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Discovering strong top dynamics at the LHC
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We analyze the phenomenology of the top-pion and top-Higgs states in models with strong top
dynamics, and translate the present LHC searches for the Standard Model Higgs into bounds on these
scalar states. We explore the possibility that the new state at a mass of approximately 125 GeV observed at
the LHC is consistent with a neutral pseudoscalar top-pion state. We demonstrate that a neutral
pseudoscalar top pion can generate the diphoton signal at the observed rate. However, the region of
model parameter space where this is the case does not correspond to classic top-color-assisted technicolor
scenarios with degenerate charged and neutral top pions and a top-Higgs mass of order 2m,; rather,
additional isospin violation would need to be present and the top dynamics would be more akin to that in
top seesaw models. Moreover, the interpretation of the new state as a top pion can be sustained only if the
ZZ (four-lepton) and WW (two-lepton plus missing energy) signatures initially observed at the 3o level
decline in significance as additional data are accrued.
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I. INTRODUCTION

The heavy mass of the top quark necessarily implies that
it couples more strongly to the electroweak symmetry
breaking sector than any other quark or lepton, and sug-
gests that the top quark itself may play a role in electro-
weak symmetry breaking [1-5]. The top triangle moose
model [6] is a consistent low-energy effective theory for
models with separate sectors for dynamically generating
the masses of the top quark and the weak vector bosons. It
can be used to investigate the phenomenology of a wide
range of theories that include new strong top quark dy-
namics [7-13]. In previous work [14,15] the authors have
investigated the phenomenology of the scalar sector of the
top triangle model, and have explored the constraints
placed on the ““top-Higgs” boson present in these models
by searches at the LHC for a Standard Model Higgs boson.
We concluded that the top-Higgs boson mass was con-
strained to lie above 300 GeV for the region of top triangle

*sekhar@msu.edu
Tittisama @pa.msu.edu
*esimmons @pa.msu.edu
Sbarath @physics.carleton.ca
logan @physics.carleton.ca
Taomartin@fnal.gov
**jingren @pa.msu.edu

1550-7998/2012/86(9)/095017(21)

095017-1

PACS numbers: 12.60.Cn, 12.60.Nz, 14.80.Ec

moose parameter space corresponding to numerous strong
dynamics models.

In this work we update our results on top-Higgs searches
in light of new data from the LHC and consider bounds on
the “top pions” that are also present. In particular, we
explore the possibility that the new boson with a mass of
approximately 125 GeV [16-19] observed at the LHC is
consistent with a neutral pseudoscalar top-pion state." We
demonstrate that a neutral pseudoscalar top pion can gen-
erate the diphoton signal at the observed rate. However, the
region of model parameter space where this is the case does
not correspond to classic top-color-assisted technicolor
scenarios with degenerate charged and neutral top pions
and a top-Higgs mass of order 2my,; rather, additional
isospin violation would need to be present and the top
dynamics would be more akin to that in top seesaw models
[27-29]. Moreover, the interpretation of the new state as a
top pion can be sustained only if the ZZ (four-lepton) and
WW (two-lepton plus missing energy) signatures initially
observed at the 30 level decline in significance as addi-
tional data are accrued.

'"The possibility that the boson observed at the LHC is a
pseudoscalar has been considered by a number of authors
recently [20-26].
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On one level, the top triangle moose model is an ex-
ample of a deconstructed Higgsless model of electroweak
symmetry breaking. Inspired by the possibility of main-
taining perturbative unitarity in extradimensional models
through heavy vector resonance exchanges in lieu of a
Higgs [30-32], Higgsless models were initially introduced
in an extradimensional context as SU(2) X SU(2) X U(1)
gauge theories living in a slice of AdSs, with symmetry
breaking codified in the boundary condition of the gauge
fields [33-38]. The low-energy dynamics of these extra-
dimensional models can be understood in terms of a
collection of 4D theories, using the principle of “decon-
struction” [39,40]. Essentially, this involves latticizing the
extra dimension, associating a 4D gauge group with each
lattice point and connecting them to one another by means
of nonlinear sigma models; the picture that emerges is
called a “moose” diagram [41]. The five-dimensional
gauge field is now spread in this theory as four-dimensional
gauge fields residing at each lattice point, and the fifth
scalar component residing as the eaten pion in the sigma
fields.

The key features of these models [42—53] that are rele-
vant to our discussion are as follows: Spin-1 resonances
created by the strong dynamics underlying the sigma fields
are described as massive gauge bosons, following the
hidden-local-symmetry scenario originally used for QCD
[54-58] and also the BESS [59,60] models. The phenome-
nology of those resonances in the top triangle moose have
been discussed in Refs. [6,61]. Standard Model (SM)
fermions reside primarily on the exterior sites—the sites
approximately corresponding to SU(2),, and U(1)y gauge
groups; these fermions become massive through mixing
with massive, vectorlike fermions located on the interior,
“hidden” sites. The phenomenology of these fermions has
previously been discussed in Refs. [6,14]. Precision elec-
troweak parameters [62] are accommodated by adjusting
the SM fermion’s distribution across sites [45] to match the
gauge boson distribution, a process called “‘ideal delocal-
ization” [48]. This is identical to the solution used in
extradimensional Higgsless models, where the spreading
of a fermion among sites becomes a continuous distribu-
tion, or profile, in the extra dimension [36].

The AdS/CFT correspondence suggests that these
weakly coupled Higgsless models can be understood to
be dual to the strongly coupled models of electroweak
symmetry breaking. Indeed the top triangle moose is a
deconstructed analog of top-color-assisted technicolor
(TC2) [7-13], a scenario of dynamical electroweak sym-
metry breaking in which the new strong dynamics is par-
titioned into two different sectors. The technicolor sector
[63,64] is responsible for the bulk of electroweak symme-
try breaking, through condensation of a technifermion
bilinear, and is therefore characterized by a scale F ~ v,
where v=246GeV is the electroweak symmetry breaking
scale. Consequently, technicolor dynamics is responsible
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for the majority of the weak gauge boson masses and, more
indirectly [65,66], the masses of the light fermions. The
second strong sector, the top-color sector [7,8], communi-
cates directly with the top quark. Its purpose is to generate
a large mass for the top quark through new strong dynam-
ics that cause top quark condensation [1-5]. In generating a
top quark mass, this second sector also helps to break the
electroweak symmetry. If the characteristic scale of the
top-color sector is low, f < F, it plays only a minor role in
electroweak breaking, but can still generate a sufficiently
large top quark mass given a strong enough top-top-color
coupling. Because electroweak symmetry is effectively
broken twice in this scenario, there are two sets of
Goldstone bosons. One linear combination of the weak-
triplet Goldstone bosons (the combination primarily
composed of technifermions) is eaten to become the lon-
gitudinal modes of the W= /Z°, while the orthogonal triplet
and accompanying weak singlet state remain in the spec-
trum. These remaining states, typically referred to as the
top pions and the top Higgs, are the focus of this paper.

The LHC evidence for a new boson is composed of
several components, based on separate event samples opti-
mized to be sensitive to the production of the new boson
via gluon fusion, via vector-boson fusion, or in association
with an electroweak boson or a top quark pair, and the
subsequent decay of the boson to two photons, two massive
electroweak bosons, or pairs of tau leptons or bottom
quarks [17,19]. While the totality of evidence including
all subchannels provides convincing evidence of a new
bosonic state—one consistent with a SM Higgs—the sta-
tistical significance of the different subchannels varies, and
it is not yet certain that the object discovered is the Higgs
boson. With the current data the evidence for the new
boson is strongest in the diphoton channel, with a local p
value showing that the “‘background-only” hypothesis is
excluded at more than the 40 level by both experiments
(a level which is larger than would have been expected
with the current data set for the SM Higgs). The evidence
in the next most sensitive decay channel, ZZ* subsequently
decaying to four charged leptons (e or w), is also strong—
with a local p value rejecting the background-only hy-
pothesis at the 30 level. The search for the WW* decay
mode, in which the W bosons subsequently decay to e or u
and corresponding neutrino, is less constraining since it is
not possible to measure the diboson invariant mass—
though the background-only hypothesis is disfavored by
2-3 0. Finally, the evidence for the decay of the new boson
to fermions, either tau leptons or bottom quarks, is so far
inconclusive.

Our goal in this paper is to further the phenomenological
investigation of the top pions and top Higgs at the LHC that
was started in Refs. [6,14,15]. We begin in Sec. II by
setting out the relevant details of the top triangle moose
model. Sections III-V contain the bulk of our phenome-
nological results. In Sec. III we first consider the possibility
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that the diphoton signal observed at the LHC arises from
the neutral pseudoscalar top pion and find the range of
model parameters consistent with these experimental
results. Since this object is a pseudoscalar, it lacks tree-
level couplings to ZZ and WW [24,67,68]. While the top
pion can decay to ZZ or WW through a top quark loop, we
show that these effects would be too small to be observable
in the current data. In Sec. IV we demonstrate that, for the
value of model parameters such that the neutral top pion
can account for the observed LHC diphoton signal, the
properties of top quark decay imply that the corresponding
charged top pions would have to be heavier than 150 GeV.
As reviewed in Appendix A, however, this implies that the
model would need to include more isospin violation than is
the minimum required to produce a heavy top quark—i.e.,
more isospin violation than is usually assumed to exist in
these models. In Sec. V we review and update the con-
straints previously derived in Ref. [15], in the case that the
125 GeV object is associated with the neutral top pion. We
summarize our findings and discuss their implications in
Sec. VL.

II. THE SCALAR SPECTRUM AND PROPERTIES

Probing the dynamics of top-color-assisted technicolor
will involve discovering the top Higgs and top pions which
are associated with the generation of the large top quark mass,
and measuring their properties. In this section we describe
briefly our expectations for the properties of these states, and
summarize the model dependence of their couplings.

A. The triangle moose model

The top triangle moose model [6] is shown in moose
notation in Fig. 1. The circles represent global SU(2)
symmetry groups; the full SU(2) at sites 0 and 1 are gauged

FIG. 1. The gauge structure of the model in moose notation.
g and g’ are approximately the Standard Model SU(2) and
hypercharge gauge couplings while ¢ represents the “bulk”
gauge coupling. The left—(right-) handed light fermions are
mostly localized at site 0 (2) while their heavy counterparts
are mostly at site 1. The links connecting sites 0 and 1 and sites 1
and 2 are nonlinear sigma model fields while the one connecting
sites 0 and 2 is a linear sigma field. Site 2 is dotted to indicate
that only the 73 component is gauged.
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with gauge couplings g and g, respectively, while the 73
generator of the global SU(2) at site 2 is gauged with U(1)
gauge coupling g’. The lines represent spin-zero link fields
which transform as a fundamental (antifundamental) rep-
resentation of the group at the tail (head) of the link. 3,
and 3, are nonlinear sigma model fields, describing the
technicolor and three-site [61] sector of the theory, respec-
tively, while @ (the top-Higgs doublet) is a linear sigma
model field arising from top color [7,8].

The kinetic energy terms of the link fields corresponding
to these charge assignments are

F2
Lgauge = TTr[(D# 2OI)TD'lLEOl:l

2
+FTTr[(DM2,2)TD”2,2]+(DMQ)*D”CD, (1)

where the covariant derivatives are
D, 20 = 0,20 +igWo,Zo1 — igZ01 Wiy
D#EIQ = 6M212 + igW1M212 - ig/212T3BM, (2)
_ig
2
Here the gauge fields are represented2 by the matrices
Wou = Wi, 7 and Wy, = Wi, 1¢, where ¢ = 0/2 are
the generators of SU(2). The nonlinear sigma model fields
3o and X, are 2 X 2 special unitary matrix fields. To
mimic the symmetry breaking caused by underlying tech-
nicolor and top-color dynamics, we assume all link fields
develop vacuum expectation values:

D,®=3d,0+igWy,®— =B,

<201> = (212> = 1o,

f/Oﬁ ) 3)

(@)= (
In order to obtain the correct amplitude for muon decay, we

parameterize the vacuum expectation values in terms of a
new parameter w:

F = \2v cosw, f = vsinw, 4)

where v = 246 GeV is the weak scale. We will explore the
parameter range’ 0.2 < sinw = 0.8, in which the top tri-
angle moose acts as a low-energy effective theory for a
variety of models with strong top dynamics [15]. As a
consequence of the vacuum expectation values, the gauge
symmetry is broken all the way down to electromagnetism
and we are left with massive gauge bosons (analogous to
techniresonances), top pions and a top Higgs. To keep track

?Here the subscripts appearing in the fields will refer to the
“site” numbers and the superscripts will be reserved for SU(2)
indices.

*The extreme case in which sinw — 1 would have a rather
different phenomenology, as the properties of the top-Higgs
boson would approach those of the Standard Model Higgs boson,
the top Higgs could potentially be light, and the top pions would
become heavier.
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of how the degrees of freedom are partitioned after we
impose the symmetry breaking, we expand 2;, 2, and ®
around their vacuum expectation values. The coset degrees
of freedom in the bifundamental link fields 2, and 3,
can be described by nonlinear sigma fields:

2' a 0
2= exp( ”;T ), )

2' A =
201 _ exp( 1Ty T ))

while the degrees of freedom in ® fill out a linear repre-
sentation:

® — ((f +H + iw?)/ﬁ)' 6

im;
The gauge-kinetic terms in Eq. (1) yield mass matrices

for the charged and neutral gauge bosons. The photon
remains massless and is given by the exact expression

e
8

A

3 € 73 ¢
B W0M+§W1M+?BM, 7)

where e is the electromagnetic coupling. Normalizing the
photon eigenvector, we get the relation between the cou-
pling constants:

o+, (8)

This invites us to conveniently parameterize the gauge
couplings in terms of e by

_ € _ 8o
&7 Sing cos¢ cos¢’
~ € _ 80
&7 Sind singg  sing’ ©)
,_ €
&7 cost

We will take § > g, which implies that tan¢p = x is a
small parameter.

B. The triangle moose potential: Scalar spectrum
and isospin violation

Counting the number of degrees of freedom, we see that
there are six scalar degrees of freedom on the technicolor
side (2, %1,) and four on the top-color side (P). Six of
these will be eaten to form the longitudinal components of
the W=, Z°, W'*, and Z"°. This leaves one isospin triplet
of scalars, the top pions II¢, and the top Higgs H, as
physical states in the spectrum. While the interactions in
Eq. (1) are sufficient to give mass to the gauge bosons, the top
pions and top Higgs remain massless at tree level. Quantum
corrections will give the top pions a mass; however, this
loop-level mass is far too small to be consistent with
experimental constraints. To generate phenomenologically
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acceptable masses for the top pions and top Higgs, we add
three* additional interactions:

2
L, = —ATr(M*M — %)2 — kf*Tr|M — \%201212 ’
+ {Efz(Tr[MJr S«012127'3])2 + H.c.}, (10

where the first of these interactions arises from top-color
interactions, the second from extended technicolor-like inter-
actions [65,66], and the third is an example of possible
isospin-violating interactions in the top-color sector. Here
A, k, and € are three new dimensionless parameters that
depend on the details of the top-color dynamics, f is the
same vacuum expectation value appearing in Eq. (4), and M
is the d field expressed as a matrix,’ schematically given by
M = (O, D) with ® = —io, ™

(f + H, + i7%) /2 imh )
= , (11
M < i, (f + H, — i)/ 2 (an

where 77" = (7r;)*. The first term in Eq. (10) depends only
on the modulus of M, and therefore contributes only to the
mass of the top Higgs. The second and third terms give mass
to both the top Higgs and the physical (uneaten) combination
of pion fields, as we will show shortly. Because these masses
depend on three parameters, A, k, and €, we can treat the
mass of the top Higgs and the masses of the uneaten charged
and neutral top pions as three independent parameters. In
addition to generating masses, the potential in Eq. (10) also
induces interactions between the top Higgs and top pions
which are important in our analysis.

The next step towards understanding top-pion phenome-
nology is to identify the combination of degrees of freedom
which make up the physical (uneaten) top pions. While the
top Higgs H, remains a mass eigenstate, the pions 7§, 7¢
and 77¢ mix. We can identify the physical top pions as the
linear combination of states that cannot be gauged away.
We do this by isolating the Goldstone boson states that
participate in interactions of the form V,d%7 in the
Lagrangian. We start by expanding the nonlinear sigma
fields to first order in 7/F:

2imrira 2
S =1+ ”;97 + (9(%) (12)

2imé e 2
S,=1+ ”;}T +(9(%). (13)

“In Ref. [6] the possibility of isospin violation, and hence the
last term in Eq. (10), was neglected. As we show in Appendix A,
isospin violation in the top-color sector is usually assumed to be
small, and hence the size of the dimensionless parameter € is
small. We introduce it here to explore the phenomenology that
would arise from nondegenerate top pions.

S5This corrects the expression in Ref. [6].
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Plugging this in Eq. (1), we can read off the various
interaction terms. The gauge-Goldstone mixing terms are
of the form

g g
L ixing =§WS“8M[F7TS + fmré] +§Wla’“8M[F7T? — Fmr§]
!
—%B’;a”[ﬁﬁ + fad) (14)

Note that the pion combination in the third term can be
written as a linear combination of those appearing in the
first two terms:

Fmi+ fm} = [Fa} + fm}] + [Fm} — Fml]  (15)

The two eaten triplets of pions span the linear combina-
tions that appear in the first two terms of Eq. (14), leaving
the third linear combination as the remaining physical top
pions, which we will denote IT¢:
g +
I1¢ = — sinw(M) + cosw Y, (16)
t \/z t

where we have normalized the state properly using the
definitions of F and f in Eq. (4).

The physical top pions can also be identified by expand-
ing the top-Higgs potential given in Eq. (10) and collecting
the mass terms. The physical masses of the top Higgs and
top pions are
M2, =2kv?tan’ow, M2,=2(k — e)v’tan’w,

> m ( ) (17)
M} =2(41 + K)vsin’w =8Avsin*w + M7 . cos’ o,

while the other two linear combinations of pions are mass-
less, as true Goldstone bosons should be. Eq. (10) also
contains trilinear couplings between H, and two top pions;
the Feynman rules for the H,IT1,; I, and H,IITI? inter-
actions are given by

— . 4
. sin*w
H,II 11, : —2ivsinw| 4Acos’w + « ]

cos’w

—i .

=——[M}, cos’w — M7, +2M7 sin*w],
v Sinw ! 4 '

- . 4 . 2
o sin*w sinw
HIII1Y: = 2ivsinw| 4Acos’ w + k—5—— 26— :I
| cos’w cos’w
—; )
=———[M3, cos’w — M3, +2M3,sin*w].
vsinw ‘ ‘ IL;

(18)

These couplings are important for top-Higgs decays when
My >2My,.

For the purposes of our phenomenological analysis we
will take the masses of the top Higgs and of the charged
and neutral top pions as independent parameters. To give a
sense of what might be expected from TC2 dynamics, we
have looked at the expectations for these parameters in a
Nambu—Jona-Lasinio (NJL) [69] approximation for the
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top-color dynamics; our NJL calculation is summarized
in Appendix A. From the NJL analysis we find the
following:

(i) The top-Higgs mass satisfies My = O(2m,) [69].
This result is known to change once subleading
interactions are taken into account [5], and hence
we take this result as only indicative that the top
Higgs should have a mass of order 200-700 GeV.

(i1) The mass splitting between the charged and neutral
top pions is relatively small—with AMy; /My, less
than about 10%. We therefore conclude that the
minimum amount of isospin violation required in
top color (the amount necessary to yield the top
quark mass) need not produce a large mass splitting
between the top pions.

(iii) The analysis also confirms that the form of
the potential in Eq. (10), with € =0, correctly
summarizes the nonderivative interactions yielding
the top-pion and top-Higgs masses and interac-
tions. We therefore typically expect My, = My ;
cf. Eq. (17) for small sinw.

Based on these considerations, in what follows we
explore the possibility that the new state at a mass of
approximately 125 GeV observed at the LHC is consistent
with a neutral pseudoscalar top-pion state. We consider
two representative cases: (i) assuming degenerate charged
and neutral top-pion masses, M= = M 1 and (ii) fixing
Mo =~ 125 GeV and allowing the charged top-pion mass

to vary. As discussed above, the first case is that generically
expected in top-color models, and the second allows
us to illustrate how these results would change if the top-
color dynamics includes additional sources of isospin
violation.

C. Scalar couplings to fermions

The couplings of the top pion and top Higgs to fermions
are model dependent. Unlike in the Standard Model, the
presence of two different sources for the quark masses (top
color and technicolor) implies that the top-pion and top-
Higgs couplings depend on the individual left-handed and
right-handed rotations in the separate up- and down-quark
sectors that relate the fop-color gauge eigenstates (in which
the top-pion and top-Higgs couplings are simple) to the
mass eigenstates [8,70,71].

For our analysis, we make the following assumptions:

(i) Following Refs. [8,70,71], we assume that the top and

bottom quarks both receive most of their mass as a
result of top color (which would naturally explain why
V., = 1), while the other quarks and the leptons
receive their masses from the (extended) technicolor
sector. That is, if we were to ““‘turn off”’ technicolor
electroweak symmetry breaking (F'— 0 or cosw — 0),
the top and bottom quarks would have masses close to
their observed values, but all other quarks and the
leptons would be massless.
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(i1)) The usual Cabibbo-Kobayashi-Maskawa (CKM)
angles are related to the difference between the
left-handed up- and down-quark rotations which
are required. Since the observed CKM matrix
is nontrivial, it is not possible that both of the
left-handed up- and down-quark rotations are triv-
ial. As we show in Appendix B, however, if the
observed CKM angles arise predominantly from
rotations in the left-handed down-quark sector,
charged top-pion exchange will lead to unaccept-
ably large contributions to the process b — s7y.
We therefore assume that CKM mixing arises
from the rotations in the left-handed up-quark
sector.

(iii) The rotations in the right-handed sector are, a
priori, unconstrained. However, if present, they
have the potential to lead to unacceptably large
contributions to BY — BY [70] and D° — D° meson
mixing. We therefore assume that there is no mix-
ing in the right-handed sector.

With these assumptions, to leading order, the flavor-
diagonal couplings of the neutral top pions to the third-
generation fermions® are

iT? _ - _
[m,cotwi; tg +mycotwb, br + m tanw7, 7]+ H.c.

v

19)

The mixing in the left-handed up-quark sector will neces-
sarily lead to flavor-changing decays of the neutral top pion
[72,73] of the form

70

ill

' m,cotw|
v

VERME, 1 + VEMG, 1], (20)

The couplings of the top Higgs to fermions are the scalar
analogs of the pseudoscalar couplings of the IT1? listed in
Egs. (19) and (20) above.

Similarly, the corresponding charged-pion couplings are
of the form’

iV2I1;

[mt COta)beL + my, COta)beR

+ my, cotwVEME bp + m, tanw v, ¢

+ m,tanwR, Cps; ] + Hee,, 21

6Couplings to the light quarks and leptons would follow the
same pattern as for the 7 lepton, but will not be needed in what
follows.

"The coupling of Il;f to 7xb, gives a potentially large con-
tribution to the process Z — bb [74], which must be compen-
sated for by adjusting the properties of the top quark [14]. See
the discussion in Appendix B.
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where R, is an unknown mixing parameter which, for the
purposes of illustration, we take equal to its maximum
value R, = cosfo =~ 1.5

The relation between the assumptions made here and the
simpler form of the fermion couplings used in Ref. [6] is
presented in Appendix B.

III. NEUTRAL TOP-PION PHENOMENOLOGY

In this section, we will discuss the phenomenology of
the neutral top pion assuming it has a mass of 125 GeV. We
start by reviewing the couplings and decays, examine the
production cross section, and then discuss various decay
modes in light of the LHC data. More details about the
model can be found in Ref. [14].

A. Couplings and decays

The couplings of the neutral top pion that are most
relevant to our analysis are those to gg, vy, bb, and 77.
The couplings to gluon pairs or photon pairs arise from top
quark loops (contributions from loops containing heavy
top quark partners would be suppressed by powers of the
heavy quark mass). Those to fermions arise from top-color
(for t and b) and/or extended technicolor dynamics (espe-
cially for lighter fermions). Being a pseudoscalar, the top
pion lacks tree-level couplings to WW and ZZ, and the loop-
induced couplings to these massive gauge bosons are small
compared to the dominant ones listed above. These decays
do occur through a top quark loop and are discussed
separately.

We have calculated the branching ratios of IT9 using the
minimal supersymmetric Standard Model pseudoscalar
decay routines in HDECAY version 3.531 [75], modified
to take into account the different fermion coupling struc-
ture of Egs. (19) and (20) and the absence of superpartners.
The resulting branching ratios are illustrated in Fig. 2 for
sinw = 0.3, 0.5 and 0.7. Decays to bb dominate at low I1?
mass, with the gg and fc channels becoming important
only once Mo = 200 GeV. Decays to t¢ turn on at My, =
2m; = 350 GeV and completely dominate above this mass.
Note that our calculation using HDECAY includes decays
to off-shell ¢7 below threshold. As these plots indicate, for a
125 GeV top pion, only the decay branching ratios to gg,
vv, bb and 77 are significant.

The total width of I1? is shown in the left panel of Fig. 3
as a function of sinw, with Myp = 125 GeV. Because its
mass is well below the ¢f threshold, the H? remains a
narrow resonance with width below 1 GeV for all values
of sinw = 0.2.

In the right panel of Fig. 3 we display the branching ratio
for ITY — 7y as a function of sinw with Mo = 125 GeV.

8If this coefficient were smaller, this would increase the
branching ratio BR(II;} — 7»,) which would strengthen the
limits in Sec. IV.
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FIG. 3. Total decay width (left) and branching ratio for II? — v (right) of a 125 GeV II? as a function of sinw.

This branching ratio reaches at most 0.5 parts per mil and is
roughly 5 times smaller than the SM Higgs branching ratio
into photons.

B. Production cross section

Here, we calculate the production cross section of the
neutral top pion; in subsequent subsections we will com-
pare this prediction to various ATLAS and CMS results to
analyze the current and future LHC sensitivity to neutral
top pions.

The neutral top pion is produced at the LHC almost
exclusively via gluon fusion. We calculate the cross section
for T1? production in gluon fusion according to

| X arFi ()l
|ZfF{I/2(Tf)|2

where in the sum over fermions we include’ t, b and c; also
a, = a, = cotw and a, = tanw. Here the fermion loop

o(gg—119) = Xo(gg—Hsym),  (22)

“Technifermion loops do not contribute to top-pion production
because the SU(2)yeax X [SU(3)]> anomaly vanishes for any
realistic technicolor theory.

functions F f’/z(f) and F/l‘/z(r), for scalars and pseudosca-

lars, respectively, are given by [76]

Ff’/2=—27'[1+(1—7')f(7')], F{‘/2=—27'f(7'), (23)
where 7, = 4m7/Mf; and
[sin~!(/1/7)? ifr=1
= 24
/) {—}‘[m(m/n) i itr<r, &Y

with . = (1 = +/1 — 7). In the limit of a heavy fermion
in the loop, F{}, — —4/3 and F}, — —2.

We take the SM gluon-fusion Higgs production cross
section o(gg — Hgyy) from Ref. [77] for the 7 TeV LHC.
This SM Higgs cross section includes the state-of-the-art
radiative corrections, which boost the cross section by a
substantial factor ~2. Our cross section in Eq. (22) relies
on the equality of the k factors for pseudoscalar production
and scalar production. In fact, because most of the QCD k
factor comes from real radiation, this equality has been
shown to hold to within 20%, as illustrated in Ref. [78].
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FIG. 4. Left: Cross section times branching ratio for gg — I1? — yy for a 125 GeV top pion at the 7 and 8 TeV LHC. Right: 95%
confidence level exclusion limits in the Mo vs sinw plane, extrapolated from the LHC SM Higgs search limits in the yy channel with

4.8-4.9 fb=! at 7 TeV from Refs. [79,80].

C. Current and prospective limits from
the diphoton channel

The diphoton decay channel has played a leading role in
LHC searches for the Standard Model Higgs boson.
Although this is not the dominant decay mode for the
neutral top pion, it would certainly be highly visible in
the LHC detectors. We have calculated o(gg— I19)X
BR(IT? — yv) and our results are shown as a function of
sinw (fixing Mypp = 125 GeV) in the left-hand panel of

Fig. 4. The signal rate is largest for small sinw, due to the
enhancement of both the IT? production cross section and
the branching ratio to yy at small sinw.

The LHC SM Higgs searches in Refs. [79,80] have
exclusion sensitivity to 7y resonances with a cross section
of order 50 fb for resonance masses between 110 and
150 GeV. We find that this excludes a neutral top pion in
this mass range with sinw < 0.4-0.5. We show the
excluded region in the right plot in Fig. 7, based on the
95% confidence level limit on o /oy in the yy channel
alone for the SM Higgs from Refs. [79,80]; those limits are
based on 4.9 (ATLAS) and 4.8 fb~! (CMS) at 7 TeV. We
translated the LHC results into bounds on our model by
comparing the CMS and ATLAS limits on o/ogy with

o o(gg—11?) X BR(I1? — yy)

osm [0(gg— Hsy)+0(VBE—Hgy) ] X BR(Hgy—77y)’
(25)

where o(gg — I1?) is obtained from Eq. (22) and
o(VBF — Hgy) is the SM Higgs production cross section
via vector boson fusion (VBF). Note that the CMS analysis
includes a contribution from a dedicated VBF search to-
pology channel, which would not be present for the top
pion. The ATLAS analysis does not include a dedicated
VBF channel and is thus more directly applicable to the top
pion. However, the inclusion of the dedicated VBF search
channel by CMS does not appear to significantly affect our

results: The limits are consistent with each other in exclud-
ing low values of sinw.

Both CMS and ATLAS observe a new state with a mass
of about 125 GeV decaying to diphotons whose properties
appear to be consistent with those of a SM Higgs boson.
However, the observed diphoton rate is nearly twice that
expected for a SM Higgs [16,18], which also makes the
excess consistent with a neutral top pion with sinw = 0.5,
as shown in the right-hand panel of Fig. 4.

D. Decays to ZZ, Zy and WW

It is interesting to consider how one would be able to
distinguish a neutral top pion from a SM Higgs boson once
more data are in hand. The SM Higgs has tree-level cou-
plings to W* W~ and ZZ, while couplings to yy arise only
at one loop. In contrast, being a pseudoscalar, I19 does not
have tree-level couplings to W*W~ or ZZ [24,67,68]. 1t
can, however, have couplings to W*W~, ZZ, and Zy at
one loop. Reference [68] considered the possibility that the
loop-induced pseudoscalar coupling to the SU(2) and hy-
percharge gauge bosons can account for the observed yy
and 4¢ signal. Essentially, the strategy consisted in adjust-
ing the relative value of the SU(2) and hypercharge gauge
couplings so that the equation

I'“(H— ZZ" — 4e) _ (¢ — 4e)
I'(H— vyy) I'(¢— vy)

(26)

is satisfied. Here, ¢ refers to the pseudoscalar and the
superscript ¢ means the quantities are computed with the
experimental cuts imposed. It was shown that the Zvy*
contribution to the 4¢€ signal completely dominates the
ZZ* contribution, in direct contrast to the SM case
where the Zy* contribution is negligible. Fixing the ratio
of the coupling strengths this way leads to a well-defined
prediction [68]:
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off-shell decays to #*b and also off-shell decays to IIYW™ assuming M m = 125 GeV. These branching ratios were computing using a

modified version of HDECAY [75].

o _T(p—2Zy)

= _——— =121
2l T T(g— yy)

27

Thus, in order to see if the top pion can generate the
experimentally required signal strength, it suffices to com-
pute the ratio of the partial widths to Z7y and yy and compare
with the number in Eq. (27). This number turns out to be =
0.02 for the top pion.'® Thus, we conclude that the top pion
cannot generate the observed ratio of the 4€ to yy rates.
Though this might seem to be a problem for models with
strong top quark dynamics in general, we point out that the
4¢ signal involves very few events and conclusions about
the viability of our model based on this observation should
be postponed until higher-statistics results are available
from the ATLAS and CMS Collaborations.

E. Limits from the ditau channel

Searching for light neutral top pions decaying to 77 is
difficult because of the large Drell-Yan background. For
scalars that are produced in part by vector boson fusion,
the sensitivity can be enhanced by implementing cuts that
preferentially select the VBF channel, but unfortunately this
option is not available for pseudoscalars like the top pion.

Looking specifically at the case where the neutral top
pion is responsible for the diphoton excess at 125 GeV
(Mo = 125 GeV and sinw = 0.5, corresponding to an

enhancement in the y7y channel by about a factor of 2
compared to the SM Higgs prediction), then we expecta 77
signal rate, from the gluon fusion channel, approximately
equal to that of the SM Higgs. This is about a factor of 3
below the sensitivity of the Hgy; — 77 search from ATLAS
[81] (4.7 fb~! at 7 TeV). However, that ATLAS analysis
includes events in a “Higgs plus two jet” event category,
corresponding to VBF production, to improve the sensitiv-
ity to the SM Higgs, so this limit does not directly apply to

19%e note that this is independent of sinw, which cancels out in
the ratio. sinw in our model is analogous to the parameter ¢ in
Ref. [68]—one that can be tuned to adjust the production cross
section to the proper value.

the neutral pseudoscalar top pion of our model. The papers
[16—19] reporting the discovery of a new scalar in the
diphoton channel do analyze data from the ditau channel,
but neither finds conclusive evidence that the new state
decays to tau lepton pairs. In the future, perhaps a dedi-
cated search focused on the gluon fusion production chan-
nel would be sensitive to the T17.

IV. CHARGED TOP-PION PHENOMENOLOGY

Charged top pions would be pair-produced via electro-
weak processes at LHC and their dominant decay channels
are hadronic. Therefore a direct search for IT;} would be
hampered by a combination of low cross section and high
backgrounds. The main constraints on these states pres-
ently come from top quark decays.

A. Branching ratios

We plot the branching ratios of the charged top pion as a
function of My= in Fig. 5, assuming that the mass of the
neutral top pion is fixed at 125 GeV. For top-pion masses
below m,, the dominant decays are into 7 and off-shell
t*b; their relative rates depend on the top-pion mass and
sinw. The decay to cs has a branching ratio a little less than
half that of 7v; the rate for bc is many times smaller when
sinw = 0.5. For masses above m,, decays to tb over-
whelmingly dominate.

If My;+ > My, then the off-shell decay TI;" — TT{W**
becomes possible. As this branching ratio never exceeds
5%, it is phenomenologically unimportant for our purposes.

Since the charged top pion seldom decays to the neutral
top pion even when kinematically allowed to do so, Fig. 5
also gives a good sense of the branching ratios of the charged
top pion for the case in which the top pions are degenerate.

B. Limits from ¢t — II1*b

The ATLAS Collaboration has searched for evidence of
charged scalars in top quark decays using 4.6 fb~! of data
gathered at 7 TeV [82]. Because this was motivated as a
search for the charged Higgs of the minimal supersymmetric
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Standard Model, which decays almost exclusively to 7v for
large tanf, their search assumed that the charged scalar
would decay only to 7v. Specifically, they set a limit on
B =BR(t— H"b), assuming that BR(H" — 7v) = 1.
The latter assumption is built directly into their analysis in
that they scale the simulated cross section for SM ¢7 back-
ground, in which t — Wb, by (1 — B).

The conclusions of the ATLAS r — H™ b analysis cannot
be directly applied to the charged top pion because
BR(II;) — 7v) # 1, as can be seen in Fig. 5. In fact, as also
illustrated in the left panel of Fig. 6, the value of

co?w(l — M3, /m})?

BR(II;" — 7v) ranges from a maximum of about 0.7 for a
relatively light IT;" and large sinw, to close to zero for a
heavier top pion and lower sinw (due to the competing *b
decay).

Nevertheless, we can adapt the ATLAS ¢ — H™ b limits
to extract information about the charged top pion. The
charged top-pion signal is the same as that for the charged
Higgs studied in Ref. [82], provided that the parameter B is
replaced by BR(r — II;b) X BR(II; — 7v). We calcu-
lated the top quark decay branching ratio at tree level
neglecting the bottom quark mass, using

BR(t— IIb) =

We have calculated the IT;" decay branching ratios using a
modified version of HDECAY [75] as discussed before.
Combining these branching fractions, we show contours of
BR(z — II;7b) X BR(Il — 7v) in the Mp: vs sinw
plane in the right-hand panel of Fig. 6.

However, the “SM-like” top-pair events to which the
signal events are compared in setting a limit on exotic top
decays will no longer include only ¢t — Wb events. This
sample will now potentially contain events in which a top
pion decays to bt*, yielding t — I17b — W* bbb, where
the Wb comes from the off-shell top quark. While the
kinematic features of these top decays will differ from
those of SM decays, the events may be similar enough to
be picked up in the SM top quark sample. To see how
common these events are, we show contours of BR(r —
I1;7b) X BR(IT* — £*D) in the plane of My;+ and sinw in
the left-hand panel of Fig. 7. The product of branching
ratios can be significant: It lies above 0.3 for sinw < 0.45
and My ~ 140 GeV. In this case more than half of all tt

events would contain at least one top quark decaying to

(1 +2M3,/m2)(1 — M3,/m3?)? + co?w(1 — M%I+/m%)2

(28)

I17 b followed by II;" — b — W*bb; we suspect that
this could distort kinematic distributions and b-tag rates in
the 17 sample enough to be noticed. Similarly, for sinw =
0.5 and My =145 GeV, we find BR(r— II;b) X
BR(IT* — *b) ~ 0.2, leading to about 40% of 7 events
containing at least one top quark decaying to II7b fol-
lowed by I1;* — t*b — W= bb.

While deliberately distinguishing these t— II*h —
W* bbb events from SM top quark decays would require
a dedicated analysis, in the meantime, we can make
the conservative assumption that all of these events will
be included in the SM-like sample. When this is the case,
the comparison between exotic and SM-like events gives a
conservative upper limit on BR(zt — II») X BR(II} —
7v). When some of these events are not picked up in the
SM-like sample, the true upper bound on the product of
branching fractions is actually even stronger.

We are now ready to determine the constraints on our
model. Reference [82] sets an upper bound on B =
BR(t — H"b) [with BR(HT — 7v) = 1] of B < 0.05 for
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limits [79,80], assuming degenerate I1? and IT;".

My+ =90 GeV, falling to B =0.01 for My =
120-160 GeV. Therefore we can take the rightmost con-
tour in the left-hand panel of Fig. 7 as the rough exclusion
limit on II; from this search channel. This excludes
charged top-pion masses below about 118, 140, 149, and
153 GeV for sinw = 0.2, 0.4, 0.6, and 0.8, respectively. We
have overlaid this exclusion curve on the plots in Fig. 6 to
make it easier to see what values of BR(II;" — 7v) and
BR(z — I1}b) X BR(II" — #*b) are still allowed in our
model. Note, for instance, that, for sinw = 0.6, the region
of parameter space where the B = 0.01 limit falls has
BR(IT;" — 7v) <0.1.

Finally, examining the right-hand panel of Fig. 7, we see
that if the new state observed in diphotons at around
125 GeV is to be interpreted as a I1? (with the event rate
yielding sinw = 0.5), then we would interpret the combi-
nation of the diphoton data from Refs. [79,80] and ATLAS
search [82] for t — H*b with H" — 7v as jointly con-
straining the II;' to be heavier than about 145 GeV.

Therefore, the only phenomenologically viable case
involves nondegenerate top pions. As discussed in detail
in Appendix A, however, this differs from the standard
expectation in top-color models and implies that new
sources of isospin violation would have to be present.

V. TOP-HIGGS PHENOMENOLOGY

In addition to the top-pion states discussed above, mod-
els in which the top quark plays a direct role in electroweak
symmetry breaking contain a ‘“‘top-Higgs™ state. Such a
state is expected to have a mass greater than about
200 GeV, and we have previously demonstrated [15] that
such a top-Higgs state would produce ZZ and WW signals
much larger than those characteristic of a SM Higgs of the
same mass when decays to pairs of top pions are kinemati-
cally forbidden. In this section we consider the constraints

on the top-Higgs state assuming that the neutral top pion is
the new boson discovered at the LHC.

The couplings of the top Higgs, along with its decay
widths to the most relevant channels WW, ZZ, tf, IIF W+,
19z, 11,7117, and T1°I1Y, are given in detail in Ref. [15].
For completeness, we reproduce the formulas for the key
decay widths in Appendix A3, along with the ratio between
the LHC production cross sections for the top Higgs and
the SM Higgs. We will first establish the current mass
limits on the top Higgs based on data from the ATLAS
and CMS experiments. We then comment on the discovery
prospects for the top Higgs in the channel H, — T1?Z at the
14 TeV LHC.

Reference [15] used the combined SM Higgs limits from
the LHC to determine the excluded range of top-Higgs
masses as a function of sinw, for various values of the top-
pion mass. In the mass range of interest, the LHC limits
come entirely from the SM Higgs decays into WW and ZZ,
and so are directly applicable to the top Higgs after rescal-
ing by the appropriate ratios of production cross section
and decay branching ratios. The limits of Ref. [15] used
ATLAS results with 1.0-2.3 fb~! and CMS results with
1.1-1.7 tb~! of integrated luminosity at 7 TeV. Here we
update the limits using the more recent CMS SM Higgs
search results based on 4.6-4.8 fb~! at 7 TeV and also
consider how the limits translate to the case where the
charged and neutral top pions are not degenerate.

Figure 8 shows how the top-Higgs exclusion curves
behave for a variety of sinw values. Given that light
charged top pions are excluded by the ATLAS search
[82] for t — H™ b, the top Higgs cannot have a mass lower
than about 250-300 GeV.

There is also a theoretical bound to bear in mind. For
small values of sinw, the top-Higgs couplings violate
perturbativity for sufficiently high H, masses, when the
decay channels to two tops and two top pions open up;
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roughly speaking this occurs when the top-Higgs width
exceeds its mass. For sinw =~ 0.4 we find this constrains
the top-Higgs mass to lie below about 600 GeV, while for
sinw = 0.5, perturbativity considerations do not constrain
the region of interest.

Many of the decay channels that are available to a
heavy top Higgs result in hadronic final states with large
SM backgrounds. A potential exception is H, — ZI19 —
€€y as shown in Fig. 9. Assuming the state discovered at
125 GeV is the neutral top pion, one can then take advan-
tage of the H,I1?Z coupling, and look for the top Higgs in
the process pp — ZI1? — €€y by using an invariant
mass cut on the diphotons to cull background. We find
that discovery in the allowed parameter space (see Fig. 8)
is not possible for sinw values of 0.7 and above in this
channel. Even for lower values of sinw, the minimum
integrated luminosity required for a 5o discovery at the
14 TeV LHC in this mode is 100 fb~! and a luminosity
several times greater is required in most of the My, vs My

fy
s
/
F# A
s -

FIG. 9. The production of a neutral top pion and a Z from an
s-channel top Higgs.
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plane. Therefore, we conclude that this will not be a
realistic discovery mode for the top Higgs in the case of
a light neutral top pion. The most promising search chan-
nels for the top Higgs therefore remain the WW and ZZ
final states as used in the SM Higgs search.

VI. CONCLUSIONS

In this paper we have analyzed the phenomenology of
the top-pion and top-Higgs states in models with strong top
dynamics and have translated the present LHC constraints
on the SM Higgs into bounds on these scalar states.

We have seen that it is possible for the observed excess
in the Hqyy — 7y search channel to correspond to a neutral
top pion of mass Mo = 125 GeV. Based on the size of the

cross section observed [16—19], the corresponding value of
sinw would be approximately 0.5. Because 119 is a pseu-
doscalar, however, models of strong top dynamics do not
predict a visible signal in the ZZ — 4¢{ channel or the WW
channel, nor a diphoton signal in the vector boson fusion
production channel, nor any associated production of the
125 GeV object with a W or Z. Therefore, as additional
data are accumulated, we would expect the diphoton reso-
nance to continue to grow in significance, the initial signals
in the ZZ — 4¢ and WW channels to fade away, and the
dijet-tagged diphoton signal to persist only at a level con-
sistent with dijet-tagged gg — I19 rather than dijet-tagged
vector boson fusion events. Moreover, in the context of
these models, we would also expect that a signal in the
ditau decay channel would be present but less visible for
the T19 than for the SM Higgs.

For the range of model parameters where the neutral top
pion can account for the LHC diphoton signal, searches for
nonstandard top quark decays to charged scalar plus bot-
tom quark exclude charged top pions with masses up to
about 145 GeV (as in the left-hand panel of Fig. 7). These
searches continue to become more sensitive as the decay
properties of the top quark are measured more accurately.
As aresult, if the neutral top pion has a mass of 125 GeV, it
cannot be degenerate with the charged top pion, as one
would more typically expect in models of strong top dy-
namics. Instead, the model must contain substantial isospin
violation to produce this top-pion mass splitting.

We have also updated limits on the top Higgs. Our
results show that current LHC searches for the SM Higgs
in WW and ZZ exclude the existence of a top-Higgs state
up to masses of order 300 GeV, with some dependence on
the charged top-pion mass and sinw as shown in Fig. 8.

The implication is that current searches at the LHC
strongly constrain theories with strong top dynamics. The
top triangle moose model interpolates [15] between a
variety of strong top dynamics models as the value of
sinw varies between about 0.2 and 0.8, the range studied
in this paper. In the context of strong top dynamics, the new
boson observed at the LHC is too light to be the top Higgs
[15]. Instead, the diphoton signal can be produced by a
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neutral top pion of the appropriate mass and couplings,
assuming that one constructs a theory including additional
isospin violation, but in this case we would not expect a
significant signal in the ZZ — 4€ channel. This last stipu-
lation is problematic since both LHC experiments report a
30 signal in the four-lepton channel with the current data
set. Moreover, if the diphoton signal corresponds to a
neutral top pion, then the theoretical context cannot be
the most familiar part of the top triangle moose parameter
space in which 0.2 = sinw = 0.5, the top pions are degen-
erate, and the top Higgs has a mass of order 2m;,: i.e., the
portion of the parameter space corresponding to classic
TC2 models. Rather, the context would be the less-
explored region in which sinw is of order 0.5 or greater,
the top pions have a substantial mass splitting, and the top
Higgs is heavier: i.e., a model in which the strong top
dynamics are of the top seesaw form.

We anticipate that additional LHC data will provide
further clarity about the nature of the diphoton resonance
and its possible connection to strong top dynamics.
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APPENDIX A: TC2 IN THE NJL APPROXIMATION

In this Appendix, we calculate the top-Higgs and top-
pion spectrum in TC2 models [8], using the NJL [69]
approximation for the top-color dynamics. On phenome-
nological grounds [13], we expect the “cutoff” A of the
NIJL top-color theory (which is of order the mass of the
gauge bosons of the top-color model, i.e., the top gluon
and Z') to be much higher than the technicolor scale Apc,
which is of order 1 TeV. We can therefore construct the
low-energy theory which we use to compute the scalar
spectrum in two stages.

First, as described in the next section, we integrate out
the strong top-color-induced four-fermion operators using
the Nambu—Jona-Lasinio approximation, and construct an
effective theory involving a composite top-Higgs field
coupled to the third-generation quarks and the technifer-
mions. This effective theory will be valid at energies below
the top-color cutoff and above the scale at which the
technicolor interactions become strong. Next, as described
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in the third section, we match to an effective technicolor
chiral Lagrangian valid at low energies. In the fourth
section we use this effective Lagrangian to compute the
scalar spectrum of the theory. Custodial isospin violation is
necessarily present in the theory so as to explain the top-
bottom mass difference. In the fifth section we consider
what constraints the limits on the custodial isospin violat-
ing parameter AT place on the parameters of the model,
and what these restrictions imply for the scalar mass spec-
trum. In the last section, we consider the mass splitting
between the charged- and neutral-top pions.

1. TC2 dynamics

In the NJL approximation,'' the interactions of interest
in this model include

8t (7 ; 87 ¢ .
P(‘f/LofRz)(tRz'J/Lo) + A [(#Lotr2)(UgQr) + Hec],
(A1)

where the first four-fermion operator is the traditional top-
color interaction responsible for top quark condensation
and the second, arising from ETC interactions [65,66],
couples the top quark to the weak-doublet and singlet
technifermions [63,64] Q; and Ug, respectively. Here g,
and A represent the top-color coupling and cutoff, respec-
tively. We expect the second operator to arise from ETC
interactions at a scale larger than A, and for convenience
we characterize the strength of these interactions (relative
to top color) through the small dimensionless parameter 7.
All weak, color, and technicolor indices implicit in
Eq. (A1) are summed.

For strong g,, we expect that the top-color interactions
will give rise to a bound electroweak scalar state with the
quantum numbers of the Standard Model Higgs boson. In
the NJL approximation, this may be seen directly. The
interactions Eq. (A1) may be recast as

2
%['ﬁml‘m + QL UrllTro W10 + nURQL]

R

T(QLUR)(URQL)’ (A2)

which, following Ref. [5], may be rewritten in terms
of an auxiliary electroweak doublet scalar field ® [with
SU(2) X U(1) quantum numbers 2_ ]:

"'The NJL approximation [5,69,83] involves two parts. First we
approximate the effects of exchange of heavy top-color gauge
bosons by four-fermion contact interactions and include only
those parts of the interaction responsible for coupling left- and
right-handed fermion currents. Second, as discussed below, we
analyze the effect of these interactions in the “‘fermion bubble”
approximation. Here, and in the following, we also neglect
additional TC2 interactions involving the right-handed bottom
quark.
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FIG. 10. Diagrammatic representation of fermion bubble
approximation yielding the kinetic energy and mass (left) and
self-couplings (right) of the composite @ field. The two-point
function is resumed to generate the kinetic energy term for the
composite scalar field.

— A2®TD — ¢ [(d1otgo + MO UR)P + Hec]
gt
A2

In the fermion bubble approximation [5,69,83] illus-
trated in Fig. 10, and close to the critical point for chiral
symmetry breaking, the auxiliary field ® becomes a light
propagating composite state. To leading order in the num-
ber of fermions (colors for quarks or technicolors for
technifermions), the effects of the strong top-color inter-

actions at a scale 4 << A may be summarized by the
effective Lagrangian

(QLUR)(URQL). (A3)

L, =D, PD*D — m, ®TD — §.(otg® + He)

A o
- E(‘DT(D)Z — 180 Ur® + H.c.)

2,2
- L3HQLUR(TrQy) (Ad)
with the couplings

) (47)?
2(u) = , AS
8:lw) (Nc + 7°Nrc) In(A%/ u?) (A3)

2
Ap) =2 @) (A6)

(N¢ + 712NTC) IH(AZ/,U«Z) '

Here, in order to have a conventional kinetic energy term,
we have rescaled the field ® by

712 _ ( g
[ (477.)2

5 A2\1/2

The mass parameter for the composite field ® is given by

PR 287

2, =Z¢,1[A2 — 2B (Nt g NpO) (A2 - u2>]. (A8)
(4)

The composite Higgs is light, and the effective theory

valid, when u << A and g, is close to the critical coupling

g7 for top-color chiral symmetry given by

2g;*

21 (N¢ + n*Npe) = L.
(477_)2( ¢+ 1°Nrc)

(A9)
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For convenience, we conclude this section with a brief
discussion of the 1 — 0 limit. As we will see, 1 will be
rather small and many of the parametric estimates that
follow will derive from this limit. If we define f as the
expectation value of ® through

f
(@) = (705) (A10)
we see from Eqgs. (A4) and (AS5) that
,_Bm)f _ (4m)?p
i 2 N In(AZ/m?)’ (Alh)

where we choose u = m, as appropriate in evaluating
the top quark mass. This expression is usually rewritten
as

f2

2 2
_ 2Nemi (A—) (A12)

@mp N\
and reproduces the Pagels-Stokar relation [84] appropri-
ate in this limit [5,69,83]. Note that, in the effective
Lagrangian of Eq. (A4), the top quark receives mass
only through its coupling to the composite Higgs.
Therefore, to the extent that n is small, this relation
continues to be true even after including the effects of
technicolor.

2. Technicolor

Next, we consider matching'® the Lagrangian in
Eq. (A4) to the chiral Lagrangian valid at scales below
the scale of technicolor chiral symmetry breaking, Ac. In
what follows, we will use the naive dimensional analysis
[41,85,86] estimate Arc =~47F, where F is the techni-
color pion decay constant (the analog of f,, = 93 MeV in
QCD). To keep track of the chiral symmetry properties of
the technifermion-scalar coupling in £L,. we introduce the
2 X 2 matrix

M = ng,(P0), (A13)

which serves as a spurion “transforming” as M —
LMR? under the SU(2); X SU(2)g chiral symmetries of
the technifermions. The coupling of the technifermions to
the field ®, then, is similar to the mass term in QCD, and
hence we expect the effective Lagrangian

In principle, if A/Agc > 1, we should also include the
scaling of the operators in Eq. (A4) due to the technicolor
interactions. In practice, all of the relevant corrections can be
absorbed into a redefinition of n—and hence will be neglected in
what follows.
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o= tr[D Stpes]+ 47TF3( )tr[ymz LSt

(Al4)

where c¢; is an unknown chiral coefficient related to the
magnitude of the technifermion condensate which, in
QCD, is approximately 2.'* Here ¥ is the SU(2), X
SU(2)g/SU(2)y nonlinear sigma model field associated
with electroweak symmetry breaking and is to be associ-
ated with X, 2, in the triangle moose model described in
Sec. II above.

The second term in Eq. (Al4) arises from the ETC
coupling of the top quark and is of particular interest since
it couples the top-color and technicolor chiral symme-
tries—and hence will give rise to the top-pion masses. To
analyze this term, it is convenient to rewrite 3, in terms of a
two-component complex unimodular vector ¢:

I=(& —iong")=(¢& ¢&) (A16)

where
N+ EE =1, £te=E1E=1, gti=¢Té=o
(A17)

By the usual convention, ¢ has the following vacuum
expectation value:
1
@=y)

in unitary gauge. With this convention the combined ®-¢
potential is a special case of a two-Higgs potential (with
F ¢ playing the role of a second “Higgs”), and the second
term in Eq. (A14) becomes

(A18)

Fmi, [®T¢ + Hel) (A19)

with mass-squared

lix(ATC) = 47TF2< D )”%’z(ATC) (A20)

renormalized at scale Apc = 47F.

At scales o < Aqc, the parameters A(u), m3; (u), and
nﬁfp continue to renormalize through the top quark loop
diagrams illustrated in Fig. 10; i.e., the formulas in
Egs. (AS), (A6), and (A8) continue to apply with n — 0.
The complete effective Lagrangian at scale w is

More properly, the corresponding term in the QCD chiral
Lagrangian gives

m,+m c
=t e my ) = (35 Mevy?- () (),

(A15)
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2
Lig(p) = FT u[D,3'D*3] + D, ®D P
= g () PTO + Frny, (w)[®T¢ + Hee ]

— 8w rote® + He) — A(“) AW gty

(A21)

In what follows we will need the values of these parameters
evaluated at low energies, w =~ m,. We will find that
n < 1; hence, in the derivations below we will apply
Eqgs. (AS), (A6), and (A8) in the  — 0 limit.

3. Minimizing the potential and the scalar spectrum

We are interested in identifying the region of parameter
space where top color and technicolor jointly yield
electroweak symmetry breaking, i.e., ® has the vacuum
expectation value shown in Egs. (A10) and (A18), with!'

f = vsinw, F = vcosw, (A22)

and where v = 246 GeV is the usual weak scale. We will
assume that all of the low-energy mass parameters (the
masses of all the scalars in the spectrum and the top quark)
have the same order of magnitude, and we adopt u =~ m,
implicitly in what follows.

The ®-¢ potential may be written

V(d,¢) =ﬁ(d>*c1>)2 +m3,®Td — Fm}y, [®T¢+He.]

= —(dDJfCD ftc) — Fm, [®TE+H.c.]+ const,
(A23)

where f,. = —2n~1§b /A. Requiring the minimum of the
potential to occur at (A22), we see that

aVv
If Ly
Using Eq. (A24) to eliminate fZ in favor of f2 and m3,, ,
the potential can be rewritten as
\/—lix )
Y,
— Fm, [®T¢€ + Hc.] + const

"(M 2) fn;Mlx

+ const,

= 0:>%f(f2 — f2)—2m2, F=0. (A24)

(D, §) = (qﬂcp

5l

(A25)
which is precisely the form found in Ref. [14].

"“Note that the value of F here differs from that in the top
triangle moose model, Eq. (4), since there electroweak symmetry
breaking occurs collectively through the symmetry breaking
encoded through both 2, and 3,
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From this we find
2

M3 = Jim@;—f (A26)
and, using Egs. (A11) and (A20),
C COSw
M3 =8 (—1) : . A27
1 e\ ) " inte (A27)

Note that this leading contribution to the top-pion masses
yields degenerate charged—and neutral-top pions. The
same potential also yields the top-Higgs mass My :

\/zml%/lix F
f

where the form of the relation between My, My,
and cosw is fixed from the form of the potential [14],
and the relation between A and m, is fixed in the NJL
approximation [5].

Note that the TC2 theory in the NJL limit is specified
primarily by four parameters: g,, A, n, and F. Physical
quantities will only depend on these four parameters,
up to coefficients in the chiral Lagrangian (such as ¢;) of
order 1. Using Egs. (A12), (A22), and (A27), we will
trade the parameters g,, A, 5, and F for m,, v, sinw,
and M.

M%L = A2+ = 4dm? + M} cos’w,  (A28)

4. Constraints from AT

The physics giving rise to the top quark mass violates
custodial isospin, causing deviations in the low-energy
parameter Ap = aAT. Consider the Lagrangian shown
in Eq. (A4). The Yukawa interaction between the com-
posite Higgs @ and the top quark gives rise to the usual
top quark mass dependent contribution—just as in the
standard model. The last two terms in this Lagrangian,
the Yukawa interaction between the technifermions and
the composite Higgs and the four-technifermion opera-
tor, give rise to new contributions which we consider
below.

Consider first the technifermion Yukawa coupling. This
operator violates custodial isospin by one unit, Al = 1,
and therefore the leading contribution to «aAT arises
through rwo insertions of this operator as shown in left-
hand panel of Fig. 11. This diagram yields an operator of
the form

cr
(@m)?

where, consistent with naive dimensional analysis
[41,85,86], the constant c; is expected to be of order 1.
Computing the effect of this operator on the W and Z
masses, we find

u MH(D*Z)MY(D,3)], (A29)

20erln?m;

alATI = 4mv)?

(A30)
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FIG. 11. Diagrams corresponding to the two leading contribu-
tions to AT in the TC2 model. The diagram on the left gives
rise to the operator shown in Eq. (A29). The diagram on the
right arises from the four-technifermion operator shown in
Eq. (A32). The small black circles in these diagrams represent
the dynamical technifermion mass arising from technicolor
chiral symmetry breaking, as parameterized by the field 3 in
the chiral Lagrangian of Eq. (A14).

or, alternatively, rewriting the dependence on 7 in terms of
M}, we find

lerl 2\ 1 (Mpsinw\4
alaT| 2 (|C1|> Coszw( 47rv ) - A3b
If we require |AT| < 0.5, we find from Eq. (A30) that
7 =< 0.6. The equivalent constraint, in terms of My, from
Eq. (A31) is shown as the red solid line in Fig. 12. This is a
rather weak upper bound, phenomenologically speaking.
Theoretically, it is still an interesting bound because it
derives directly from the Yukawa coupling operator in
the low-energy chiral expansion that also gives rise to
My without any dependence on the details of technicolor
dynamics at high energies.

On the other hand, since the ETC interaction between
the top quark and technifermions in Eq. (A1) couples to
both the left-handed current #;,y*Q; and right-handed
current fp, y* Ug, it is natural to expect that there are ETC
gauge bosons that couple to Uy with the same strength.
The exchange of such an ETC boson will give rise to the
Al = 2 operator,

2 _ _
7782r (Ury*Ug)(Ugy,Ug),

A32
A (A32)

which can contribute directly to A7. In particular, the
diagram on the right of Fig. 11 yields the operator

2
o ’7Ag2‘ : F4<Tr|:ETDME<(1) 8)])2,

where ¢y is an unknown chiral coefficient of order 1."> The
correction to |AT]| is

(A33)

depl ngiF?

a|AT| = 2 2

(A34)

In fact, it is exactly equal to 1 in the vacuum insertion
approximation.
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FIG. 12 (color online).

bounds on a|AT|. The constraints shown arise from taking |AT| < 0.5 and assuming that ¢,/2 = ¢; = ¢ =
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Left: Approximate constraints on My and sinw in the TC2 model in the NJL approximation coming from

1; the shaded pink

region is excluded. The red solid line shows the bound arising from the operator in Eq. (A31) (red line); the blue long-dashed line
shows the bound from Eq. (A34) (blue dashed line). The dotted purple curves on the left depict contours of constant 7 from Eq. (A4);
the dashed purple curves at right are contours of constant top-Higgs mass from Eq. (A28).

To evaluate this expression, we use Eq. (A27) to rephrase 7
in terms of My, apply Eq. (A22) to eliminate F, and
approximate g? by g:? as in Eq. (A9) [neglecting the
term of order 72]:

2
vMy;
m,A?

a|AT|= |CT/|'(| |> sinwcos’w - (A35)
C

This constraint is represented by the blue long-dashed line
in Fig. 12.

Figure 12 summarizes the approximate constraints
on the sinw — My plane that arise from limits on
a|AT)| as discussed above. The pink-shaded regions are
excluded; the area above the solid red line is excluded
due to the impact of the technifermion Yukawa coupling
and the area to the left of the blue long-dashed line is
excluded by the effects of ETC gauge boson exchange.
In the left-hand panel, a few dotted curves for different
values of 1 are shown to indicate how that dimension-
less parameter varies with sinw and Myy; in the right-
hand panel, a few nearly horizontal purple contours
corresponding to several values of the top-Higgs mass
are shown.

5. Top-pion mass splitting

Finally, we consider the mass splitting between the
charged- and neutral-top pions. The leading contribution
comes from the same diagram that produces the operator in
Eq. (A29). In particular, in addition to the derivative op-
erator discussed above, these diagrams give rise to the

operators
N FPPOTEETD + Ny FA DT EDTE + ¢t DeT D), (A36)

where, using naive dimensional analysis, the parameters
A; are

Ai = ci(ng)’ (A37)
and the ¢; are parameters of order 1. Comparing the
operators in Eq. (A36) with those in the two-Higgs doublet
model (¢ transforms precisely as a Higgs, but with fixed
magnitude) we see that these terms each give rise to mass
splittings of order

M2

AM} = M3 20 % A2, (A38)

From the relations derived previously, we find

2\2
)
O]

and therefore, ignoring factors of order 1,

Mi;

sinfw
32702 costw

N : (A39)

My
6.2 TeV

—. (A40)
COS™w

AMy Oc(

)2 sinfw
My

From this we see that, for the allowed range of My, the
mass splitting between the charged-top pion and the
neutral-top pion is typically very small, and always less
than O(10%). For My, of order 200 GeV, the mass splitting
is of order 100 MeV.

Based on this analysis, it is clear that the classic TC2
dynamics does not lead to large splittings between the top
and neutral top pions. A model with a large splitting must
contain additional isospin violation, beyond the minimum
required to generate the top quark’s mass.
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FIG. 13. Loop corrections to g, and b — s7 arising from
exchange of charged top pions.

APPENDIX B: ALTERNATIVE
FERMION COUPLINGS AND
CONSTRAINTS FROM b — sy

The couplings of the top pion and top Higgs to fermions
are model dependent. In this Appendix we discuss the
relation between the assumptions about the flavor structure
that are used in this paper and the simpler form of the
fermion couplings used in Ref. [6].

The form for the light fermion masses given in Ref. [6] is

L = MDI:GL{#LoEmlﬂm + Yrip

o))

We have denoted the Dirac mass that sets the scale of the
heavy fermion masses as M. Here, €; is a parameter that
describes the degree of delocalization of the left-handed
fermions and is assumed to be universal for the light quark
generations and the leptons. All the flavor violation for the
light fermions is then encoded in the last term; the deloc-
alization parameters for the right-handed fermions, €z,
which can be adjusted to realize the masses and mixings of
the up- and down-type fermions. The mass of the top quark
arises from similar terms with a unique left-handed deloc-
alization parameter €,; and also from a unique Lagrangian
term reflecting the coupling of the top Higgs to the top
quark:

+ l_ﬁuE]z(GgR (B1)

Lop ==X 0Ptg + He (B2)

If this simple picture for the fermion masses is correct,
then top color provides mass only to the top quark while
the three-site or technicolor sector provides mass to
both the top quark and all lighter quarks. In this case,
insofar as the third-generation quarks are concerned, the
pattern of top-pion couplings is the same as the pattern of
charged-Higgs couplings in “type-II”’ two-Higgs-doublet
models [76]—with the top Higgs playing the role of the
Higgs-doublet coupling to top quark and the technicolor
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TABLE I.  Lower bound on My+ from b — sy assuming the
fermion couplings in Eq. (B3).

sinw  0.16 0.19 0.23 0.26 0.30 0.34 0.40 0.46 0.53 0.60 0.70 0.83 0.96

Ml'[,* 754 685 617 551 500 440 396 363 332 311 289 270 254
(GeV)

sector playing the role of the Higgs doublet giving mass to
the bottom.

-£yukawa = (2\/§GF)l/zzﬁi(COtwmuiVijPL
bJj
+ tanwV,]md]PR)d]H+ + H.c.
D (232G )2 [m,V,y, cotwizb;, + m,V,, cotwigs,
+ me,b tana)beR]H+ + H.c. (B3)

These couplings imply significant corrections from
charged top-pion exchange to the processes Z — bb and
b — sv, as illustrated in Fig. 13. The correction to the
process Z — bb comes predominantly from the first term
in Eq. (B3)—and is characteristic of top-color theories
[74]. As explained in Ref. [14], the top-color corrections
to Z — bb can be compensated for by an adjustment of the
top-quark delocalization parameter €,; .

The potential corrections to b — sy, however, are more
problematic. These arise from vertices involving both the
second interaction in Eq. (B3) [which is necessary since
the process involves the strange quark] and either the first
or third one. These contributions are particularly severe'®
in the case of small sinw. Translating the bounds in two-
Higgs models to the case at hand [87], we find that the
couplings of Eq. (B3) imply the stringent lower bounds on
the charged top pion shown in Table I. Charged top-pion
masses of this order, and hence neutral pion and top-Higgs
masses which are expected to be of the same order, would
be very difficult to observe at the LHC. As discussed in the
text, this constraint does not apply if left-handed mixing is
purely in the up-quark sector.

APPENDIX C: FORMULAS FOR THE TOP-HIGGS
DECAY WIDTHS

The couplings of the top Higgs, along with its decay
widths to the relevant channels WW, ZZ, 1, I1; W+, I1°Z,
IT1; TI;, and IT°I1?, were given in Ref. [15]. For complete-
ness, we reproduce the key formulas below.

For the limit setting in Sec. V, we compute the top-Higgs
production cross section with the aid of the 7 TeV LHC SM
Higgs cross sections in the gluon fusion and VBF modes
from Ref. [77]. To the extent that the narrow-width ap-
proximation is valid, we can write

'The role of B in type-II two-Higgs-doublet models is played
here by w. In two-Higgs models one often considers
tanB =~ m,/m;, > 1—while here, we are mostly interested in
tanw = f/F < 1.
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o(pp— H,— WW)
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[oge(pp — H,) + oyge(pp — H)IBR(H, = WW)

o(pp — Hgyy — WW) [04e(Pp — Hsm) + oypr(pp — Hgy) IBR(Hgy — WW)

- 5 Oge(pp — Hsy) + sinwaygp(pp — Hsw) . BR(H, — WW) €
T oo(pp — Hgy) + ovge(pp — Hsy) BR(Hgy — WW)
f
and analogously for the ZZ final state [note that BR(H,—  where
Z7)/BR(Hgyy— ZZ) =BR(H,— WW)/BR(Hgyy— WW)].
The approximation in the second line is exact insofar as
(i) the QCD corrections to Higgs production are the same Agm+n- = oSN [Mlzitcoszw -M %I,* +2M fvsinzw],
for the top Higgs and the SM Higgs and (ii) the efficiencies (C5)
of the inclusive LHC Higgs searches are the same for  Aypopo =——[M} cos’w — M3 +2M3,sin’w].
events arising from gluon fusion and VBF. USme ' '
For decays to a top pion and a gauge boson,
) For decays to top-quark pairs,
T(H, — ;W) = 2505, 67,
ot ) T(H, — f My (1 4’"%)3/2 (C6)
cos“w =)= —F"5— - .
I'(H,— 192) = WM; B2, ! 8mvlsinZew M3,
where . . .
By comparison, the width to gauge bosons is suppressed by
(Mp, + My)? (My, — My)? sin’ w:
B%El:l——’Mz :”:1—7’]‘/[2 :I (C3)
H, H,
) M3, sinfw 3
For decays to two top pions, T(H,—W*W") ﬁ T—xy [1 — X +ngvi|,
A2 - 4M3 . M3, sinfw 3
I(H,— 1) = 200 gy — —77) =t - 4242
(H, ) T6mM,, M12f1, I'(H,—Z27) Ty Vi=xz | 1—x, +4xz ,
(C4H
2o M2, €D
I'(H,— 119119 = & l=——
327TMH, MHr

where xy, = 4M3, /M3 .
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