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We consider a class of little Higgs theories with T-parity where all new particles responsible for
canceling the standard model contributions to the one-loop quadratic divergences in the Higgs potential
are odd under T-parity, including the heavy top partner which was previously taken to be T-even. The new
construction significantly simplifies the spectrum in the top sector and completely changes the phenome-
nology of the top partner. At hadron colliders the signals of this class of T-invariant models appear to be
even more similar to supersymmetry. We initiate a study on the collider phenomenology and discuss the
challenge of distinguishing this class of models from supersymmetry at the Large Hadron Collider.
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I. INTRODUCTION

In the past few years a new approach to the electroweak
symmetry breaking which is also weakly-coupled at the
TeV scale, dubbed little Higgs theories, was proposed in
Ref. [1]. In these theories the Higgs field arises as a
pseudo-Nambu-Goldstone boson (PNGB). The low energy
effective theory is described by a nonlinear sigma model
with the peculiar property that the quadratically divergent
contributions to the Higgs mass parameter are absent at one
loop. This allows the cutoff of the effective theory to be
raised to ~10 TeV without introducing fine-tunings in the
Higgs potential. A cutoff at 10 TeV, on the other hand, is
just high enough to suppress the noncalculable higher
dimensional operators at the cutoff scale [2,3] in order to
avoid the “little hierarchy problem.”

There are several different types of little Higgs theories
[4—14], as well as some examples of UV extensions above
10 TeV [15-18], and extensive phenomenological studies
have been performed [19-35]. Despite many variations,
the generic spectrum of little Higgs theories has new
scalars, new fermions, and new gauge bosons at around
1 TeV to cancel the quadratically divergent contributions to
the Higgs mass-squared which come from the standard
model particles. The contributions of these new particles
to the electroweak observables, which are calculable
within the low-energy effective theory, turn out to be quite
model-dependent. Generically tree-level corrections to the
electroweak observables would require raising the mass of
the new particles to be much higher than 1 TeV, thus
reintroducing fine-tunings in the Higgs potential [32].
However, it was realized that these tree-level contributions
can be eliminated in a systematic way in many little Higgs
models by introducing a T-parity, under which standard
model particles are even and the new heavy scalars and
gauge bosons are odd [12—14]. The leading corrections to
electroweak observables are then loop suppressed so that
models with T-parity can be made consistent with the
electroweak constraints without raising the mass of the
new particles.
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However, in the previous constructions of T-parity, the
top sector is quite complicated. There are more than one
new colored fermions at or below the TeV scale with both
even and odd T-parities. In particular the heavy top partner
which cancels the top-quark quadratic divergence is
T-even. If this assignment is inevitable, then the new top
partner can be a smoking gun in distinguishing little Higgs
theories from other scenarios such as R-parity conserving
supersymmetry (SUSY), and previous studies on the phe-
nomenology in the top sector of little Higgs theories with-
out T-parity, which rely on the single production of the
heavy top partner [29,30,35], can still be applied to models
with T-parity. In this paper we show that in fact there is a
way to implement the T-parity in the top sector such that
only one top partner is required to be < TeV and it is odd
under 7T-parity; the spectrum in the top sector is simplified.
As a result, every standard model contribution to the one-
loop quadratic divergence of the Higgs mass is canceled by
that of a new particle with the same spin but opposite
T-parity.

The introduction of T-parity has drastic effects on the
phenomenology of little Higgs theories [13,31,33,36]. The
T-odd particles have to be pair-produced in collider experi-
ments and the lightest 7-odd particle (LTP) is stable. If the
LTP is neutral, it can be a good dark matter candidate and
also gives rise to missing energy signals in colliders. Now
with the T-odd top partner, the searches for the top partner
based on single productions as well as decays into Zt, Wb
and ht [29,30] are no longer valid. The 7-odd top partners
now also need to be pair-produced and their decays to
LTP’s give rise to missing energies plus jets, similar to
the decays of top squarks in SUSY. One can see that
T-parity in little Higgs theories plays a similar role as the
R-parity in supersymmetric theories and the KK-parity in
universal extra dimensions (UEDs) [37—39]. This similar-
ity makes it a serious challenge to distinguish these sce-
narios at a hadron collider if such signals are discovered, as
the spin information of the new particles is difficult to
obtain.
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In the following we concentrate on the top sector of the
little Higgs theories. In the next section we discuss the
implementation of T-parity with a T-odd heavy top partner
for generic little Higgs theories. In Sec. III we discuss the
impact of a T-odd top partner on the electroweak correc-
tions. In Sec. IV we study the collider phenomenology of
the T-odd top partner at the Large Hadron Collider (LHC).
Then we conclude, which is followed by an appendix
exhibiting how to implement our construction in two popu-
lar examples of little Higgs theories.

II. T-ODD HEAVY TOP PARTNERS

The central idea of the little Higgs mechanism is the
“collective symmetry breaking:” no single interaction in
the Lagrangian breaks enough global symmetries under
which the Higgs particle is an exact Nambu-Goldstone
boson; only in the presence of at least two interactions
does the Higgs become a PNGB and acquire a mass term
suppressed by the product of the two coupling constants in
front of the two interactions involved. If one can make sure
that, under naive dimensional analysis [40], each coupling
comes with a loop factor, then the leading quadratic diver-
gence in the Higgs mass can only arise at the two-loop
order. In actual model-building the collective breaking is
implemented in the scalar, the gauge, and the top sector
separately, since each particle in the same representation of
a global symmetry must have the same spin. This is why
the standard model contribution in each sector is canceled
by that of a new particle with the same spin. There are
already many different types of little Higgs models in the
literature and the way to implement 7-parity in models
based on symmetric spaces has been discussed in
Refs. [12—14]. In this paper we focus on the top sector
and discuss a new and simpler way to implement the
T-parity and its phenomenological consequences.

First let us review how the collective breaking in the top
sector is achieved. To be specific, we illustrate it with
SU(3) global symmetries. A vectorlike pair of colored
Weyl fermions, U and U¢, that are singlets under SU(2)y
are introduced and couple to the Higgs scalar and the third
generation quarks g3 = (d3, u3), u§ through interactions

0
L, = A fds, us, U)V( 0 ) + M fUU +He, (1)
u§
where V = V(2) is a function of the Goldstone bosons
3 = exp(2i7/f). Under SU(2),, the Goldstone bosons are

decomposed into a Higgs doublet H, a triplet ® and a
singlet S,

2

2\ H —25//6

Each A; interaction individually preserves enough global
symmetry to keep the Higgs massless; only when both A;

Nl(q>+s/\/6 H )
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and A, are present does the Higgs acquire a mass. Here we
follow the convention in Ref. [29] to use letters u or U for
weak eigenstates and ¢ or 7 for mass eigenstates. When
expanding L, to the first order in the Higgs doublet H, we
have

L, =Mu§(fU +2Hqy) + M fUU + -+ (3)

We see that a linear combination of #§' and U¢ marries U to
become massive at ~Af, whereas the orthogonal combi-
nation remains massless and has a Yukawa coupling to the
Higgs doublet. To check the cancellation of one-loop qua-
dratic divergence explicitly, one needs to go to the qua-
dratic order in the Higgs doublet [29,35]. Writing in terms
of mass eigenstates,

Au§ — A U€
L e @)
\JAF+ A3
Aus + AU€
T=U, T¢ = 1%72, 5)
AT+ A2
the Lagrangian now becomes
A./
L, =m;TT + A\ htt + A\phT¢t — ——h2TT + - - -,
2mT
(6)
where
2A0A
= A, = A
VAT T A3
(7

V243

and £ is the neutral component in the Higgs doublet H =
(h* h)T. There are three diagrams as shown in Fig. 1 con-
tributing to the quadratic divergence of the Higgs mass and
they involve A, A7, and A%, respectively. The cancellation
among the three contributions is guaranteed by the relation

M= A2+ A2 (8)

Ar = T= 2)‘%’

The relation provides an important test of the little Higgs
mechanism.

Previous implementations of 7-parity in the top sector
simply add to the lagrangian the images of the original
interactions under 7-parity to make it 7-invariant. Because
of the hT°t interaction involved in the diagram (b) of
Fig. 1, the heavy top partner necessarily has the same
even T-parity as the top quark. In these constructions, there
are additional T-odd colored fermions introduced to avoid
large Higgs mass generated at higher loops [12-14].

Here we show that a simple modification of Eq. (1) could
make the implementation of T-parity easier, and the quad-
ratically divergent contribution to the Higgs mass from the
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FIG. 1.

top quark loop can in fact be canceled by a T-odd top
partner. We take the Lagrangian of the top sector to be

0

.E t = /\f(dg,, us, T)V( O ) + /\f(d3, us, _T)T[V]
Ua

0
X < 0 ) + H.c., C)
U,

where T[V] ~ QV1Q, Q = diag(l, 1, —1), is the T-image
of V. The two terms are simply 7T-images of each other
with U§ mapped to U{, and vice versa. Each term preserves
enough global symmetry which protects the Higgs mass
from being generated and the collective breaking is
realized.

Expanding the Lagrangian (9) to quadratic order in the
Higgs field we have

2A
£,==v@AfTTC+2AhnC—3§;JﬁTTC+-~n (10)
where
T¢ = ! (Us — UY) tc = ! (U + U9) (11)
\/z a b/ \/i a b

are odd and even under T-parity, respectively. In terms of
the parameters in Eq. (6),
my = \2Af, A =24,

Ar =0, h=4A2,

12)

One can see that the relation ensuring the cancellation of
top quadratic divergences, Eq. (8), is satisfied, and the
divergence is canceled by a vector-pair of 7-odd fermions.
Diagram (b) of Fig. 1 is now absent and the divergence is
canceled between diagrams (a) and (c). In fact, this is
similar to and inspired by how the top quadratic divergence
is canceled in the “‘simple little Higgs™ model [7].

In the above example, the one-loop quadratic divergence
is canceled by introducing an SU(2)yy singlet top partner to
complete the left-handed top-bottom doublet into a triplet.
One can easily see that it is also possible to cancel the
quadratic divergence by completing the right-handed top
quark into a triplet. In that case, the new 7-odd partner will
be an SU(2)y doublet instead. We will only consider the
singlet case for simplicity.
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Cancellation of top quadratic divergences.

We would like to emphasize that the structure of the
couplings discussed here is quite general and model-
independent. In fact, this construction can be applied to
every little Higgs theory in the literature so far. For further
demonstrations, we give explicit constructions of the new
top sectors for the popular moose model and littlest Higgs
model in the appendix.

III. ELECTROWEAK CORRECTIONS

So far we have concentrated on the top sector of the
model. It will be useful to summarize the features and
generic spectrum of little Higgs theories with T-parity
before we go on to discuss the interactions of 7-odd top
partners, which are crucial to understand the electroweak
corrections, as well as the collider phenomenology.

Generic little Higgs theories have at around 1 TeV new
particles responsible for canceling the standard model
quadratic divergences. They are a new set of heavy
SU(2) X U(1) gauge bosons (Wi, WY, By), new heavy
scalars @, which could be triplet or singlet under
SU(Q2)y, and new fermions (7€, T) that are partners of
the top quark. It is shown, in Refs. [12-14] and the
previous section, that these new particles can all be charged
under the T-parity. In addition to the new particles in-
volved in the cancellation of quadratic divergences, there
is also a vectorlike T-odd doublet partner for every stan-
dard model fermionic doublet. (We will call them the
“mirror fermions” though they are vectorlike and contain
both chiralities.) These mirror fermions serve to cut off the
contributions to the standard model four-fermion interac-
tions from the Goldstone boson loop [14,33]. The four-
lepton interactions are now strongly constrained by the
LEP II data and the mirror leptons are required to be <
2 TeV. The constraints on four-quark operators are weaker
so the mirror quarks can be much heavier. Such heavy
states may not be directly observed at the LHC, but they
may induce higher dimensional operators of the light
states, suppressed by their masses. So we include the
effects of these mirror fermions in the discussions below.

As emphasized already, the motivation for 7T-parity is to
eliminate leading order corrections to precision electro-
weak observables in little Higgs models. Without T-parity
the scale of symmetry breaking f would generally be
required to be higher than 3—4 TeV which reintroduces
fine-tunings in the Higgs potential. With T-parity the elec-
troweak corrections from 7-odd particles are only loop-
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induced. In Refs. [13,33] it is found that, in some region of
the parameter space for the SU(5)/SO(5) model, f only
needs to be larger than 500 GeV in order to satisfy the
precision electroweak measurements. The strongest con-
straints there come from corrections to the p parameter and
Z — bb vertex due to heavy gauge bosons as well as heavy
top partners, but not from the triplet scalars since they are
T-odd and not allowed to have a nonzero vacuum expec-
tation value (VEV).

In the old way of implementing collective breaking in
the top sector, the leading electroweak corrections from the
heavy top partners originate from the A; term in the
effective Lagrangian, Eq. (6), which gives a small mixing
between ¢ and T after the electroweak symmetry breaking
when the Higgs gets a VEV: (h) = v/+/2. After diagonal-
izing the mass matrix, there is the physical top quark #; and
a heavy top partner Ty [21]

thth_SLT’ TH=sLt+CLT; (13)

3 | 2
=T O m), e =1 2<J§mr> (4
The important observation at this point is that, since (T, T¢)
is a Dirac-pair of SU(2) singlets, at leading order the heavy
top partner Ty enters into precision electroweak observ-
ables only through the mixture with (7, ). Explicit calcu-
lations for the littlest Higgs theories with T-parity [13,33]
showed that the corrections to the p parameter and Z — bb
vertex from the heavy top partners are, assuming my >>

3 e m? m 1 /A\2

327 sy,cy My Ay
sglf = L A8 M o M (16)
81 87 c,,52, m%v 082 m?’

where s2, =1 — ¢2, = sin’§,, and 6, is the Weinberg
angle. Indeed, both equations above are proportional to
the mixing parameter s; .

In our new implementation of T-parity in the top sector,
there is no mixing between ¢ and 7°¢ even after electroweak
symmetry breaking since Ay = 0 in Eq. (10), and hence
s; = 0. Moreover, this result holds to all orders in f and v
as long as T-parity remains unbroken since (7, T¢) is odd
whereas (1, 1) is even. However, the T-odd top partners do
contribute to 8p and 8g%” at higher orders, which gener-
ally involve the following four type of vertices, with the
magnitude of their coefficients indicated up front,

@ (1) %{TCCDOt, T¢d* b} (17)
an (1) g%{(T&Mt)W,Oj‘, (T, b)W;i"} (18)
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2
I (qpy g%(T&MT)W(L)“ (19)

avy V) g¢'(Te,T)B; (20)

Type (I) vertices arise from expanding the top sector
Lagrangian (9) to order 1/f, after the Higgs gets a VEV
from electroweak symmetry breaking. Type (II) and (III)
vertices can come from integrating out the mirror fermions
as shown in Fig. 2(a) and 2(b), which give rises to the
interactions

(Imy — (TH' &, 7,q5)Wi}* (1)
(1)’ T H)YWH* (22)

mirr

where 7,,’s are the SU(2) generators, and m,;,, is the mass
of the mirror fermions. After electroweak symmetry break-
ing, we obtain type (II) and (III) interactions. The mass of
the top mirror fermion is parametrically of the same order
as f though it can be much heavier in practice. There are
also vertices similar to (IT) with WY, replaced by By and g
replaced by g’. Type (IV) vertex is simply the hypercharge
interaction of 7. More detailed discussions on the inter-
actions involving 7T-odd fermions can be found in the
appendix.

Let us consider the p parameter first. At one-loop order
(T, T¢) contribute to the self-energy of WY through
type (III) vertex, as shown in Fig. 3(a), and thus enters
into the p parameter

3 e?

1672 s2 2 mZ

Spy = (9( f4> 2 log ml“. (23)

my
In the above we have replaced the cutoff dependence in the
logarithm with m;,, since type (III) vertex arises from
integrating out the mirror fermions. For the littlest Higgs
model, this contribution is parametrically comparable to
the one coming from the heavy gauge bosons [13,33]

2
Sow, = — — LzAmz g s, (4
64 s2cims iy,
5]3 43 mirr T T 43 mirr 43 mirr T
T T T
| | |
| | |
| | |
| | |
Wy H H W, H

(a) (b)

FIG. 2. Generation of type (II)' and (III)’ vertices by integrat-
ing out the mirror fermions.

055001-4



TOP PARTNERS IN LITTLE HIGGS THEORIES WITH ...

PHYSICAL REVIEW D 74, 055001 (2006)

FIG. 3.
where
Am?> =m?, —m?,. = lngzsin42 (25)
Wi Wa 2 f

and A = 47f ~ 10 TeV is the cutoff of the nonlinear
sigma model. A partial cancellation is possible between
opr and Spy, as they come with opposite signs.
Therefore, the constraint from the calculable contributions
within the low-energy effective theory is expected to be
even weaker than f = 500 GeV quoted previously in the
T-invariant littlest Higgs model with a T-even top partner
[13,33]. Nevertheless, it is still desirable to keep a reason-
able hierarchy between v and f so that the cutoff A = 47 f
is high enough to suppress the unknown contributions
above the cutoff of the theory. There are also two-loop
diagrams in 6 p; which involves type (I) and (II) vertices,
two examples of which are shown in Fig. 3(b). They are not
expected to give significant contributions.

For the case of Zbb vertex, there are now one-loop
diagrams using the combinations of the interactions of
type (I)—(IV). Two such diagrams are given in Fig. 3(c).
These diagrams are suppressed by at least (v/f)? from the
vertices. Such (v/f)? suppressions are parametrically of
the same order as the s? factor in the case of a T-even top
partner. However, because the exchanged particle is now a
heavy particle such as ® or Wy, instead of W, as would be
the case for a T-even top partner, there is an additional
suppression factor of (1my /Myeuy)?* comparing to the old
expression in Eq. (16), which makes the correction to the
Zbb vertex even smaller.

Examples of diagrams contributing to p parameters and Zbb vertex.

IV. LHC PHENOMENOLOGY

In this section, we outline the collider phenomenology
of this class of little Higgs models at LHC. We will focus
on general features of the signals and leave more detailed
study for the future.

A. Decay modes

Characterization of the decay modes is crucial for iden-
tifying new physics signals. We focus our attention on the
following states

T, Ay, Wy. (26)

They are the states which are responsible for canceling the
one-loop quadratic divergence and are generically present
in little Higgs models. There should also be scalars, whose
nature is more model-dependent. These scalars cancel the
quadratic divergence from the Higgs self-coupling and in
general have small production cross sections at the LHC.
Hence they are more difficult to discover. All other states
can be pushed up to multi-TeV or higher so they may not be
relevant at the LHC. Of course, if some of the extra states
happen to be light, they can give additional signals beyond
what is discussed here.

More specifically, we will narrow our attention further
down to the decay chain of T since it has the largest
production cross sections. If Wy is involved in the decay
chain, its decay will be important as well.

We summarize various decay channels of T as follows:

(1) T can decay through T — tAy, T — tW?,, and T —

bW

(2) Since T is a singlet, it does not have direct renorma-

lizable interactions with Wy, but there can be higher
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dimensional operators such as THYWq;. After
plugging in the Higgs VEV, the coupling TW g5
is suppressed at least by v/f. This is the type (II)
vertex discussed in the previous section. As a result,
the width of T — tWY, and T — bW;; are sup-
pressed (at least) by v?/ 2. Therefore, their branch-
ing ratio will be suppressed with respect to the
dominant mode T — tAy by about

2
<§,>2“—2 ~ 10%<1 Tev>2 @7)
g f f

(3) T — bWj; with W;; — W*Ay, will produce final
states identical to T — tAy. Therefore, they are
less distinct.

4) T — tWY, with W% — hAy could be more interest-
ing. There will be more b’s in the final state. In
addition, since WY, decay predominantly to hAj,
this decay channel could be different from the typi-
cal second neutralino decay of SUSY; N, could have
sizable branching fractions to both 2N, and ZN, (in
contrast, there is no W% — ZAy decay), although
the latter is somewhat suppressed when N, is dom-
inantly B.

B. Production

We now turn to the discussion of the production of new
heavy states. Analogous to supersymmetry with exact
R-parity, all new T-odd particles in little Higgs models
will have to be pair produced. This makes their searches at
colliders more challenging. On the other hand, because of
the T-parity, there is no strong constraint from the preci-
sion electroweak data and the new particles could be much
lighter than those in models without 7-parity, which makes
them more accessible at the colliders.

Pair productions and decays of the heavy gauge bosons
will produce jets, leptons, and missing energies in the final
states, which is similar to decays of neutralino and char-
gino productions in supersymmetry. However, it would be
difficult to separate them from the standard model back-
grounds, such as WZ and WW.

In addition, the top partner is a Dirac fermion charged
under color. Therefore it should have decent production
cross sections.

(1) As shown in Fig. 4, the production cross section is

sizable. Assuming My =1TeV, and L =
100 fb~!, thousands of TT pairs could be produced
at the LHC.

(2) If the dominant decay channel is T — tAy, it will be
challenging to suppress the top background. A large
missing energy cut will be necessary and a detailed
study is needed to tell how well the signals can be
separated from the backgrounds.

(3) There could be additional decay channels with siz-
able branching fractions. In particular, the decay
mode 7 — tWY, could give us additional signatures.
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FIG. 4 (color online). Production cross sections of 7' at the
LHC as a function of its mass (solid line). For comparison, we
also plot the production cross section of 7z in SUSY.

C. Comparison with SUSY

The heavy top partner T cancels the one-loop quadratic
divergence in the Higgs potential coming from the top
quark. In this sense, its role is analogous to the top squark
in supersymmetry. More generally, it is a common feature
of models with a natural mechanism to stabilize the elec-
troweak scale to have a state with toplike quantum num-
bers. Such a state could be copiously produced at the LHC.
Its generic signature could be a set of energetic b-rich
events above the #f background.

The most important task after discovering such a state is
obviously measuring its properties. It is likely to be a
nontrivial task as we will demonstrate with our current
example.

We will compare the signatures of T with those of 7y in
SUSY. As we commented previously, if the spectrum and
the couplings of the model are such that there are several
decay channels of T, there may be some distinctive fea-
tures by examining the decay branching ratios of W}, as
compared with those of N, in supersymmetric theories.
However, such a comparison relies on assumptions about
the details of the spectrum and is not generic. Therefore,
we will focus our attention on comparing the case in which
T predominantly decays to tAy with the case in which
fr — tB.

Since fermions have very different cross sections com-
paring to bosons, they might be distinguishable from bo-
sons based on their production rate.’! However, in order to
make a meaningful comparison, one must get a handle on
the mass of new particles. One possible observable is the
average effective mass. We define the effective mass by

"We assume it is possible to separate a significant portion of
the signal from the ¢f background. It is obviously a crucial
assumption which deserves further study. Although it will not
change the qualitative feature outlined here, inclusion of the
effect of the background will certainly make such a comparison
even more difficult than what is illustrated in this study.
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FIG. 5 (color online). Comparison between T and fz. k =
my, /mr or K = mygsp/m;,.

Moy = Fr + ZIPiTI(Leading jets, # of jets = 2,

Fr =200 GeV). (28)

We use the average of the effective mass as an example of a
potential observable related to relevant mass scales in the
problem.

We plot the cross sections versus the average effective
mass in Fig. 5. We see that for a significant portion of
parameter space when there is a large separation between
mp and my,, K= mAH/mT < 0.4, these two cases are
distinguishable. The ratio « is model-dependent. For the
littlest Higgs model presented in the appendix, « =
V2/5(g'/A,) = 0.22, so it can be distinguished.

For larger «, the decay products are softer. There can be
a SUSY model giving the same values for the two observ-
ables, the total cross sections and the effective mass, so
they are not distinguishable in this strategy. Such an effect
persists even as we use other generic Pr-like observables,
which is anticipated since most of those observables only
measure mass difference. This is a general lesson for this
kind of comparison based on the total cross section in
combination with this class of observables proportional
to mass difference between the heavy toplike state and
the lightest stable neutral state. Therefore, it is difficult to
use them to completely break the degeneracy.

On the other hand, it is a degeneracy between two
specific models with very distinct mass spectra: the
SUSY model has a much lighter spectrum comparing to
the little Higgs model. Therefore, some kinematic distri-
butions, such as forward jets, or the opening angle of the
b-lepton pair might help to distinguish these two scenarios.
This requires more detailed studies in the future. Of course,
spin-correlations will also be very useful in principle to
distinguish these two scenarios [41-43], which also de-
serves further studies.
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V. CONCLUSION

In this paper we have shown that there is a class of little
Higgs models in which every new particle responsible for
canceling the one-loop quadratic divergence, including the
heavy top partner, is odd under T-parity. Such a construc-
tion largely simplifies the implementation of T-parity in
the top sector. We discussed the generic form of the top
sector Lagrangian along with a comparison with earlier
constructions. A couple of explicit examples of little Higgs
models with T-odd top partners are demonstrated in the
appendix.

The odd T-parity of the top partner completely changes
its collider phenomenology. The main phenomenological
features of such a T-odd top partner is outlined in this
paper. Because of the conserved T-parity, such states have
to be pair produced. On the other hand, for the same reason,
the top partner could be much lighter without violating the
constraints from the electroweak precision tests, and there-
fore could have a decent production rate at the LHC.

Generically, the collider signature for such a state is
similar to other TeV scale new physics models with a Z,
parity, such as low energy supersymmetry. Such a discrete
symmetry is also independently motivated by the dark
matter in the universe, which could be composed of the
lightest particle charged under this symmetry. Therefore,
this kind of model provides an interesting playground for
comparison with supersymmetry. We discuss the challenge
of distinguishing these models from supersymmetry at
hadron colliders. The parameter spaces of these two classes
of models which produce similar collider signature generi-
cally have quite different overall mass spectra. This differ-
ence points to a possible direction of distinguishing them
by using more detailed kinematic distributions. Further
detailed studies are certainly required to check the viability
of this strategy at the LHC.
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APPENDIX: EXPLICIT MODELS

In Sec. I we demonstrated using a simple toy model the
general idea of constructing a top Yukawa sector in which
the top partner is 7-odd. In this appendix we show how to
apply the general idea to the minimal moose and the
SU(5)/S0(5) littlest Higgs models with T-parity. We
will focus on implementing 7-parity in the fermionic
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sector. For T-parity invariant gauge and scalar sectors we
refer the readers to Refs. [12—14].

First we start with the minimal moose model in Ref. [4].
The model consists of two sites with four copies of SU(3)
global symmetry on each site,” broken down to the diago-
nal SU(3)’s by four link fields 3; — L;3,R, i =1,2,3,4.
Within each site an SU(2) X U(1) subgroup is weakly
gauged with equal strength, the diagonal of which remains
unbroken and is identified with the standard model
SUR)w X U(1)y. In the fermionic sector we introduce
two copies of electroweak doublet fermions, charged under
the L- and R-site, respectively,

da db
Qa= <ua>_>LiQar Qb= (”b)ﬁRin'
0 0

(AD)

Under T-parity they transform as Q, < Q,. Both Q, and
Q,, carry additional U(1) gauge charges on top of the ones
corresponding to the T generators of SU(3)’s in order to
have the correct hypercharges. The 7-even linear combi-
nation (Q, + Qp)/+/2 will be taken to be the standard
model fermions. To make the other combination massive,

we introduce a conjugate doublet transforming nonlinearly
by way of CCWZ [44,45]

dg
Qc = <u§> - U;0c,
0

(A2)

where the matrix U; nonlinearly realizes the SU(3) global
symmetry through &; — L;&;Ul = U,&RY, €2 = 3, [12—
14]. Moreover, &; — ijﬂ under T-parity, whereas the
conjugate doublet transforms as Q5 — —Q Q¢, where () =
diag(1,1, —1). We can write down the following
T-invariant Yukawa-type interactions

kf(0.6,08 — 0, Q€5 09),

where the coefficient « in general is different for different
generations. Equation (A3) gives a mass to the linear
combination Q, — QQ,, that is the T-odd Dirac-pair
Gumin = (45 (g2 — q1)/~/2). This is the mirror fermion we
refer to in Sec. III. The construction described here avoids
large contributions to the four-fermion operators [14],
which would arise from the CCWZ kinetic terms if the
standard model fermions are also realized nonlinearly as in
(A2). With the present construction, the standard model
fermions now have standard kinetic terms without involv-
ing any Goldstone bosons, hence giving no large contribu-
tions to the four-fermion operators. Although strong

(A3)

This model does not have a custodial SU(2) symmetry and
contains a large contribution to the Ap parameter in the non-
linear sigma model Lagrangian [26], which can easily be cured
by replacing SU(3) with a group which contains a custodial
SU(2) such as SO(5) [8].
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TABLE I. The U(1) charge assignments for Q,, Qp, U§, U§
fermions. Q¢ is not listed because it transforms nonlinearly. The
physical U(1)y hypercharge is the sum of the U(1) charges.

a Uq Ua Uj

u(),
U(l)b 1

sk | S

I~ &=

S Sl
(s
S~ S IS
Sl s

S
—_
S}

constraints on four-fermion operators exist only for the
light generations and the lepton sector, we use the same
construction for the top sector for consistency.

Next we consider the top sector, for which we introduce
complete SU(3) triplets of quarks,

b, by, bt
Q3a=<ta>, Q3b=<tb>’ Q§c=<t5>
U, U, U¢

(A4)

Under T-parity, Q3, < Q3, and Q5. — —QQ5.. In par-
ticular, U, < U, and US — U¢.

The mirror triplet Q5. marries a linear combination
03, — Q03;, and become massive through the interaction
in Eq. (A3). Note that there is a massive T-even state
consisting of U¢ and U, + U,. However, it can be made
very heavy without affecting the cancellation of the qua-
dratic divergence from the top loop. We assume that it is
much heavier than the 7-odd top partner discussed below.
To complete the spectrum we add two SU(2) singlets U5,
U;, with the T-parity transformation rule U < Uj, as
discussed in Sec. II. There is some freedom in the U(1)
charge assignments. One convenient choice was given in
Ref. [12] which we list here in Table I. The top Yukawa
coupling can be written as

0 0
L, = AfQ3aEI< 0 ) + AfQ3hQEIQ< 0 ) + Hec.,
Ue Ue

(AS5)

which in fact introduces mixing between the light 7T-even
and the heavy T-even fermions. This mixing can be mini-
mized by taking the mass of the heavy T-even fermions to
be around the cutoff scale ~10 TeV. In other words, the
heavy T-even fermions can be decoupled from the spec-
trum below the cutoff without affecting the cancellation of
top quadratic divergences. Alternatively, if we add addi-
tional interactions in the top sector as follows

0 0
L= N705,03,31 o |+ Nfro.3is,0f 0
Us Us

+ H.c., (A6)

then the mixing is suppressed when A’ is close to A. In fact,
the mixing is completely eliminated in the limit A’ = A,
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since when 2, = (2,) =1

0
L+ L= Af(Qs, + Q033 0
U;
0
+ Af(Q3, + Q03)3, Q| 0 | +He (A7)
U

which is reminiscent of (9). The X, field is inserted to
ensure gauge invariance. When expanding L, + L} to
quadratic order in the Higgs field which resides in X’s,
we obtain Eq. (10) with the following T-even top quarks
and T-odd top partners:

(1, 1) = ((t, + 1,) /N2, (U + U5 /\2),

(A8)
(T,7) = (U, = Up)/N2.(U; = Up)/V2).

The mass of the T-odd heavy partner plays an important
role in collider phenomenology. In this model there are two
light Higgs doublets, so the Yukawa coupling A of the top
sector depends on the ratio of the Higgs VEVs. In addition,
my,, and m,, receives contributions from VEVs of all link
fields X,; while m; does not. Therefore, the ratio between
the masses of the top partner 7 and the heavy gauge bosons
Wy, Ay is not completely fixed, but depends on model
parameters.

At this stage it is worth pointing out that to the first order
in the physical Higgs field, Eq. (A5) contains the vertex
T H g3, Which was used in Fig. 2(a) and 2(b) to obtain
the interactions (II)’ and (IIT)’ in Egs. (21) and (22) after the
mirror fermions are integrated out. On the other hand, the
kinetic terms for the fermions,

Qaa_-,u,DlllLQa + Qb&ﬂD;)LQb! (A9)
when expressed in terms of the mass eigenstates give rise
to the vertices g(¢30 ,q3mir) Wy and g'(Ta,T)B} . The
former was used again in Fig. 2(a), whereas the latter is
the type (IV) interaction in Eq. (20).

Next we turn to the littlest Higgs model which is based
on the coset space SU(5)/SO(5). The nonlinear sigma
model field has a vacuum expectation value

1
<2>520:< 1 >,
1

where 3, is a (5§ X 5) symmetric tensor under SU(5): 3, —
VIVT, VvV € SU(5). Again we introduce two copies of
fermionic doublets, embedded in incomplete SU(5) mul-
tiplets, as well as the conjugate fermions which transform
linearly only under the unbroken SO(5):

(A10)
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9a 0
0,=| 0 |—=VQ, Q,=1 0 |—=VQ,
0 . v (A11)
q¢
Oc=| x|~ UQ;
qc

where U again realizes the SU(5) symmetry nonlinearly
through 3 = €23, &€ = U VTS, = VEUT [12-14].
The action of T-parity on the fermions takes Q, < 2,0,
and Q¢ — —QOs0¢, with Qs = diag(1,1, —1,1,1). The
T-odd combination of doublets is (g, — ¢,)/+/2 and gets
a mass through

Kf(Q.EQ5 — 0,2 QsET00).

The above equation is T-invariant since & — Q5&T(s.
The T-odd massive mirror fermions are g, = (g5, (g, —
q»)/~/2), whereas the remaining fermions y° and G¢ can be
given Dirac masses by introducing additional particles
[12-14].

In the top sector we introduce additional singlets as
follows

93a 0 q%c
O, = | U, | O, = | Uy |, o5. =1 x5 |
0 q3p 95

(A13)

(A12)

As in the case with the minimal moose model, Eq. (A12)
gives a Dirac mass to the T-even singlets (x5, U, + U,).
The massless combinations are g3, + g3, and U, — U,
and have even and odd T-parity, respectively. The top
Yukawa coupling can be written as, introducing additional
singlets U < Uj under T-parity,

L, =Af€1€,(042 30U + (EOQb)iijxikyUlc;)
+ H.c,, (A14)

where > = 3,Qs31Q3 is the image of the 3 field
under T-parity. Moreover, i, j, k =1, 2,3 and x, y = 4,
5. Again we can introduce additional interactions to re-
move the mixing between the light and heavy T-even
fermions

; = %/\lfelmn Ers[(QS Qb)lzinrzizs Ug

+(Q5300,), % 20Ul + He,,  (Al5)
where 3/ = Q5305 and 3/ = 3,33 is the T-image of
3/. Moreover, [, m,n = 3,4,5and r, s = 1, 2 in the above.
After adding L/ to L, and taking A’ = A, the top quarks
and T-odd top partners have the same expression as in
Eq. (A8) and the interactions of the T-odd fermions follow
those discussed in the minimal moose model. Contrary to
the previous case, the relation between the masses of the
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T-odd gauge bosons and top partner in this simplest model
is fixed, and their masses are given by
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