratios for phenomenologically important modes (in percent) for technipions of mass 350 GeV for NTC ¼ 2, 4
and for a standard model Higgs [45] of the same mass.

Decay Channel One Family Variant one family Multiscale TCSM low-scale Isotriplet SM Higgs

NTC ¼ 2 NTC ¼ 4 NTC ¼ 2 NTC ¼ 4 NTC ¼ 2 NTC ¼ 4 NTC ¼ 2 NTC ¼ 4 NTC ¼ 2 NTC ¼ 4

b �b 44 18 42 20 24 7.7 44 18 20 6.2 0.036

c �c 4 1.6 0 0 2.2 0.69 4 1.6 1.8 0.56 0.0017

�þ�� 2.6 1 22 11 1.4 0.45 2.6 1 1.2 0.36 0.0048

gg 49 79 35 68 72 91 49 79 34 41 0.085

�� 0.047 0.076 0.54 1 0.069 0.087 0.36 0.58 42 51 �0
WþW� 0 0 0 0 0 0 0 0 0 0 68
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possible size of the technicolor gauge group (larger NTC

produces a higher rate). Note that we took the value of the
technifermion hypercharge parameter, y, in the isotriplet
model to have the value y ¼ 1 for purposes of illustration;
choosing y� 1=7 could make this model consistent with

the di-photon data for NTC ¼ 2, but that would not
affect the limits from the di-tau channel discussed below.
For the original [38] and variant [35] one-family models,
the data still allow NTC ¼ 2 over the whole mass range,
and NTC ¼ 3 is possible for 115 GeV <MP < 120 GeV;
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FIG. 2 (color online). Comparison of experimental limits and technicolor model predictions for production of a new scalar decaying
to photon pairs. In each pane, the shaded region (above the solid line) is excluded by the combined 95% CL upper limits on �hB��

normalized to the SM expectation as observed by CMS [9] and ATLAS [8]. Each pane also displays (as open symbols) the theoretical
prediction from one of our representative technicolor models with colored technifermions, as a function of technipion mass and for
several values of NTC. Values of mass and NTC for a given model that are not excluded by the data are shown as solid (green) symbols.
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even 135<MP < 145 GeV is marginally consistent with
the data for NTC ¼ 3 in the original one-family model.

The limits from the the CMS and ATLAS searches for a
standard model Higgs boson decaying to �þ�� in the same

mass range are even more stringent, as shown in Fig. 3. The
data again exclude the multiscale [39], TCSM low-scale
[40], and isotriplet [31] models across the full mass range
and for any size of the technicolor gauge group. The original
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FIG. 3 (color online). Comparison of experimental limits and technicolor model predictions for production of a new scalar decaying
to tau-lepton pairs. In each pane, the shaded region (above the solid line) is excluded by the combined 95% CL upper limits on
�hB�þ�� normalized to the SM expectation as observed by CMS [12] and ATLAS [10]. Each pane also displays (as open symbols) the
theoretical prediction from one of our representative technicolor models with colored technifermions, as a function of technipion mass
and for several values of NTC. Values of MP and NTC for a given model that are not excluded by the data are shown as solid (green)
symbols; the only such point is at NTC ¼ 2 and MP ¼ 115 GeV for the variant one-family model.
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one-family model [38] is likewise excluded; only MP ¼
115 GeV for NTC ¼ 2 is even marginally consistent with
data. The variant [35] one-family model is marginally con-
sistent with data for NTC ¼ 2 but excluded for all higher
values of NTC. Forthcoming LHC data on �� final states
should provide further insight on these two models for
NTC ¼ 2.

B. LHC Limits on Heavier Technipions
Decaying to Tau-Lepton Pairs

We now consider technipions that are too heavy to be
directly compared with a Higgs in the LHC diphoton data,
but which can be directly constrained by looking at data
from final states with tau-lepton pairs. ATLAS has ob-
tained [11] limits on the product of the production cross
section with the branching ratio to tau pairs at 95% CL for
a generic scalar boson in the mass range 100–600 GeV. We
use this limit to constrain technicolor models as follows.
The production cross section �ðgg ! PÞ for technicolor
models can be estimated by scaling from the standard
model5 using the production enhancement factor calcu-
lated for each technicolor model [37]. And the branching
fraction of the technipions into tau pairs is shown in
Table II, above. Therefore,

�ðgg!PÞBRðP!��Þ¼
ggprod�ðgg!hSMÞBRðP!��Þ:
(14)

Our comparison of the experimental limits with the model
predictions is shown in Fig. 4.

In the region of the figures to the left of the vertical bar,
we see that the data excludes technipions in the mass range
from 145 GeV up to nearly 2mt in all models for NTC � 3.
For the multiscale and isotriplet models, NTC ¼ 2 is
excluded as well in this mass range; for the TCSM low-
scale model, NTC ¼ 2 is excluded up to nearly 300 GeV
(the few points that are allowed at low mass on this plot are
excluded by the data shown in Figs. 2 and 3); while for the
original and variant one-family models, NTC ¼ 2 can be
consistent with data at these higher masses. Again, further
LHC data on di-tau final states will be valuable for dis-
cerning whether the models with only two technicolors
remain viable. At present, technicolor models with colored
technifermions are strongly constrained even if their light-
est technipion is just below the threshold at which it can
decay to top-quark pairs.

Moreover, as the region of the figures to the right of the
vertical bar demonstrates, the data also impacts techni-
pions in the mass range above 2mt in some cases: MP �
450 GeV (375 GeV) is excluded for any size technicolor
group in the multiscale (isotriplet) model and MP �

375 GeV is excluded for NTC � 3 in the TCSM low-scale
model. Note that these limits apply only in cases where the
technipion has a very small branching fraction into top
quarks, and the branching fraction to di-taus just varies
smoothly with the increasing mass of the technipion. As we
shall discuss shortly, such limits on technipions heavier
than 2mt would not hold in models where the extended
technicolor dynamically generates the bulk of the top-
quark mass and the technipion has an appreciable top-
quark branching fraction.

IV. MODELS WITH COLORED
TECHNIFERMIONS AND ATOP MASS

GENERATED BY ETC

We will now illustrate how the above constraints are
modified in theories where the top quark’s mass includes
a substantial contribution from extended technicolor. In
such models, the ETC coupling between the top quark and
technipion can be relatively large, which has several
consequences.
First, it means that for technipions heavy enough to decay

to top-quark pairs that channel will dominate, so that the
branching fractions to �þ�� and �� become negligible. So
these models can be constrained by the LHC data discussed
in this paper only for MP < 2mt. Second, it implies that
charged technipions Pþ that are lighter than the top quark
can open a new top-quark decay path: t ! Pþb. Existing
bounds on this decay rate preclude charged technipions
lighter than about 160 GeV; for simplicity, we will take
this to be an effective lower bound on themass of our neutral
technipions in our discussion here—though, in principle, it
is possible for the neutral technipion to be lighter than its
charged counterpart. Based on these considerations, wewill
be considering possible LHC bounds on technipions with
substantial coupling to top quarks and lying in the mass
range 160 GeV<mP < 2mt; at present, only data on di-tau
final states exists for this mass range.
Within this mass range, the presence of a large top-

technipion coupling allows gluon fusion through a top-
quark loop [as in Fig. 1(c)] to become a significant source
of technipion production. Extrapolating from the expres-
sions for decay of a pseudoscalar boson in [44], one finds
that the decay of technipion P to gluons through a top-
quark loop has the rate:

�topðP ! ggÞ ¼ m3
P

8�

�
	s�t
2�FP

�
2½�fð�Þ	2; (15)

where �t is the ETC-mediated top-quark coupling to tech-
nipions, � and fð�Þ are as defined in Eqs. (4) and (6), and
the expression ½�fð�Þ	 ! 1 in the limit of large top-quark
mass. Comparing this with Eq. (3), we see that the ratio

�topðP ! ggÞ
�ðP ! ggÞ ¼

�
�t½�fð�Þ	
NTCAgg

�
2 � ðRloopsÞ2 (16)

can be substantial if �t � 1 and NTC is small.

5The standard model production cross section �ðgg ! hSMÞ at
several values of the Higgs mass can be obtained from the
Handbook [45].

CHIVUKULA et al. PHYSICAL REVIEW D 84, 115025 (2011)

115025-8



σ g
g 

x 
B

R
(τ

τ)
 [p

b]

MP [GeV]

ATLAS (1.06 fb-1)
NTC=4
NTC=3
NTC=2

10-2

10-1

100

101

102

 110  150  200  250  300 2mt  400  450  500  550  600

One Family (Farhi-Susskind) ττ channel

σ g
g 

x 
B

R
(τ

τ)
 [p

b]

MP [GeV]

ATLAS (1.06 fb-1)
NTC=4
NTC=3
NTC=2

10-2

10-1

100

101

102

 110  150  200  250  300 2mt  400  450  500  550  600

Variant One Family (Casalbuoni et al) ττ channel

σ g
g 

x 
B

R
(τ

τ)
 [p

b]

MP [GeV]

ATLAS (1.06 fb-1)
NTC=6
NTC=4
NTC=3
NTC=2

10-1

100

101

102

103

 110  150  200  250  300 2mt  400  450  500  550  600

Multiscale (Lane-Ramana) ττ channel

σ g
g 

x 
B

R
(τ

τ)
 [p

b]

MP [GeV]

ATLAS (1.06 fb-1)
NTC=4, ND=10
NTC=3, ND=8
NTC=2, ND=5

10-2

10-1

100

101

102

103

 110  150  200  250  300 2mt  400  450  500  550  600

TCSM Low-Scale (Lane) ττ channel

σ g
g 

x 
B

R
(τ

τ)
 [p

b]

MP [GeV]

ATLAS (1.06 fb-1)
NTC=4
NTC=3
NTC=2

10-2

10-1

100

101

102

103

 110  150  200  250  300 2mt  400  450  500  550  600

Isotriplet (Manohar-Randall) ττ channel

FIG. 4 (color online). Comparison of experimental limits and technicolor model predictions for production of a new scalar
decaying to tau-lepton pairs for scalar masses in the range 110–600 GeV. In each pane, the shaded region (above the solid line) is
excluded by the 95% CL upper limits on �hB�þ�� from ATLAS [11]. Each pane also displays (as open symbols) the theoretical
prediction from one of our representative technicolor models with colored technifermions, as a function of technipion mass and for
several values of NTC. Values of MP and NTC for a given model that are not excluded by this data are shown as solid (green)
symbols; nearly all such values at low technipion masses are excluded by the data shown in Fig. 2. As discussed in the text, limits
to the right of the vertical bar at MP ¼ 2mt apply only when a topcolor sector, rather than extended technicolor, generates most of
the top quark’s mass.
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The relative sign of the techniquark loop and top-quark
loop contributions depends on the structure of the ETC
sector of the theory. In models where this sign is positive,
the top-quark and techniquark amplitudes will add con-
structively and the limits derived in the previous section
will be strengthened. However, in models where the rela-
tive sign is negative, the diagrams in Fig. 1(a) and 1(c) will
interfere destructively, reducing the rate of technipion
production calculated in the previous section by a factor of

ð1� RloopsÞ2: (17)

That has the potential to weaken the bounds from the LHC
data.

Moreover, in a technicolor model where both NTC and
Agg are relatively small, for light technipion masses

where �fð�Þ � 1, the ratio Rloops can be greater than one,
meaning that the top-quark loop can contribute more to
technipion production than the techniquark loop. For heav-
ier technipion masses, the relative importance of the top-
quark loop declines, and the two contributions interfere
strongly, so that the production rate declines and the limits
from LHC data become much weaker. For still heavier
technipion masses, the techniquark loop begins to domi-
nate again and the interference loses its impact on the
strength of the bounds.

This behavior is visible in Fig. 5, which shows how the
limits on the NTC ¼ 2 version of each model would be
affected by the presence of top-quark loops with �t ¼ 0:5.
The data, shaded region, and model prediction curves are
as in Fig. 4, for the mass range 160 GeV<MP < 2mt.
Also shown here is a hatched region that illustrates how the
model curve would move upwards (downwards) in the
presence of constructive (destructive) interference between
the top and technifermion loops. The destructive interfer-
ence would have little impact on the constraint the LHC
data places upon the multiscale model, and progressively
greater impact on the viability of the NTC ¼ 2 versions of
the isotriplet, TCSM low-scale, and original one-family
models. In the variant one-family model, we see that the
contribution from the top loop would, as discussed above,
dominate at lower mP, cancel the techniquark loop contri-
bution at mP � 300 GeV (so that the expected cross-
section would vanish), and then diminish in size for larger
mP.

We have also explored the impact of top loop contribu-
tions with �t ¼ 0:5 on the NTC ¼ 4 versions of the models,
where the value of Rloops would be smaller by a factor of 2.
We find that destructive interference from top loops would
leave the LHC data’s exclusion of technipions intact across
the range 160 GeV<mP < 2mt in the multiscale model,
would bring the upper end of the excluded range down to
325 GeV (300 GeV, 250 GeV) in the isotriplet (TCSM low-
scale, variant one-family) model from the value of 2mt

shown in Fig. 4, and bring the upper end of the excluded
range down to about 250 GeV from the previous 325 GeV

(per Fig. 4) in the original one-family model. The impact
on models with even larger values of NTC would be pro-
portionately smaller.
Finally, we note that if data were available for di-photon

final states in the applicable mass range, it would be
possible to discern the impact of destructive interference
between top and technifermion loops on the data’s ability
to constrain the models. In this case, one would need to
include effects of top-quark loops both on technipion
production from gluon fusion and also on technipion decay
to two photons.

V. DISCUSSION AND CONCLUSIONS

In this paper,1 we have used the LHC limits on the ��
[8,9] and �þ�� [10–12] decay modes of a standard model
Higgs boson to constrain the technipion states predicted in
technicolor models with colored technifermions. As dis-
cussed in [37], the technipions tend to produce larger
signals in both channels than hSM would, so that this is
an effective way of constraining such technicolor models.
Because the technipions are spinless, just like the standard
model Higgs boson, the di-photon and di-tau final states
resulting from decay of the produced boson would have the
same kinematic properties, so there should be no change in
the efficiencies and acceptances. Hence, it is possible to
adapt the limits quoted by the collaborations for the Higgs
searches very directly to technicolor models with colored
technifermions.
We have found that the combined limits on Higgs bosons

decaying to di-photon or di-tau final states from the
ATLAS and CMS collaborations exclude at 95% CL the
presence of technipions in the mass range from 110 GeV
nearly up to 2mt for any of the representative models
considered here for NTC � 3. Even if one takes NTC ¼ 2
to make the production rate as small as possible, the multi-
scale [39] and isotriplet [31] models are excluded up to
2mt; the TCSM low-scale model [40] is excluded for
technipion masses up to nearly 300 GeV; and the original
[38] and variant [35] one-family models are only margin-
ally consistent with data. The implication for technicolor
model building is clear: models with light technipions and
colored technifermions are not allowed by the LHC data,
except possibly in a few models with NTC ¼ 2. Model-
builders will need to consider scenarios with heavier
pseudo Nambu-Goldstone bosons or theories in which
the technifermions are color-neutral.
Moreover, we have also seen that the ATLAS limits on a

scalar decaying to �þ�� constrain the presence of techni-
pions in the mass range 2mt <MP < 450 GeV if the tech-
nipion decays only negligibly to top quarks—as in models
where the top-quark’s mass is being generated by a top-
color [28] sector instead of by extended technicolor. The
excluded mass range extends to 450 GeV (375 GeV) for a
multiscale (isotriplet) technicolor sector for any value
of NTC and reaches 375 GeV for a TCSM low-scale
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FIG. 5 (color online). Comparison of data and theory for production of a new scalar of mass 150–350 GeV that decays to tau-
lepton pairs; here, technipion production through techniquark loops is potentially modified by including production via top-quark
loops assuming extended technicolor generates most of the top quark’s mass. In each pane, the shaded region (above the solid line)
is excluded by the 95% CL upper limits on �hB�þ�� from ATLAS [11]. As in Fig. 4, each pane displays the theoretical prediction
(including techniquark loops only) from one technicolor model with colored technifermions, as a function of technipion mass and
for several values of NTC. Values of MP and NTC for a given model that are not excluded by this data are shown as solid (green)
symbols. The hatched region indicates (for NTC ¼ 2) how including the contributions of top-quark loops could impact the model
prediction, assuming �t ¼ 0:5. If the top and techniquark loop contributions interfere constructively, the model prediction moves to
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technicolor sector with NTC � 3. Hence, starting from
these technicolor sectors, building a topcolor-assisted tech-
nicolor [29] model would now require ensuring that the
technipions have masses above 375–450 GeV. This com-
plements recent LHC searches for H ! WW, ZZ that
exclude the top-Higgs state of TC2 models for masses
below 300 GeV if the associated top-pion has a mass of
150 GeV (the lower bound rises to 380 GeV if the top-pion
mass is at least 400 GeV) [47].

In principle, there are several ways to construct techni-
color models that could reduce the scope of these limits. As
discussed earlier, one possibility is to arrange for the ex-
tended technicolor sector to provide a large fraction of the
top quark’s mass (though it would be necessary to find a
new way to evade bounds on FCNC and weak isospin
violation). In this case, gluon fusion through a top-quark
loop [as in Fig. 1(c)] could provide an alternative produc-
tion mechanism for the technipions. If the ETC structure of
the model caused the top-quark and techniquark loop
amplitudes to interfere constructively, our bounds would
be strengthened; but, as illustrated in Fig. 5, in a model
where the interference was destructive, our limits on the
technipion mass could be weakened, at least for small
values of NTC.

Another possibility is to build a technicolor model that
includes technipions but not colored technifermions.6 In
order for extended technicolor to provide mass to the
quarks, color must then be embedded in the ETC group
alongside technicolor, and some ETC gauge bosons will
carry color charge. It would bemore difficult to use the LHC
data discussed here to set broadly-applicable limits on
technipions appearing in such models. The production
mechanism contributing most strongly to the rate for the
states we studied would not be operative; that is, without
colored technifermions, the process illustrated in Fig. 1(a)
would be absent. The analogous process with top
quarks instead of colored technifermions in the loop [as in

Fig. 1(c)] could, in principle, contribute, but therewill be no
loop-derived enhancement by NTC as in the diagram of
Fig. 1(a). If the coupling of the top quarks to the technipion
were large, that could provide an enhancement to replace
the missingNTC factor—but, as we have seen, the coupling
is highly model-dependent. And, as mentioned earlier,
building amodelwhere ETCprovidesmost of the top-quark
mass (and the top-technipion coupling is large) remains an
open challenge, because it is hard to accomplish this with-
out contravening experimental limits on flavor-changing
neutral currents [19,20] or isospin violation [27].
A third option would be to base a model around a

technicolor sector devoid of technipions, such as the origi-
nal one-doublet model of [16–18] or a modern ‘‘next-to-
minimal’’ walking technicolor model with technifermions
in the symmetric tensor representation of technicolor and
NTC ¼ 3 [48]. Of course, these models come with their
own complexities and challenges.
This first set of LHC data has excluded a large class of

technicolor and topcolor-assisted technicolor models that
include colored technifermions—unless the technipions
states can be made relatively heavy or the extended techni-
color sector can be arranged to cause interference between
top-quark and techniquark loops. Model builders will need
to either identify specific technicolor theories able to with-
stand the limits discussed here, while generating the top-
quark mass without excessive weak isospin violation or
FCNC, or else seek new directions for a dynamical expla-
nation of the origin of mass. Finally, wewould like to stress
that additional LHC data that gives greater sensitivity to
new scalars decaying to �þ�� or that addresses scalars
with masses over 145 GeV decaying to �� could quickly
probe models down to the minimum number of techni-
colors and up to higher technipion masses.

ACKNOWLEDGMENTS

The work of R. S. C. and E.H. S. was supported, in part,
by the U.S. National Science Foundation under Grant No.
PHY-0854889. J. R. is supported by the China Scholarship
Council. P. I. was supported by the Thailand Development
and Promotion of Science and Technology Talents Project
(DPST).

[1] S. L. Glashow, Nucl. Phys. 22, 579 (1961).
[2] S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967).
[3] A. Salam, in Elementary Particle Theory, Nobel

Symposium No. 8, edited by N. Svartholm (Almquist

and Wiksells, Stockholm, 1968); S. L. Glashow, J.

Iliopoulos, and L. Maiani, Phys. Rev. D 2, 1285 (1970).
[4] P.W. Higgs, Phys. Lett. 12, 132 (1964).
[5] P.W. Higgs, Phys. Rev. Lett. 13, 508 (1964).

[6] F. Englert and R. Brout, Phys. Rev. Lett. 13, 321

(1964).
[7] G. S. Guralnik, C. R. Hagen, and T.W. B. Kibble, Phys.

Rev. Lett. 13, 585 (1964).
[8] ATLAS Collaboration, Phys. Lett. B 705, 452 (2011).
[9] CMS Collaboration ‘‘Search for a Higgs boson decaying

into two photons in the CMS detector,’’ CMS-HIG-11-021,

2011 (unpublished).

6One example is the ‘‘minimal walking technicolor’’ model in
[48] with technifermions in the symmetric tensor representation
and NTC ¼ 2; various aspects of its collider phenomenology
have been predicted, for instance, in [49,50]

CHIVUKULA et al. PHYSICAL REVIEW D 84, 115025 (2011)

115025-12

http://dx.doi.org/10.1016/0029-5582(61)90469-2
http://dx.doi.org/10.1103/PhysRevLett.19.1264
http://dx.doi.org/10.1103/PhysRevD.2.1285
http://dx.doi.org/10.1016/0031-9163(64)91136-9
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRevLett.13.321
http://dx.doi.org/10.1103/PhysRevLett.13.321
http://dx.doi.org/10.1103/PhysRevLett.13.585
http://dx.doi.org/10.1103/PhysRevLett.13.585
http://dx.doi.org/10.1016/j.physletb.2011.10.051


[10] ATLAS Collaboration, ‘‘Update of the Combination of
Higgs Boson Searches in pp Collisions at sqrtðsÞ ¼ 7 TeV
with the ATLAS Experiment at the LHC’’ ATLAS-CONF-
2011-135, 2011.

[11] ATLAS Collaboration, ‘‘Search for neutral MSSM Higgs
bosons decaying to tau lepton pairs in proton-proton
collisions at sqrtðsÞ ¼ 7 TeV with the ATLAS detector,’’
ATLAS-CONF-2011-132, 2011.

[12] CMS Collaboration, Search for Neutral Higgs Bosons
Decaying to Tau Pairs in pp Collisions at
sqrtðsÞ ¼ 7 TeV, CMS-HIG-11-020, 2011.

[13] E. Eichten, I. Hinchliffe, K.D. Lane, and C. Quigg, Rev.
Mod. Phys. 56, 579 (1984).

[14] E. Eichten, I. Hinchliffe, K.D. Lane, and C. Quigg, Phys.
Rev. D 34, 1547 (1986).

[15] R. S. Chivukula, R. Rosenfeld, E. H. Simmons, and J.
Terning, arXiv:hep-ph/9503202.

[16] S. Weinberg, Phys. Rev. D 13, 974 (1976).
[17] S. Weinberg, Phys. Rev. D 19, 1277 (1979).
[18] L. Susskind, Phys. Rev. D 20, 2619 (1979).
[19] S. Dimopoulos and L. Susskind, Nucl. Phys. B155, 237

(1979).
[20] E. Eichten and K.D. Lane, Phys. Lett. B 90, 125

(1980).
[21] B. Holdom, Phys. Rev. D 24, 1441 (1981).
[22] B. Holdom, Phys. Lett. B 150, 301 (1985).
[23] K. Yamawaki, M. Bando, and K. i. Matumoto, Phys. Rev.

Lett. 56, 1335 (1986).
[24] T.W. Appelquist, D. Karabali, and L. C. R. Wijewardhana,

Phys. Rev. Lett. 57, 957 (1986).
[25] T. Appelquist and L. C. R. Wijewardhana, Phys. Rev. D

35, 774 (1987).
[26] T. Appelquist and L. C. R. Wijewardhana, Phys. Rev. D

36, 568 (1987).
[27] R. S. Chivukula, Phys. Rev. Lett. 61, 2657 (1988).
[28] C. T. Hill, Phys. Lett. B 266, 419 (1991).
[29] C. T. Hill, Phys. Lett. B 345, 483 (1995).

[30] For a review of dynamical models of electroweak
symmetry-breaking, see C. T. Hill and E.H. Simmons,
Phys. Rep. 381, 235 (2003).

[31] A. Manohar and L. Randall, Phys. Lett. B 246, 537 (1990).
[32] L. Randall and E.H. Simmons, Nucl. Phys.B380, 3 (1992).
[33] G. Rupak and E.H. Simmons, Phys. Lett. B 362, 155

(1995).
[34] V. Lubicz and P. Santorelli, Nucl. Phys. 460, 3 (1996).
[35] R. Casalbuoni, A. Deandrea, S. De Curtis, D. Dominici, R.

Gatto, and J. F. Gunion, Nucl. Phys. B555, 3 (1999).
[36] K. R. Lynch and E.H. Simmons, Phys. Rev. D 64, 035008

(2001).
[37] A. Belyaev, A. Blum, R. S. Chivukula, and E.H. Simmons,

Phys. Rev. D 72, 055022 (2005).
[38] E. Farhi and L. Susskind, Phys. Rep. 74, 277 (1981).
[39] K. D. Lane and M.V. Ramana, Phys. Rev. D 44, 2678

(1991).
[40] K. D. Lane, Phys. Rev. D 60, 075007 (1999).
[41] S. Dimopoulos, S. Raby, and G. L. Kane, Nucl. Phys.

B182, 77 (1981).
[42] J. R. Ellis, M.K. Gaillard, D.V. Nanopoulos, and P.

Sikivie, Nucl. Phys. B182, 529 (1981).
[43] B. Holdom, Phys. Rev. D 24, 157 (1981).
[44] J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson,

Front. Phys. 80, 1(2000).
[45] S. Dittmaier et al. (LHC Higgs Cross Section Working

Group Collaboration), arXiv:1101.0593.
[46] A. Djouadi, J. Kalinowski, and M. Spira, Comput. Phys.

Commun. 108, 56 (1998).
[47] R. S. Chivukula, E. H. Simmons, B. Coleppa, H. E. Logan,

A. Martin, arXiv:1108.4000.
[48] F. Sannino and K. Tuominen, Phys. Rev. D 71, 051901

(2005).
[49] R. Foadi, M. T. Frandsen, T. A. Ryttov, and F. Sannino,

Phys. Rev. D 76, 055005 (2007).
[50] A. Belyaev, R. Foadi, M. T. Frandsen, M. Jarvinen, F.

Sannino, and A. Pukhov, Phys. Rev. D 79, 035006 (2009).

TECHNIPION LIMITS FROM LHC HIGGS SEARCHES PHYSICAL REVIEW D 84, 115025 (2011)

115025-13

http://dx.doi.org/10.1103/RevModPhys.56.579
http://dx.doi.org/10.1103/RevModPhys.56.579
http://dx.doi.org/10.1103/PhysRevD.34.1547
http://dx.doi.org/10.1103/PhysRevD.34.1547
http://arXiv.org/abs/hep-ph/9503202
http://dx.doi.org/10.1103/PhysRevD.13.974
http://dx.doi.org/10.1103/PhysRevD.19.1277
http://dx.doi.org/10.1103/PhysRevD.20.2619
http://dx.doi.org/10.1016/0550-3213(79)90364-X
http://dx.doi.org/10.1016/0550-3213(79)90364-X
http://dx.doi.org/10.1016/0370-2693(80)90065-9
http://dx.doi.org/10.1016/0370-2693(80)90065-9
http://dx.doi.org/10.1103/PhysRevD.24.1441
http://dx.doi.org/10.1016/0370-2693(85)91015-9
http://dx.doi.org/10.1103/PhysRevLett.56.1335
http://dx.doi.org/10.1103/PhysRevLett.56.1335
http://dx.doi.org/10.1103/PhysRevLett.57.957
http://dx.doi.org/10.1103/PhysRevD.35.774
http://dx.doi.org/10.1103/PhysRevD.35.774
http://dx.doi.org/10.1103/PhysRevD.36.568
http://dx.doi.org/10.1103/PhysRevD.36.568
http://dx.doi.org/10.1103/PhysRevLett.61.2657
http://dx.doi.org/10.1016/0370-2693(91)91061-Y
http://dx.doi.org/10.1016/0370-2693(94)01660-5
http://dx.doi.org/10.1016/S0370-1573(03)00140-6
http://dx.doi.org/10.1016/0370-2693(90)90645-M
http://dx.doi.org/10.1016/0550-3213(92)90512-A
http://dx.doi.org/10.1016/0370-2693(95)01152-G
http://dx.doi.org/10.1016/0370-2693(95)01152-G
http://dx.doi.org/10.1016/0550-3213(95)00644-3
http://dx.doi.org/10.1016/S0550-3213(99)00319-3
http://dx.doi.org/10.1103/PhysRevD.64.035008
http://dx.doi.org/10.1103/PhysRevD.64.035008
http://dx.doi.org/10.1103/PhysRevD.72.055022
http://dx.doi.org/10.1016/0370-1573(81)90173-3
http://dx.doi.org/10.1103/PhysRevD.44.2678
http://dx.doi.org/10.1103/PhysRevD.44.2678
http://dx.doi.org/10.1103/PhysRevD.60.075007
http://dx.doi.org/10.1016/0550-3213(81)90459-4
http://dx.doi.org/10.1016/0550-3213(81)90459-4
http://dx.doi.org/10.1016/0550-3213(81)90133-4
http://dx.doi.org/10.1103/PhysRevD.24.157
http://arXiv.org/abs/1101.0593
http://dx.doi.org/10.1016/S0010-4655(97)00123-9
http://dx.doi.org/10.1016/S0010-4655(97)00123-9
http://arXiv.org/abs/1108.4000
http://dx.doi.org/10.1103/PhysRevD.71.051901
http://dx.doi.org/10.1103/PhysRevD.71.051901
http://dx.doi.org/10.1103/PhysRevD.76.055005
http://dx.doi.org/10.1103/PhysRevD.79.035006

