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ABSTRACT: We present a class of composite Higgs models in which the particle that reg-
ulates the top quark contribution to the Higgs potential is also a weakly-interacting dark
matter candidate. This color-neutral “dark top” is related to the standard model top
quark through a large global symmetry. Because the same couplings that control the Higgs
potential also determine various dark matter cross sections, the dark top scenario is quite
predictive once the dark top mass and various quantum numbers are specified. We con-
struct two concrete examples of dark top models with plausible UV completions and study
their dark matter properties and LHC signatures.
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1. Motivation

In the standard model (SM), the radiative corrections to the Higgs boson mass parameter
are quadratically divergent. To regulate these divergences in a natural way,' the scale at
which new physics enters should not be far from the TeV scale. However, precision tests
at LEP [[] suggest that dimension six operators that contribute to electroweak parame-
ters should generically be suppressed by the multi-TeV scale. Pushing up the scale of new

'For a recent discussion see [ﬂ]



physics to accommodate the LEP constraints while simultaneously keeping the electroweak
scale fixed introduces fine-tuning in the Higgs potential, and nearly all theories of physics
beyond the standard model (BSM) exhibit some tension between experimental constraints
and naturalness. This tension is present in both supersymmetric and non-supersymmetric
theories and is often referred to as the “LEP Paradox” [ or the “Little Hierarchy Prob-
lem” .

There are two well-known techniques to ease the little hierarchy tension. Recall that
weakly coupled BSM theories generically require a partner particle for each SM field, and
these partner particles regulate the Higgs quadratic divergences [[|—[L1]. Because the largest
radiative correction comes from the top loop, one way to reduce the tension is to make the
top partner somewhat lighter than the other partner particles [[Z). A second way to ease
the tension is to introduce a Zy symmetry such as T-parity [, [ under which all new
particles are odd. The new particles then always couple to the SM in pairs, ensuring that
contributions to electroweak parameters are loop suppressed.

However, it is not clear whether both these techniques could be used simultaneously.
Exact T-parity is naively incompatible with the top partner being the lightest new state —
the lightest T-odd particle would be not only stable but also colored, and there are strong
constraints on stable colored particles.? The usual way to arrange for both a light top
partner and exact T-parity is to ensure that there is at least one T-odd color neutral particle
lighter than the top partner. In composite Higgs models, this lightest T-odd particle is
either a gauge boson partner or a pseudo-Goldstone boson (PGB), and is naturally a
weakly-interacting dark matter candidate [, [3-[g.

In this paper, we pursue a alternative possibility which is more economical in terms
of the low energy spectrum. Through a sufficiently exotic UV symmetry structure, we
arrange for the top partner to be color neutral, similar to what happens in certain twin
Higgs models [[[1, [d, Rd].> The top partner, being stable but non-colored, is then itself a
dark matter candidate. We call such a particle a “dark top”.

The dark top scenario is not only economical but also quite predictive. In a decoupling
limit where the only new particle is the dark top, the same interactions that allow the dark
top to regulate the Higgs potential will also play a role in determining the annihilation and
direct direction cross sections for this dark matter candidate. After making a set of discrete
choices regarding global symmetries and gauge quantum numbers, the main free parameter
is just the dark top mass. In realistic models, there are often non-decoupling effects that
skew the dark matter predictions, and we will consider these effects to determine the viable
parameter space. We will find that the dark top is typically a nearly pure SU(2)y singlet
or doublet and has strong couplings to the Higgs sector, and there are regions of parameter
space consistent with standard thermal freezeout as well as direct detection experiments.

The LHC signatures of the dark top are more model dependent, but one can make a few

2For a review see e.g. .
3In these twin Higgs models, there is an additional hidden SU(3) gauge group, so while the top partner

is color neutral under the standard model, it still has strong annihilation cross sections because of the
hidden color group. In the dark top scenario, the equivalent of the SU(3)¢ gauge symmetry is broken above
the dark top mass so the dark top only has weak annihilation cross sections.



generic statements. We will see that the dark top is almost always quite heavy (> myop),
so electroweak production of the dark top is not a viable discovery channel. On the other
hand, in order for the dark top to be a top partner, it must be in a multiplet with the top,
implying some kind of symmetry that relates colored and non-colored particles. In UV-
complete dark top models, there are often PGBs or heavy spin-1 resonances that transform
under this new symmetry, yielding color triplets that can decay to a top and a dark top.
If these new states are kinematically accessible at the LHC, strong pair production of the
triplets will yield two tops and two dark tops in the final state, mimicking the classic
supersymmetry signal of stop pairs decaying to two tops and two neutralinos.

The paper is organized as follows. In section B, we discuss the general low energy
couplings of a dark top, as well as the conditions that UV completions must satisfy in
order to ensure that low energy structure. We show two concrete models that lead to a
dark top in section [J and discuss possible UV completions in section fl. We analyze the dark
matter properties of the dark top in section [] and sketch the LHC signatures in section [§.
We conclude in section [f.

2. A generic dark top

In order for the dark top to regulate the top contribution to the Higgs potential, it must
be a top partner, meaning it is in some kind of multiplet with the top. Taking the dark
top to be a fermion,* the only known mechanism to have a fermion partner regulate a
fermion loop is to have the Higgs be a pseudo-Goldstone boson [B, fi, fl, [[0].% Starting with
a global symmetry G that is broken to a subgroup H near the TeV scale, the Higgs boson
is contained in a G/H nonlinear sigma field ¥ 27, g,

=W I=nr0x° (2.1)

where f is the decay constant and X® are the generators in G/H. At low energies, the
fermions effectively fill out incomplete multiplets of G, so coupling the fermions to > will
generate Yukawa couplings to the Higgs as well as a radiative potential for 3.
Generically, the potential V(X) will be quadratically sensitive to the cutoff, but in
certain classes of composite Higgs models, there can be cancellations between the top con-
tribution and the top partner contribution that lead to only logarithmic sensitivity at one
loop. In little Higgs models, these cancellations are the result of collective breaking [{, P9—
B4]. In twin Higgs models, these cancellations are the result of discrete symmetries [[[], Bj].
In generic dark top models, the symmetries that protects the Higgs are less straightfor-
ward, so not surprisingly, the robustness of the cancellation is highly dependent on the UV

41t is in principle possible to build a scalar dark top model, but to put a scalar dark top in a multiplet
with the top would require not only a colored /non-colored symmetry but also supersymmetry. For simplicity
of discussion, we will postpone the scalar case to future work, and mention only that the structure of the
“dark stop” is closely related to that of folded supersymmetry [R1.

5An alternative language is that of gauge-Higgs unification f@], where the shift symmetry that
protects the Higgs mass is related to a higher dimensional gauge symmetry. From a 4D perspective, both
descriptions are equivalent.



completion of the theory. We will postpone a discussion of concrete UV completions to
section [, and here only discuss the requirements for the cancellation to occur.

2.1 Dark top Yukawa sector

At low energies, the Lagrangian contains a Yukawa interaction with the rough form

ﬁYukawa = /\toprEQcy (2'2)

where Aiop is the top Yukawa coupling, and @ and Q¢ contain the left- and right-handed
top quark ¢ and t€, respectively. If both ) and Q¢ were in complete representations of the
symmetry group G, the Higgs would be an exact Goldstone boson as far as this coupling
is concerned, and there would be no top Yukawa interaction. For general incomplete
representations, this coupling introduces quadratically divergent contributions to the Higgs
mass. We will be interested in particular incomplete representations @ and Q€ for which
the one-loop quadratic divergence is cancelled.%
More concretely, we can expand out eq. (B.9) as

Lyukawa = /\top (qhtc + f’{ijT’ich T ) ) (23)

where T; and T} are i, j = 1,... Np vector-like partners of the top. The matrix k% is model
dependent and a function of the Higgs field h. An illustrative example is

i Y hih
Ky:5a<1_2_]02+...>, (2.4)

With this special form of the k¥ matrix and the choice Np = 3, we will see that there is a
cancellation in the one-loop quadratic divergence. This special form of the £¥ matrix can
be guaranteed by the symmetries of the non-linear sigma model at tree-level and we will
present examples of such symmetries in section [ In fact, the £ matrix in eq. (@) is
familiar from certain little Higgs models [B3, Bd], and in those contexts T is a color triplet.
However, there is no need for these partners to be colored as long as Np = 3.

The fermions T', T are dark matter candidates because they can be made odd under
an exact Zo symmetry. The spectrum of these dark tops depends on the specific form of k%,
but in all cases, the masses of the dark tops will be tied to the mass of the top, leading to

UGN c,% + O/ f2), (2.5)

Mtop

where the Higgs vev v = (h) ~ 175 GeV and ¢; is an O(1) number that is in general different
for the three T; eigenstates. By assumption f > v in composite Higgs models, so we see
that the dark tops are typically heavier than the top quark, expect when f is very close to v.

2.2 One-loop cancellation

For special forms of %, the quadratically divergent one-loop contribution to the Higgs
potential from the No = 3 species of top quarks will cancel against loops of the Np species

5Tn the explicit models presented in section E, Q@ will be an incomplete representation but Q¢ will be a
complete representation. The reason for this choice is explained in section @
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Figure 1: Schematic cancellation of the quadratic contribution to the Higgs mass at one-loop
between the No = 3 species of tops and the Np = 3 species of dark tops. Because of a large global
symmetry, the dark top interactions and the top Yukawa coupling are determined by the same
parameter A\iop. At one-loop it is not necessary for the tops and dark tops to have the same SU(3)¢
quantum numbers, allowing for the dark tops to be weakly-interacting dark matter candidates.
Whether an effective cancellation persists beyond the one-loop level depends on the details of the
UV completion.

of dark tops as in figure [l To see more explicitly why there is a cancellation, consider the
Coleman-Weinberg potential [B7] in the fermion sector about a fixed Higgs background

1 1 A’

where M = M (v) is the Dirac mass matrix of all fermions and A is the UV cutoff. The
mass matrix for the No = 3 colors of top quarks is

100
Mip = Mop(v+--) | 010 ], [MJOpMmp} = A, Neo? +-oo . (27)
001

Taking eq. (B.4) as an example, the mass matrix for the Np = 3 flavors of dark top is

9 100
Maark = Mtop <f - ;)—f +> 010 |, tr [ My Maan| = NopNp (2 =07 +--).
001
(2.8)
Summing these contributions, the quadratically divergent piece of the Coleman-Weinberg
potential is proportional to
tr [M f

total

Mmtal] — const + A2 (Ng — Np)o? + -+, (2.9)

top

so for No = Np, the divergent top contribution to the Higgs mass parameter vanishes.

In writing down the Yukawa couplings in eq. (.3), we did not need to specify the
quantum numbers of T', T¢. All three T; can be electroweak singlets, or there can be one
SU(2)r, doublet and one singlet. Depending on the quantum numbers of the dark top fields,
different choices for k% are possible. An example we will encounter in section B is

¢y 0 sy v v
K= 0¢ 0 , Cy =CO8—, Sy =sin 7 (2.10)
00 \/icv



which naturally arises if (T4,Tp) are in an SU(2); doublet and T¢ is a singlet. It is
straightforward to verify that this choice of k¥ does yield the desired Higgs vev dependence:

tr [MgarkMdark] = )\%Opf%ij/iji = )\%Opr (4012) + 812)) = const — )‘%opr)HU2 +---, (2.11)
with Nf)ﬂ = 3. There are many different choices for £ that work, and there can even be
more than three dark top fields as long as the dark top Yukawas effectively yield Nf)ﬁ =
in the Coleman-Weinberg potential.

2.3 UV considerations

From a low energy point of view, any choice of k¥ that yields Nf)ﬁ = 3 is equally valid.
However, there are constraints on UV completions that are not visible from the Coleman-
Weinberg potential alone. In a full theory, the cutoff A should really be thought of as a
matrix with different cutoffs for different fermion fields. The vanishing of tr|M|? does not
immediately imply the vanishing of tr UM ]2A2] unless one can find a UV completion for
which A? is nearly proportional to the identity matrix. Another way to say this is that if
we start with a G-symmetric coupling, then only particular ways of decoupling some of the
fields will preserve the structure of eq. (B-3) at tree-level. We will present UV completions

having this property in section [|. Also, because the top and dark top have different gauge

2

quantum numbers, one worries about a large quadratic divergence proportional to gg)\top

appearing at two-loops, but we will argue that the two-loop contribution should be of
reasonable size in concrete models.

Unlike in little Higgs theories, we will not discuss the origin of the quartic coupling
for the Higgs, and simply assert that the Higgs vev v can be much smaller than the X
decay constant f, possibly because of a small fine-tuning in the Goldstone potential. Also,
we are not introducing low energy partners for the standard model gauge bosons, which
means that the quadratically sensitive gauge boson contributions to the Higgs potential are
unregulated. In this sense, our framework is similar to that of the intermediate Higgs [BY].
In a UV-complete context, we will find that the size of the radiative contribution to the
Higgs potential scales like

[0 lgange  IFwA e (2.12)
‘5m%‘top NC)‘EOPfy

where A1 sets the scale of heavy spin-one resonances. To the extent that this ratio can
be made order one with a suitable choice for Apc, it makes sense for the top loop to be
regulated at a parametrically lower scale than the gauge loop.

The generic spectrum of the dark top scenario is shown in figure fJ. The physical Higgs
mass is comparable to the top quark mass Aiopv. The dark tops are at Aiopf and may be
accompanied by additional PGBs ¢ around (but assumed heavier than) that scale. The
remaining standard model partner particles are at the scale Arc, as well as the fields 7"
which define the cutoff A in the dark top sector. In typical composite Higgs models, the
mass of W'/Z'-like states that mix with electroweak gauge bosons have to be heavier than
around 2 TeV in order to satisfy precision electroweak tests [BY, f(]. In the dark top, these
gauge bosons appear at the scale A, but because the ratio of f to Apc is model dependent,
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Figure 2: The typical spectrum of a dark top model. For the dark top scenario to be well-defined,
v < f < Apc. The top and Higgs masses are around Aopv. The dark tops are at A¢opf, with
possible mass splittings of order Aiopf, Atop¥, OF Atopv?/f depending on the symmetry structure.
There can be additional colored PGBs ¢ around (but heavier than) Ay, f. The fields 77 around
Arc regulate the one-loop logarithmic divergent and two-loop quadratic divergent contributions to
the Higgs potential from tops and dark tops. Additional gauge boson and fermion partners are
also around Arc. We assume that Aprc ~ 4nf for our discussion, though Arc could be smaller
depending on the UV completion.

we cannot put a bound directly on f. Scaling up the ratio m,/fr ~ 6.5 from QCD gives a
rough bound f > 300 GeV, but we will not impose this constraint on f in this paper.

3. Two concrete models

Before we can discuss the dark matter properties of the dark top, we have to introduce
some concrete models. The reason is that if the relic abundance is determined by standard
thermal freezeout, then the annihilation channel 7T — WTW ™ or the coannihilation
channel TT' — W* — )/ can play a dominant role in determining the SU(2);, dark
doublet abundance. Therefore, we need concrete models to determine whether our dark
matter candidate is dominantly SU(2)y, doublet or dominantly SU(2), singlet.

Since the Higgs comes from the symmetry breaking pattern G/H, the standard model
gauge groups must be somehow embedded in G. In particular, we will gauge a subgroup
F in G, and the standard model gauge bosons will be contained in F' N H. Considering
just SU(3)¢ and SU(2), there are two broad categories of dark top models one can build,
though more exotic structures are also possible. Product group models have G = G¢ x G,
with SU(3)c € G¢ and SU(2), C Gp. Simple group models have both SU(3)¢ and SU(2) 1,
as subgroups of a single simple group G.

We will focus on one concrete example from each of these classes: a product group
example with SU(2), singlet dark matter, and a simple group example with SU(2)z, doublet
dark matter. We will then discuss why a maximal doublet/singlet mixing scenario is
disfavored by the dark top requirements. For simplicity, we will talk about a linear sigma
field ® instead of a non-linear sigma field ¥ when discussing the Yukawa couplings.



3.1 Product group example

One example of a product group dark top comes from the symmetry structure

F =SU®3)c x SU2)p,
G = SU(6)¢ x SU(3),,
H =SU(6)c x SU(2)y, (3.1)

where F' is the gauged subgroup of G, and the global symmetry breaking pattern is G/H.
SU(3)¢ is the ordinary color group, and SU(2); is the ordinary weak group. We will
temporarily turn off hypercharge” and the non-top standard model fermions for simplicity.

To break G — H, consider a linear sigma model field ® that transforms as a (1, 3) under
G and implements the breaking pattern SU(3)z/SU(2)r. This yields a pseudo-Goldstone
boson doublet and singlet in ®

0 00 Iy 10 0
o= o], m=|o00h|+—"—|010 |, (3.2)
t oot 2\/5

where (hi,ho) = h is the ordinary complex Higgs doublet, and 7 is a real singlet. Note
that in principle, 7 could have been the dark matter candidate because 7 is typically lighter
than the T; fields. However, in section {l we will gauge the generator corresponding to the n
direction in order for 1 to be eaten by a heavy gauge boson and lifted above the dark top.

Under the symmetry G, there is a @) fermion that transforms as (6,3) and a Q° that
transforms as (6,1). We can write down the Yukawa coupling

£Yukawa = Atoqu>Qc- (3'3)
Decomposing @ and Q€ as

qir q1g v 0 0 0
Q= aragan 0 0 0|, Q=(tt T THTE), (3.4)
0 0 0 TyTsTe

where r, g, b are the usual color indices, we see that eq. () reproduces precisely the
Yukawa sector of eq. (.3) with the r;; matrix of eq. (2.4). An explanation for the symme-
tries that protect the Higgs are presented in appendix [A].

By zeroing out certain components of ) and ¢, we are explicitly violating the G sym-
metry, but the UV completions we present in section f.4 will allow such breaking without
spoiling the form of eq. (). Note that we could have replaced SU(6) with just SU(3) 1 x
SU(3)¢e with a Zs interchange symmetry. The reason to consider SU(6)¢ is the possibility
of composite color triplet spin-one fields. We will return to the field content in section [.4.

"To get the right hypercharge assignment, one needs to introduce additional U(1) gauge fields, as in
refs. [@, E, @] The simplest way to think about hypercharge is to treat @, Q°, and ® as trans-
forming under U(6)c x U(3)r. In this notation, the hypercharge generator is ¥ = Y¢ + Y. where
Yo = diag(2/3,2/3,2/3,0,0,0) is a generator of U(6)c and Yz, = diag(1/2,1/2,0) is a generator of U(3)r.



In order to talk about moderate values of v/ f, it is worth keeping track of v/f correc-
tions to various physical quantities in terms of ¢, = cos % and s, = sin % Taking (h) = v,
the physical electroweak vev is

Uphysical = f3v7 (35)

so the W boson mass is gewvphysical and the top mass is AiopUphysical: The canonically
normalized physical Higgs boson hg is parametrized as

_ ho
h=v+ 7 (3.6)

In unitary gauge and only considering terms linear in hg, the @ field is parametrized as

Uphysical + %ho

vI
o= 0 . cp=4/1— ph};ml. (3.7)
f Cy — vp;z;%cal hO

As far as the dark matter properties are concerned, the key features of this product
group example is that the T; fields are electroweak singlets with degenerate tree-level masses

m; = Atopfcm (3'8)

and all three are exactly stable. The naive annihilation and direct detection cross sections
are determined only by the coupling to the physical Higgs

Lint = —/\top (S_UTTChO + wal

7 4fTTCh(2) + O(h%)) . (3.9)

In particular, the thermal relic abundance can be calculated from the diagrams T7T —
hi — WTW = )ZZ/tt and TT — hohy.

More generally, in a typical UV completion, there is no reason not to expect operators
of the form

£4fermion = %(55%) (T&HT) +oe (310)
where v is some coefficient. This operator could arise, for example, from integrating out
a heavy resonance of the composite sector, and leads to an enhancement of the 7T — tt
and TT — bb annihilation channels. We will leave v as a free parameter, though we do
not expect the magnitude of v to be smaller than 1/(47)? (the naive dimensional analysis
(NDA) [, i3] expectation if T" and T are mostly elementary) or larger than 1 (the NDA
expectation if 7" and T are mostly composite).

3.2 Simple group example

In the above example, the dark top fields were all electroweak singlets. In simple group
models, SU(2);, and SU(3)c are linked in a nontrivial way, allowing for SU(2); dou-
blet dark tops.



Consider the symmetry structure
F= SU(3)C X SU(Q)L,
G = SU(6),
H =8SU(5), (3.11)

where we have again suppressed hypercharge.® We can break G — H using a linear sigma
model field ® that transforms as a 6 of SU(6):

0 00000 ¢
0 0000 0 ¢
| 0 00000 ¢
o = M/ I = 12
¢ ol 0000 0h |’ (3.12)
0 0000 0 hy
f ol ¢} o ni n} 0

where ¢ is a complex color triplet Goldstone, h is the ordinary Higgs boson, and we have
suppressed the singlet 7 that lives in diag(1,1,1, 1,1, —5) since it will be eaten by a heavy
gauge boson in our explicit UV completions.

We take Q to be a 21 (symmetric tensor) of SU(6) and Q° to be a 6 of SU(6). The
Yukawa interactions are

EYukawa = \/iAtoinjq%'Q;a (313)
with the decomposition of () and Q°:
0 0 O q1r 492r 0 t?
0O 0 O Q1g 924 0 t;
1 0 0 0 0 t¢
V2 | air qig gy 0 0 Ty TS
Gor G2 @20 0 0 T 15
0 0 0 Ty Tp TcV?2 T¢
The factor of v/2 in front of the T term comes from canonical normalization.
Expanding out eq. (B.13), we have
C C C C C hTh
£Yukawa = /\top qht + (TA, TB)hTC + (TATA + TBTB + \/§TCTC) f - ﬁ + .
(3.15)

which yields the Yukawa structure of eq. (B-J) with the advertised £ matrix of eq. (2:17).

In appendix [A], we show how to use symmetries to understand why the Higgs mass is pro-
tected.

The spectrum in the dark top sector is now quite interesting. The mass eigenstates are

2

2
ml:AtOpfcv[l_QU—fQ—i_”']v m2:>\t0pfcv7 m3:)\t0pfcv|:\/§+\/%f2"':|v
(3.16)

8If one extends SU(6) to U(6), then hypercharge is the diag(—2/3, —2/3, —2/3,1/2,1/2,0) generator.
We will show how hypercharge works in the simple group model explicitly in section .

— 10 —



where the terms in brackets are the positive solutions to 22+2/2% = 3+s2/c2. The state m;
is mostly SU(2)z, doublet and the state m3 is mostly SU(2), singlet but they mix because
of electroweak symmetry breaking. The lightest state mq is the only exactly stable state.

It is well-known that direct detection experiments place strong bounds on SU(2)y,
doublet dark matter from Z exchange. In order to suppress this interaction, we can use the
method of inelastic dark matter [[I4]. After electroweak symmetry breaking, the coupling

ot QeaptQe

3.17
Msplit ( )

Lsplit =
gives a Majorana mass to a linear combination of T'{ and T, which splits the Z interaction
eigenstates of the lightest dark top (which is mostly T4). With a mass splitting above
1 MeV, direct detection through Z exchange will no longer be kinematically allowed.

Just like in the product group example, one expects four-fermion operators like those
in eq. (B.1(), and we will include those in the dark matter phenomenology. At minimum,
after integrating out the PGB ¢, one expects a contribution to the four-fermion operator
that gives an effective g ~ Afop( f/ m¢)2. Because the operator generated by ¢ is slightly
different from eq. (B.I(J) and because we do not expect to be able to arbitrarily decouple
¢, we will simply include the ¢ couplings when studying the dark matter properties and
choose a fiducial mass mg = 2Aop f-

While the couplings of the dark top to the Higgs are subdominant for determining the
thermal relic abundance, they are the dominant contribution to the direct detection cross
section once Z exchange is kinematically forbidden. For the lightest mass eigenstate 717,
the linear Higgs coupling is

2
£ — —Atop (@ <1 - g—;ﬂ + . > h(]Tle) . (318)

Note that this coupling is approximately a factor of 2 larger than the coupling in eq. (B.9).

Since the color triplet PGB ¢ is odd under the same Zs symmetry as the dark top, one
worries that ¢ would be the lightest Zs-odd particle. But unlike the Higgs potential, the po-
tential V' (¢) is quadratically sensitive to the cutoff. Using the Coleman-Weinberg potential

1
mi ~ —_9)\2

872 topA’zI‘Cv (319)

so for Aprc ~ 4nf, ¢ is heavier than the dark top. In realistic composite models, Arc is
not usually that large, so one needs to work harder to make sure that ¢ is not the lightest
T-odd particle. Because ¢ carries color, mg gets a quadratically sensitive mass contribution
from gluons, which allows smaller values of Ar¢ while still keeping ¢ heavier than the dark
top. To achieve much lower values of Atc would require additional contributions to mg,
for example by introducing G-violating technifermion masses.

3.3 Maximal mixing?

We saw that the product group example had pure SU(2);, singlet dark matter and the
simple group example had nearly pure SU(2); doublet dark matter. Generically, one

— 11 —



expects hybrid doublet/singlet dark matter to have “nicer” dark matter properties [,
meaning that the dark matter relic abundance is determined by thermal freezeout alone
and the dark matter particle has some measurable cross section at the LHC. Can this
“well-tempered” dark matter scenario occur in dark top models?

The answer is yes, but such a situation is disfavored for theoretical reasons. In the
SU(6)c xSU(3), product group example, the standard model SU(2) 7, gauge group could be
the diagonal combination of a SU(2) subgroup of SU(3)z and a SU(2) subgroup of SU(6)¢.
At tree level, the three T; fields will be arranged into an exactly degenerate doublet Ty, T’
and singlet T, T¢. Then one can add by hand a mixing term like

Lonix = Amix (Tdhzjg + TshTT§> (3.20)

in the low energy effective theory. Aslong as Anix is not much bigger than Apottom, then the
quadratic divergence introduced by this mixing is no worse than the quadratic divergence
from the non-top standard model fields. Because the doublet and singlet were originally
degenerate because of symmetries, eq. (B.20) will yield maximal mixing.

However, eq. (B.2() is immediately suspect because it violates the original SU(6)¢c x
SU(3)r symmetry by hand, so it is not clear what kind of UV completion would yield an
effective mixing term like this. We emphasize that the problem is not just that this is a G-
violating interaction — after all, the gauge couplings and Yukawa couplings already violate
G—but that this interaction cannot even be lifted into a G-preserving interaction through
the introduction of new fields. To generate eq. (B.2() would require the UV completion to
have additional sources of G violation that only allow Lix and do not otherwise spoil the
stability of the Higgs potential.

One might try to augment the original Yukawa coupling from eq. (.3) in some way to
yield Amix = Atop- That is, the same term that generated the top Yukawa coupling could
also generate maximal dark matter mixing. Unfortunately, in order have Apix = Atop While
still canceling the top contribution to the Higgs potential, one would need more dark top
fields. The reason is that eq. (B.2() generates the same kind of quadratic divergence as the
top Yukawa itself, so doublet/singlet maximal mixing effectively yields Np < 3. In order
to restore Np = 3 one needs more dark top fields, but if those new fields also contribute
the relic density, then the point of maximally mixing is lost. Because the goal of the dark
top was to have a dark matter particle that also regulates the Higgs potential, we disfavor
a maximal mixing scenario.

4. UV completions

While the low energy interactions of the dark top are sufficient to understand the dark
matter properties, it is important to demonstrate that UV completions do exist. As we
already mentioned in section P.3, in using the Coleman-Weinberg potential to show the
cancellation of the top and dark top contributions to the Higgs radiative potential, we
were assuming a uniform cutoff A for all of the fermion fields. For the analysis of section Ji
to be valid, we have to show that such a uniform cutoff is achievable in practice.
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Another reason to understand UV completions is that the dominant production mech-
anisms for new particles at the LHC are often pair- or associated-production of new heavy
colored particles, so we want to understand the likely spectrum of colored particles in a
dark top scenario. Eq. 2.3 contains no new colored particles, but any concrete realization of
the dark top Yukawa sector is likely (though not required) to invoke new colored particles.
We already saw the need for the color triplet PGB ¢ in the simple group example, but in
specific UV completions there are additional types of colored particles possible in both the
simple and product group examples.

4.1 Tensions with the UV

In section P.J, we argued that simply having Nf)ﬁ = 3 was insufficient to guarantee that
the top loop is properly regulated; one also needs a UV completion whose effective cutoff
matrix is diagonal. To emphasize the importance of having a valid UV completion it is
instructive to write down a model that has the correct low energy field content to be a
dark top, but cannot be UV completed in any straightforward way without destabilizing
the Higgs potential.

To anticipate the result, we note that in the decomposition of the fermion fields in
eq. (B.4) and eq. (B.14), we zeroed out components in only one of @ and Q¢ but not both.
For typical UV completions, there is an effective UV regulator scale Ag and a different UV
scale Age, and there is no reason for those scales to be the same. As long as only one of @ or
Q¢ violates the symmetries that protect the Higgs, then only one scale A enters the radiative
potential for the Higgs. However, if we get the right low energy field content by zeroing out
components of both @ and @Q°, then the radiative potential will be sensitive to both Ag
and Age, and for Ag # Age there will be large corrections to the radiative Higgs potential.

To get eq. (B-J) at low energies in an inviable model, consider the symmetry break-
ing pattern

F =SU(3)¢c x SU(2) L,
G = SU(7),
H = SU(6), (4.1)

where we are again ignoring hypercharge. The breaking of G — H can come from a linear
sigma model field ® that transforms as a 7 of SU(7). We can write ® as

(bT
¢
®p
hi |, (4.2)
ha
0 0 ¢
f oF o b bl b 't 0

where ¢ is a color triplet Goldstone, h is the ordinary Higgs boson, ¢’ is a complex singlet,

d = /S

O O O O O O
o O O O O O
o O O O o O

o O O o O
o O O O o O
O O O o o o

o O O o O

and we have suppressed the real singlet 77 that lives on the diagonal.
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Taking @ to be a 21 (anti-symmetric tensor) of SU(7) and Q€ to be a 7 of SU(7), we
can write the top Yukawa as

EYukawa = \/5/\top Qij <I>ZQ§ . (43)

The decomposition of () and Q€ is

0 0 O —q1r —Qq2r 0 0 t7c“

00 0 —qig—qzg 0 0 £

1 0 0 0 —qw —gq2 0 O ty
Q:ﬁ qQrqigqe 0 0 0 =Tx |, Q= |1T% 1|, (4.4)

Gor 929 q26 O 0 0 -Tp Tg

0O 0 0 O 0 0 —T¢ T¢

000 Ty Tp Tc 0 TS

and we see that eq. (1.) does indeed yield eq. (.3) with the ;; matrix of eq. (2:4) if we
take Th — 0.

However, the precise way in which the components of Q) and Q¢ are zeroed out affects
the cancellation of the top divergence. Imagine decoupling T by adding a vector-like
partner Tp. Then compared to eq. (R.3), the Lagrangian has the extra terms

ﬁextra = )\top(TAh]; + TBhE + mDTD)Tlc) (45)

For any non-infinite value of mp, there will be mixing between Tp and (TAhI +Tp h;) This
mixing will spoil the cancellation in eq. (£.9), because it would yield an effective N&iT < 3.
So while this SU(7) model has the right low energy field content, the radiative potential
for the Higgs is sensitive to UV details of the model.

If there were a way to decouple the zeroed out fields in @) and Q€ at exactly the same
rate, then we would find that the mixing between the low energy fields and the decoupling
vector-like partners would still yield Nle)ff = 3. The reason this is unlikely to happen is
that @ and Q€ have different quantum numbers, so it is hard to see how a UV completion
could enforce a common decoupling mass scale.” For the models in sections B.1 and B.2,
the zeroed out fields are only in @, so as long as the UV completion respects the G global
symmetry, the decoupling of the zeroed out components can be uniform and Nf)ﬂ will
indeed equal 3. The UV completions we present next respect G by construction.

4.2 Explicit AdS; construction

A natural UV context for a dark top model is a composite scenario. The models in sec-
tions B.1] and B.2 naturally fit into the framework of strong dynamics with an approximate
G global symmetry that is spontaneously broken to H at some scale Arc. A subgroup
F C G is gauged to yield the standard model gauge group in F'N H at low energies. As
shown in figure f], such composite models have approximate AdSs duals with a bulk G
gauge symmetry that is reduced to F on the UV brane and H on the IR brane [[f§—[F1], [[(].

9You could achieve a common decoupling scale if Q and Q¢ were part of a single multiplet Q in a real
representation of GG. This would allow the Yukawa coupling QQX.

— 14 —



[OAY IR

Figure 3: An AdSs construction that is holographically dual to a strongly coupled 4D field theory
with a G global symmetry. In the 4D theory, the global symmetry G is spontaneously broken to
H, which is represented in AdSs by reducing the bulk G gauge symmetry to H on the IR brane. In
the 4D theory, an F' subgroup of G is explicitly gauged, which is represented in AdSs by reducing
the bulk G gauge symmetry to F' on the UV brane. For calculational convenience, we choose to
implement the IR brane symmetry breaking through a brane-localized linear sigma field ® and the
UV brane symmetry breaking through Dirichlet boundary conditions. The top and dark top are
contained in the bulk fermions Q and Q€.

For concreteness, take the simple group example from section B.3. This model can come
from a slice of AdS5 with a bulk SU(6) gauge symmetry. For calculational purposes, it is
convenient to localize a linear sigma model ® on the IR brane to break SU(6) — SU(5).1°
The bulk gauge symmetry is reduced to the standard model gauge group on the UV brane
using boundary conditions. The fermions ) and Q€ live in the bulk as part of 5D Dirac

multiplets Q and Q€
Q c Qlc
= , = , 4.6
° (Ql> ! < Q° > o)

where we have chosen @) to be in the upper component of Q and Q¢ to be in the lower
component of Q¢ in order to use the results from [1]. We take UV/IR (—,+) boundary
conditions for the zeroed-out entries from eq. (B.14) and (+,+) boundary conditions on
the remaining components.!'’ The coupling S\Q@QC is localized on the IR brane, and A
determines the top Yukawa coupling once wave function overlaps are taken into account.
To get the correct hypercharges in the AdSs construction, extra U(1) gauge fields are
needed in the bulk , @] By choosing appropriate UV and IR boundary conditions, one
can make sure that the only U(1) zero mode is hypercharge and that there are no Zs-odd
spin-0 or spin-1 states lighter than the dark top (otherwise the dark top would not be the
dark matter candidate). In the simple group model, we can add an extra bulk U(1) x gauge
field that is unbroken on the IR brane. The full bulk SU(6) x U(1)x gauge symmetry is
reduced to
SU3)c x SU(2)r x U(1)y x U(1), (4.7)

Tn general, the PGBs in @ will mix with the (—,+) Kaluza-Klein (KK) gauge bosons, inducing wave-
function renormalization for the Higgs field. We will ignore this effect in our discussion, but it is important
to get the right numerics.

HRecall that the boundary conditions on @Q’ are the reverse of the boundary conditions on Q [@7 @]
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on the UV brane using boundary conditions. It is convenient to talk about SU(6) x U(1)x
as if it were a single U(6) group, in which case the (unnormalized) U(1)y and U(1), gen-

erators arel?

Ty = diag(—2/3,-2/3,-2/3,1/2,1/2,0), T, = diag(1/6,1/6,1/6,1/3,1/3,-7/6),
(4.8)
and the U(6) transformation properties of Q, Q€, and ® are inherited from their SU(6)
representation. The U(1), gauge boson eats the  Goldstone mentioned below eq. (B.19),
and in order for this field to be heavier than the dark top, the bulk SU(6) gauge coupling
must be large. UV brane kinetic terms can then be used to recover the standard model
gauge couplings for SU(3)c x SU(2) x U(1)y.

The simplest way to add the other standard model fermions to this construction is
to introduce additional quark and lepton multiplets in the bulk of AdS but impose UV
boundary conditions such that the only light fields are the standard model fermions. By
using sufficiently exotic U(6) representations, one can always achieve the correct Yukawa
couplings to the Higgs on the IR brane. To get smaller U(6) representations, one would need
to introduce separate up- and down-type ® fields. We will postpone a detailed discussion of
flavor to future work, but like other composite Higgs models, the physical Yukawa couplings
and mixings will be determined by a combination of the IR brane Higgs coupling and the
fermion wavefunction overlap with the IR brane [54-F7).

Because we are invoking a Zo symmetry to keep the dark top stable, one worries
whether this discrete symmetry is anomalous in the particular UV completion we have
chosen. In particular, Chern-Simons terms are usually needed in the bulk of AdSs in order
to satisfy the AdS5 anomaly matching conditions [5§]. Chern-Simons terms can violate 7-
parity in composite Higgs models, leading to the decay of the lightest T-odd particle [59, B(].
In the case of the dark top, though, the dark matter candidate is a color singlet fermion
with baryon number 1/3, so the only way for it to decay to standard model fields is if both
baryon number and the Zy symmetry are violated. Assuming baryon number violation is
sufficiently weak, the dark top will have a very long lifetime even in the presence of bulk
Chern-Simons terms.

4.3 Radiative Higgs potential

We now can check that the top contribution to the Higgs potential exhibits the desired
dark top cancellation in the AdS construction. Because the Higgs is localized on the IR
brane but the symmetries that protect the Higgs are broken only on the UV brane, the
radiative Higgs potential is finite. As shown in ref. [[{]], the one-loop radiative corrections
to the Goldstone potential from fermions can be written as

V() =20 [ DD tog (14 52 Glp) - M - Go(p) - M1 (49)

T2

where G(p) (G°(p)) are rescaled IR boundary-to-boundary propagators for Q (Q°) and
M = \® is the IR brane localized mass term for Q@ and Q°. The rescaled propagators have

12The choice of T, is ambiguous. We have chosen a generator orthogonal to Ty in order to minimize
kinetic mixing.
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dimension (mass) 2. Calling the (+, +) propagators G and G¢ and the (—, +) propagators
Gry and G§ '3 it is straightforward to expand V(@) to extract the radiative correction to
the Higgs mass. Up to numeric prefactors, the Higgs mass correction in the SU(6)/SU(5)
simple group model is

5m}% o /'p3dp 5\4[)4 (G - Gbl‘)2 (GC)2 . (410)
872 <1+;\2p2GGC) (1+;\2p2Gerc>

The main thing to notice about this result is that 57”}% starts at order A*. Because the low
energy quadratic divergence is proportional to tr|M|? which is order ;\2, we have shown
that the low energy quadratic sensitive is removed and we are left with only a logarithmic
sensitivity. As expected, 5m% — 0 when G}, — G since in that limit the Yukawa interaction
respects all the symmetries that protect the Higgs mass.

It is instructive to contrast eq. (f.1(J) with the equivalent calculation for the
SU(7)/SU(6) model in section 1. In that case,

(4.11)

52 o /p?’df X2p2; (GG, —GercA)+0(x4) '
s <1+/\2p2GGC) (1+/\2p2Gerc>

We see that this result starts at order 5\2, which signals quadratic sensitivity from the low
energy point of view. In AdS; implementations of little Higgs theories, 5m% also starts
at order A%, but in that case the numerator scales like (G — Gy, )(G° — Gf,) indicating
the presence of collective symmetry breaking [[]]. While (GG{, — G, G¢) goes to zero in
the limit that both Gy, — G and Gf, — G°, it does not go to zero in either limit alone,
and this means that eq. (f.11)) is numerically large. In appendix §, we do an equivalent
deconstructed version of the AdSs calculation to gain more insight for why the cancellation
works in the SU(6)/SU(5) model but not in the SU(7)/SU(6) model.

We have only calculated the contribution to the Higgs potential from top loops; there
are also potentially large contributions from SU(2); gauge loops. From a low energy point
of view, these are quadratically sensitive to the cutoff, but because all of the symmetries
that protect the Higgs are restored in the bulk of AdS, the effective cutoff is the mass of
the first KK mode which we denote by Apc. One can do the AdS calculation explicitly
to verify that the electroweak gauge loop is regulated at the KK mass scale, therefore the
estimate in eq. (R.19) holds for the AdS construction.

Because the dark top is color neutral, there are potentially large two-loop contributions
to the Higgs potential involving gluons and tops that have no low energy counterpart for
dark tops. This will contribute a two-loop quadratic divergence to the Higgs mass. At
higher energies, though, there are additional “dark gluons” (i.e. KK gauge bosons) that
couple to the dark tops, and because the symmetries that protect the Higgs are restored
in the AdS bulk, we know that the gluon/top loops must cancel against dark gluons/dark
top loops at sufficiently high energies. Though we have not done an explicit calculation, we

13There are no fields that use G¢, for the SU(6)/SU(5) model because all of the components of Q° have
(4, +) boundary conditions. However, Gf, is needed for the SU(7)/SU(6) model.
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expect that the two-loop quadratic divergence is cancelled at the mass of the first KK mode
and is therefore sufficiently small not to destabilize the Higgs potential. This expectation is
guided by the fact that the only operators that can differentiate between the SU(3)¢ quan-
tum numbers of the top and dark top live on the UV brane, so the two-loop result should be
suppressed by the effective size of the AdS space, which is governed by the first KK mass.

4.4 UV field content

In addition to the low energy fields from section [, there are additional KK modes in the
AdSs5 construction that may be produced at colliders. This feature is not unique to AdS,
of course; if there is a strongly interacting sector with a global symmetry G that breaks
to H at some scale Apc, there are typically effective low energy fields with masses around
Atc that transform (nonlinearly) under H [R7, B§]. For example, if the top is a composite
field then H must contain SU(3)¢, which typically yields a tower of spin-1 color adjoint
(i.e. KK gluon) modes.

The main novelty of the dark top KK spectrum compared to other composite Higgs
models is that H can have non-trivial transformation properties under SU(3)¢, allowing for
heavy spin-1 resonances that transform in the fundamental of SU(3)c and not just in the
adjoint. The reason is that the top and the dark top are related by the G global symmetry,
so there are generators in H that rotate the top into the dark top. For this rotation to
make sense, these generators must be in the 3 of SU(3)¢, allowing for spin-1 fields that
couple the top to the dark top. The only exception is if the top and dark top are connected
only by a discrete symmetry, in which case there need not be such spin-1 resonances. If
such fields exist, they must be odd under the Zo symmetry that stabilizes the dark top.

In the product group example, the SU(6)c global symmetry is unbroken at low energies,
but only an SU(3)c subgroup is gauged. Therefore, there are three color triplet spin-1
bosons X; that couple t¢ to T, namely the (—,+) KK gauge bosons. Since the T are
neutral under hypercharge, the X; must have the opposite hypercharge compared to t¢, and
this hypercharge assignment forbids X; from coupling ¢ to T;. In the simple group example,
the SU(6) global symmetry is broken to SU(5) at low energies, and an SU(3)c x SU(2)1
subgroup is gauged. Therefore, there is a (3,2); /6 X4 gauge boson that couples ¢ to
(T4, T§) and a (3,1)/3 X gauge boson that couples t° to T¢ and g to (T4, Tg).

For any of these colored X gauge bosons to be kinematically accessible at the LHC,
Arc has to be around 1 TeV, especially since the interesting X fields are Zs-odd and must
be pair-produced. However, a low value of Arc does introduce tension with the assumed
hierarchy v < f < Atc. The decay constant scales like [I{]

f~ Are, (4.12)

9p
where we are defining Arc to be the mass of the first KK modes, and g, is the perturbative
AdS expansion parameter which has the holographic interpretation of 4/ VN in a large N
CFT [p]]. Large values of g, imply a breakdown of perturbation theory on the AdS side,
so perturbativity arguments favor smaller ratios of Apc/f. In addition, if we do not want
large corrections to the Higgs potential from gauge boson loops, then eq. (R.19) prefers
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small Atc/f. On the other hand, in eq. (B.19) we needed a large ratio of Atc/f to explain
why the ¢ Goldstone was heavy enough. Also, larger values of Arc are better for reducing
the contribution to precision electroweak observables from KK modes [i{].

This tension between two different preferred limits for Apc/ f is irreducible. In studying
the dark top phenomenology, we will assume that there are moderate values of g, for
which the AdSs description is reliable, the dark top is the correct dark matter candidate,
fine-tuning is manageable, and precision electroweak tests are satisfied. For interesting
LHC signatures, one hopes that Apc is still light enough that some of the X fields are
kinematically accessible, though we emphasize that in the simple group model, the color
triplet ¢ Goldstone can still be produced even if f < Apc.

Finally, in addition to new colored Zs-odd spin-1 field, typical UV completions contain
Zs-even spin-1 fields. These Zs-even fields are found in many composite Higgs scenarios,
but their effect on the dark top sector can be particularly important, since they can generate
effective four-fermion operators like those in eq. (B.1() when they are integrated out. In AdS
constructions, the size of these four-fermion operators depend on the overlap of the fermion
and spin-1 wave functions and are therefore highly model dependent. In determining the
dark matter properties of the dark top, we will leave the size of these four-fermion operators
as a free parameter.

5. Dark matter properties

We now turn to studying the dark matter properties of dark tops. In this section, we will
calculate the dark top annihilation cross section to determine the expected thermal relic
abundance, as well as the current and future bounds placed on the dark top mass from
direct detection experiments. Both of these properties are dominantly determined by the
quantum numbers of T, T° and by the mass matrix x%, at least for UV completions which
do not give large contributions to the four-fermion operators of eq. (B.1(]). We will also
illustrate how large the UV sensitive four-fermion operators need to be in order to have an
appreciable effect on the annihilation cross section.

For each of the dark top models presented in section B}, the preferred value of the dark
top mass can be determined by requiring that the model reproduce the observed thermal
relic abundance. For this, we consider a model acceptable if it falls within the 20 range
of the five-year Wilkinson Microwave Anisotropy Probe (WMAP) results combined with
cosmological and astrophysical data, 0.1075 < Qpyh? < 0.1211 [B1]. One should keep in
mind, however, that the actual dark top mass can be different from the preferred value if
there are non-thermal production mechanisms or if the dark top does not compose all of the
dark matter. In the case of non-thermal production, there are constraints on the dark top
mass from direct detection as well as indirect detection. We will only consider direct detec-
tion constraints in this paper, though in the simple group model with a large annihilation
cross section to W, recent indirect detection studies [f9, pJ] may also be relevant.

5.1 Thermal relic abundance

Using eqs. (B.J) and (B.1() along with standard thermal relic abundance arguments, we can
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Figure 4: The dark top masses mqax that reproduce the 20 WMAP range 0.1075 < Qpyh? <
0.1211 as the physical Higgs mass myp, is varied. We only show the product group model from
section @ since the simple group model from section does not exhibit large sensitivity to mp,.
Over a wide range of Higgs masses, the preferred product group dark top mass is less than m¢qp,
violating the assumed hierarchy v < f. In figure E7 we show how UV-sensitive operators can
help increase the preferred mass range. An interesting feature of this plot is the bifurcation of the
preferred mass range above mp, = 160 GeV, coming from valid values of mga,x appearing on either
side of the Higgs resonance region 2maark ~ M, -

determine the expected dark top relic abundance as a function of the decay constant f for
each of the models in section []. We use the micrOMEGAs 2.2 [p4] package which facilitates
the calculation of tree-level annihilation cross sections and corresponding relic abundances
from CompHEP [(5]/CalcHEP [66] model files.!* For comparison with other studies, it is
convenient to translate the decay constant f into the lightest dark top mass mga using
egs. (B.§) and (B.1G). Note that f is equal to mgax to leading order in v/f. For each
model, we will show what range of mga yields the preferred WMAP value of Qpy.

For the product group model, the dark top is an SU(2) singlet and dominantly anni-
hilates through the channels TT — hohg and TT — hiy — WW/ZZ/tt with the operator

in eq. (B-9). However, these cross sections are fairly small, and as shown in figure fi, the

15

dark top is required to be quite light, with mga ~ v.*°> The reason for this is that, in

the nonrelativistic expansion ov.q ~ a + bvfd, these processes have ¢ = 0. The thermally
averaged cross section is then suppressed by a factor of xi = % ~ 2—10, where T is the

freezeout temperature. While light dark tops are not ideal — the v/f expansion breaks
down, there may be large contributions to electroweak observables from physics at the scale
A1, and there are strong direct detection constraints — we will see that this scale can

“LanHEP 3.0 [E] was also used to check the implementation of the new models.

15With such large values of v/f, the couplings of the Higgs to the standard model gauge bosons and
fermions are substantially different from an ordinary single Higgs doublet. We have accounted for this
effect in micrOMEGAs by using the ® expansion in eq. (@), and roughly speaking, the linear couplings
of the Higgs to standard model fields is suppressed by a factor of ¢, compared to the standard model
expectation.
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Figure 5: The dark top masses mqak that reproduce the 20 WMAP range 0.1075 < Qpuh? <
0.1211 as we vary the coeflicient 7 of the four-fermion operator from eq. @) The left plot has a
fixed physical Higgs mass mp, = 120 GeV and the right plot has m, = 180 GeV. For « larger than
~ .06, the UV-sensitive operators dominate over the UV-insensitive annihilation mechanisms. Note
that the large v behavior is different for the two models because there are three species of stable
dark top in the product group model but only one species of stable dark top in the simple group
model. In the simple group model, we have fixed mg = 2A¢opf, and because ¢ gives an effective
contribution to the four-fermion operators, this plot is not symmetric around v = 0. The existence
of the lower branch in the product group model is due to being in a region of parameter space
where annihilation to top quarks is no longer kinematically allowed, so the four-fermion operator
only allows annihilation to bottom quarks. Such a region badly violates the v/f expansion and is
theoretically disfavored.

easily be raised to a more acceptable value by not completely decoupling the contributions
from UV physics.

In contrast, for the simple group model, the dark top has a large SU(2) doublet com-
ponent and (co)annihilates very efficiently through the channels TT' — WW/W Z/Z Z and
TT' — W* — ) where 1) represents standard model fermions. Because there is only a
small splitting between the lightest mass eigenstates, coannihilation effects are important.
With such efficient annihilation, the preferred dark top mass is somewhat large, 980 GeV <
Maark < 1040 GeV, and potential contributions from UV physics only increase the preferred
mass range further. Because annihilations to Higgs and through Higgses are subdominant,
the preferred mass range shows very little sensitivity to the physical Higgs mass.

The effect of UV-sensitive operators are presented in figure |. We fix the Higgs mass
at two fiducial values mp, = 120 GeV and my, = 180 GeV and vary the coefficient 7 of
one potential UV-sensitive four-fermion operator

Yo —_
£4fermion = P(QJMQ)(TU,UT)) (51)

where ¢ contains both the left-handed top and bottom of the standard model, and T con-
tains the three dark top particles T4, Tz, and T¢. This operator enhances the annihilation
cross section TT — tt/bb. When the four-fermion coupling + is larger than ~ .06, the an-
nihilation in both models is dominated by the UV-sensitive operators. One thing to note
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about figure f] is that although the coupling v in both models is assumed to be the same, in
the product group model there are effectively three species of dark matter particles, whereas
in the simple group model there is only one, which explains why mga. needs to be larger
in the simple group model than the product group model to get the same relic density.

There are of course other four-fermion operators involving the dark top that may be
generated by UV physics, for example

l/(t_ca’”tc)(Ta’ T) (5.2)

Iz wt), ‘
and for operators like this that only involve right-handed tops, there is no enhanced annihi-
lation to bottom quarks. For heavy enough dark tops, the difference between the top mass
and bottom mass can be ignored and the dominant effect can be absorbed into an effective
Yeff =~ ¥'/v/2. We have also checked that the effect of all other four-fermion operators
involving dark tops and third generation quarks can be dominantly described by a suitable
choice of ~ef.

5.2 Direct detection bounds

Direct detection experiments designed to search for scattering between dark matter and
heavy nuclei give strong constraints on the allowed dark top parameter space. These
experiments constrain the interaction cross section as a function of the mass of the dark
matter, given an assumed local dark matter mass density pg and velocity vg. We will make
the standard assumptions of py ~ 0.3 GeV/cm? and vy ~ 230 & 20 km/s [§, 9], and
calculate cross sections using micrOMEGAs 2.2 [p4].

In dark top models, the direct detection cross sections are essentially determined by
the symmetries of the model, the top Yukawa coupling, and the Higgs mass. UV-sensitive
four-fermion operators do not change the cross sections appreciably. In the product group
model, the dark top scatters off protons and neutrons primarily through ¢-channel Higgs
exchange. Note that this only gives a contribution to the spin-independent cross section.
As shown in figure [, the strongest bounds on the dark top mass currently come from the
CDMS [[f(] and XENON [[1] experiments, and we find that these bounds rule out dark top
masses below ~ 350 GeV for my, = 120 GeV but impose no constraints for my, = 180 GeV.
In addition, future upgrades to these experiments should be able to probe a significantly
larger portion of parameter space.

In contrast, in the simple group model the dark top carries non-zero hypercharge, and
naively has a large coupling to the Z. As is well known, for weak scale masses this leads to
elastic cross sections with nuclei that are several orders of magnitude above present bounds,
and is strongly ruled out [f2-[4]. As discussed in section B.9, if we give a small Majorana
mass to the dark top, this splits the Majorana mass eigenstates that couple to the Z and can
make scattering through Z exchange kinematically disallowed. In particular, we consider
here adding a Majorana mass J in the range 1 MeV < § < 100 MeV, corresponding to
introducing the coupling
PTQdTQ°

) 5.3
Msplit ( )

ﬁsplit =
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Figure 6: The dark top direct detection cross section per nucleon versus the dark top mass, as
compared with the current and projected future bounds from the CDMS [[f(] and XENON ([{]]
experiments. Shown are the product group model from section @ and the simple group model
from section @, with fixed physical Higgs masses mp, = 120 GeV and mp, = 180 GeV. The limit
plots were generated using DMTools [[7].

and choosing My ~ (few — 10%) f.16 With a splitting of this size, scattering off of
nuclei again happens predominantly through Higgs exchange. However, as one can see by
comparing eqs. (B.9) and (B.1§), the linear Higgs coupling in the simple group model is
larger by a factor of 2 compared to the product group model. Because of this, the bounds
in this model are even stronger, with CDMS ruling out masses below ~ 700 GeV for
mp, = 120 GeV and below ~ 300 GeV for my, = 180 GeV. In addition, future upgrades
should be able to probe the preferred region mga ~ 1 TeV in this model.

6. LHC signatures

Just like for neutralinos in supersymmetric models, direct production of the dark tops is
a challenging discovery strategy [fd, (7. A more promising discovery mode is to produce
dark tops in cascade decays from new colored particles. We have seen that in order for
there to be a cancellation between loops of tops and dark tops, they must be in a common
multiplet of some global symmetry. In the most pessimistic scenario, the only link between
the two is a discrete symmetry, in which case there need not be new colored particles.
But if the top and dark top are linked by a continuous symmetry, then there must be a
symmetry generator that transforms like a triplet of SU(3)¢, and it is likely that there is
some field that transforms according to that generator.

16 Although it naively looks like this gives a Majorana mass § ~ oo to T¢, after diagonalizing the Dirac

.6
masses the leading contribution actually comes as § ~ FIC'I—I
split
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Figure 7: Example cascade decays in the dark top model compared to supersymmetric models.
Most dark top event topologies have supersymmetric analogs, though of course the quantum num-
bers of the two scenarios can be different. In the MSSM, the scalar color triplets ¢ carry flavor and
they cascade decay to a flavorless fermion dark matter candidate ¥°. In the simple group dark top,
the scalar color triplets ¢ do not carry flavor, but they cascade decay to a fermion dark matter can-
didate T° with third generation flavor. One potentially large difference between the dark top and
SUSY is the possible existence of Zy-odd spin-1 bosons X, as predicted in section Q While these
spin-1 fields cascade decay in much the same way as squarks, they will have different production
cross sections compared to squarks for the same value of the pole mass.

From the discussion in sections B.9 and [.4, the two likely candidates for a new color
triplet field X are pseudo-Goldstone bosons (which occurs in our simple group model) and
heavy spin-1 resonances (which occurs in both our product and simple group models). For
spin-0 X, the coupling to the dark top are determined mainly by the top Yukawa A¢op
through operators like

Espin—O ~ )\topTXtc. (61)

For spin-1 X, the coupling to the dark top are determined mainly by gauge or gauge-like
interactions such as

Espin—l ~ cht_ca'MTXM. (62)

In either case, the X is odd under the Zs symmetry that makes the dark top stable.
Depending on the details of the dark top model, X might also couple other standard
model fermions to their dark partners. We will focus on the case were there is only a dark
top, in which case the color triplets have 100% branching ratio to some kind of dark top
final state. Also, though figure [ suggests that the preferred mass range in the simple
group model would push X beyond the kinematic reach of the LHC, non-thermal dark top
production would allow for lighter X fields.

The X fields will have strong pair production cross sections pp — X X. Depending on
their SU(2);, x U(1)y quantum numbers, they will decay either as X — tT; or X — b7}
or both. If the mass difference between X and 7; is smaller than my.p, decays through a
charm may be enhanced. If the dark tops are not degenerate, then an additional decay stage
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T; — Tj+ W/Z could be visible, where the W/Z may or may not be on shell depending on
the T;/T; mass splitting. As shown in figure fl, the topologies possible in X production and
decay are similar to supersymmetric models, and the discovery strategies and challenges for
X are similar to the discovery strategies and challenges for ordinary colored top partners.
We refer the reader to refs. [f§—RH] for examples of such studies.

In fact, the spin-0 ¢ field in section B.3 will be nearly impossible to distinguish from a
supersymmetric right-handed stop g in both production and decay since both fields have
the same gauge quantum numbers.'” In particular, the coupling

Ling = )\topgquC?y Tj = (T,beE)v (6'3)

is the same as the corresponding squark-quark-higgsino ¢ rqH, vertex in the MSSM. The
roles of ¢/tr and TS/ H, in electroweak symmetry breaking are completely different, of
course, so one would like to have some handle to distinguish these two models.

Though by no means a smoking gun, one suggestive feature of the simple group
example is that the mass difference between the lightest two states is controlled by the
mass of the top:

m%—m%:mgop—i—--- . (6.4)

In SUSY with a higgsino LSP, the lightest chargino-neutralino mass splitting is determined
by higgsino-gaugino mixing and has nothing to do with the top mass. Unfortunately,
because 77 is neutral but T is charged, there is no dilepton endpoint to measure this
mass difference. On the other hand, if we pair produce X and both decay as

X — b(Tz — WhadronicT1), (6.5)
then we can in principle use the methods of refs. [B§—[BJ] to measure m3 — m2. If such a
measurement were possible, then the fact that the mass-squared difference between dark
top states is almost exactly m%op would be a strong indication of the dark top’s role in
regulating the Higgs potential.

Finally, in addition to those fields that are particular to the dark top scenario, one also
may see fields associated with generic composite Higgs scenarios, such as KK gluons [90, P1],
W'/Z" gauge bosons [0, PJ], or exotic composites [04, P§]. For color neutral fields in
particular, the LHC signatures of these states depend strongly on the implementation of
flavor, since the production cross sections will be determined by the couplings to light
quarks. Since flavor physics could have other dramatic effects — such as changing the
branching ratios of the X fields or even altering the entire structure of the dark matter
sector if there are additional dark partners — it would be worthwhile adding flavor to the
explicit constructions of section .3 to see how the LHC signatures change.

"Because ¢ and tg have different flavor quantum numbers, ¢ could have additional decay modes to
first- or second-generation quarks/dark quarks, but this assumes that these dark quarks exist and are
kinematically accessible.
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7. Conclusions

There are good reasons to expect top partners and dark matter candidates to appear at the
weak scale, and the dark top emphasizes the important role symmetries play in determining
the properties of new BSM states. While most BSM scenarios have colored top partners to
regulate the top loop, we have seen that a combination of electroweak doublets and singlets
can play the same role as long as there is an enlarged global symmetry structure. This allows
a dramatic reordering of the BSM spectrum with the dark tops being the lightest new states.

The symmetry structures of dark top models are constrained by requiring valid UV
completions. Unlike in little Higgs theories where collective symmetry breaking implied the
complete absence of quadratically sensitive terms in the Coleman-Weinberg potential, in
dark top models we can only make the weaker statement that the global symmetries allow
for (but do not require) cancellations among various quadratically sensitive pieces. The
existence of explicit AdS5 constructions is therefore an important check of the theoretical
viability of the dark top proposal.

As a dark matter candidate, the dark top faces many of the same challenges as pure sin-
glet or pure doublet dark matter models, with the added complication that the couplings of
the dark top to the Higgs are fixed by the top loop cancellation requirement. Because of the
large Higgs exchange cross section, direct detection experiments constrain the dark top to
be heavier than the top quark by a factor of 2 to 4 depending on the specific model. These
masses are consistent with thermal relic abundance calculations, though in the product
group example, one must include the contribution from UV-sensitive four-fermion opera-
tors. Amusingly, the dark top carries baryon number, so like the model in ref. ], one
could speculate about a relationship between the dark matter relic abundance and the
baryon asymmetry of the universe, though the preferred dark top masses are too large to
elegantly explain Q;/Qpu.

If new colored particles are kinematically accessible at the LHC, then dark top models
would have similar production and decay topologies to other BSM proposals, despite the
fact that ordinary colored top partners initiate cascade decays while the dark top terminates
the cascade. In the most minimal scenario with just pair production of color triplet X fields
each decaying to top and dark top, it will be quite challenging to discriminate a dark top
model from a supersymmetric model. On the other hand, depending on exactly how flavor
is implemented in realistic dark top models, there could be important observable differences
between having flavor physics at the bottom versus top of the decay chain.
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A. Dark top symmetry structures

We saw explicitly that the models presented in section [ regulate the Higgs potential, but
it is instructive to understand to how this occurs from a symmetry point of view.

The product group example of section B.1] is the easiest to understand. In that model,
Q¢ preserves the SU(3), symmetry that makes the Higgs a Goldstone boson, but @ breaks
SU(3)r. However, if we were to decompose @ as

q1r Q19 15 000
Q=192 qgq000 |, (A1)

T, Tp T-, 000
then @ would respect the SU(3);, symmetry that protected the Higgs mass. Because T/
and T; are in an SU(6)c multiplet, the radiative corrections from 7; are identical to the
radiative correction from 77, so the original decomposition of eq. (B.4) has an effective
“twisted” SU(3)r, symmetry, at least as far as the quadratically divergent one-loop correc-
tions are concerned. This kind of twisting is familiar from twin Higgs [[[1], B5] and folded

supersymmetric [21] models.

The simple group example of section B.2 works in a similar way, but the details are
more confusing because () is a symmetric tensor. Imagine there were two SU(6) symmetries
SU(6)r,r, two sets of @, two sets of Q¢, and two sets of ® with transformation properties

QL : (676)7 Qi : (176)7 Py (67 1)7 (AQ)
QR : (67 6)7 Q?% : (67 1)7 Op: (17 6) (A3)
Assuming a Zg symmetry between SU(6)z, and SU(6)r, we can write down the Yukawa
couplings
ﬁYukawa = \/iAtop [QL(I)LQE + QR(I)RQ%] . (A4)
If we decompose @; as (the subscript on the matrix applies to every field)
0 0 0000 000 qir g2r T}
0 0 0000 000 qig g29 Tp
0 0 0000 000 qip q1p TG
= 5 = 9 A5
Q q1r 919 15 00 0 Cr 0000 0 O (A-5)
Q2rq2gq2b000 000 0 O O
T, Tp T 000 I 0000 0 0/,

then there is an enhanced SU(3); symmetry that protects the Higgs mass in &7 and an
enhanced SU(3)r symmetry that protects the Higgs mass in ®r. We can “twist” that
SU(3)? symmetry by decomposing Q; as

00000 O 000 qi, gor 0

00 0 0 0 0 000 qig gag O
0O 0 0 0 0 O 000qp gp O
= 5 = A6
Qr qir ¢1g g5 0 0 0O Cr 000 0 0 Ty (A-6)
q2r 429 g2 0 0 0O 000 0 0 Tp
0 0 0 T4Tp1Ic I 000 0 0 T¢ R
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Figure 8: A two-site deconstruction of the AdSs model from figure E There are two copies of the
G global symmetry, and G; x G2 is broken to the diagonal subgroup through the linear sigma field
® 4. On the first site, an F; subgroup of GG; is gauged. On the second site, all of G5 is gauged,
but G5 is spontaneously broken to Hs through the linear sigma field ®5. The spin-0 and spin-1
spectrum of this theory matches the lowest KK modes in the AdSs construction.

If we now break the SU(6); x SU(6)r symmetry down to the diagonal, we can identify
®; with ®i and give infinite vector-like masses to the components of

U_Qil Q% - Q% (A7)

Integrating out these anti-symmetric fermion components, the Yukawa coupling in
eq. ([A4) does indeed reduce to eq. (B-I3) with the decomposition of eq. (B.14), once we
go to canonical normalization for the fields.

B. Deconstructed radiative potential

In section [L.3, we calculated the one-loop radiative Higgs potential from fermion loops in
an explicit AdSs UV completion of the dark top. We found that for the SU(6)/SU(5) sim-
ple group example from section B.J there was an effective cancellation of the top quadratic
divergence, whereas for the inviable SU(7)/SU(6) example from section [L.1] the quadratic
divergence was effectively unregulated. To understand better why this is happening, it is in-
structive to redo the calculation in a two-site deconstructed [07] version of the AdSs theory.
For simplicity, we will describe only the SU(6)/SU(5) model since the generalization
to SU(7)/SU(6) is straightforward. We will use a linear sigma model language and turn off
hypercharge. As shown in figure §, the deconstructed theory has two copies of the global
symmetry group SU(6); and SU(6)2. The linear sigma field ®4 transforms as a (6,6)
of SU(6); x SU(6)2 and breaks the symmetry to the diagonal SU(6)y. The linear sigma
field ®p transforms as a 6 of SU(6)2 and breaks SU(6)2 — SU(5)2. The standard model
SU(3)c x SU(2), subgroup of SU(6); is gauged and all of SU(6)2 is gauged. The standard
model gauge bosons are contained in the relevant generators of the diagonal SU(6)y .

In unitary gauge, the sigma fields take the form
Oy =M (Dy),  dp=M(Dp), (B.1)

where II is the uneaten Goldstone boson matrix, and the effective pion decay constant is
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f= ,/ff1 + f%,. The vevs are

<q>A> :diag(fAvavavavava)? <q)B> =

o O O O O

fB

The deconstructed theory has four fermion fields @1, Qf, @2, Q5. Under SU(6); x
SU(6)2, they transform as

le (671)7 Q(.{ (2171)7 Q2: (17 1)7 Qg (176)' (B3)

Note that ()2 and Q)5 are in the same representations as the original () and Q¢ in the low
energy theory. These representations allow the following Yukawa couplings

m m

Lyvuiawa = f;czm@% 7 Q5,01 Q2 + V2 iop Q2P 5QS, (B.4)
A

where ® 4 appears twice in the second term because ()2 and Q) are symmetric tensors.
We take Q2 and Q5 to be complete multiplets of SU(6)2, while Q1 and Qf are incomplete
multiplets of SU(6); with the opposite components zeroed out compared to eq. (B.14)). This
way we recover the same fermion content as the low energy models in the m, m. — oo limit.
In the SU(6)/SU(5) model, all of the components of ()1 are zeroed out, but we keep @7 in
the analysis since the SU(7)/SU(6) analog has one non-zero component. Because we are
using only a two-site model, there is no fermion mixing, so Aip is the physical top Yukawa.

It is now straightforward to use the ordinary Coleman-Weinberg potential from eq. (R.4)
to calculate the one-loop contribution to the fermion masses. Ignoring numerical coefficients
and working in the limit that f < m,m., the radiative Higgs mass is proportional to

SU(6)/SU(5) : smj, o Al f? log iy (B.5)
m

We see that the Higgs mass depends quadratically on f but only logarithmically on the

“cutoftf” m, showing that the low energy quadratic divergence is indeed cancelled. Note that

only m and not m¢ appears in the theory, since ()1 does not contribute at all to the potential.

We can do the same calculation in the SU(7)/SU(6) model, and the leading term is

SU(7)/SU(6) : omi o )\fop [mz log % —m?log % , (B.6)
where A is the explicit cutoff from the Coleman-Weinberg potential, and corresponds
roughly to the mass of the second KK mode in AdS space. There is also a subleading
term that has the same form as eq. (@) If m = m®, then the leading term cancels,
leaving only the subleading contribution. However, there is no reason to expect m and m¢

to be the same since there is no symmetry relating them. On the other hand, the masses
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of the first KK modes in AdS space are not that different for different fermion species, so
it makes sense to expand in m¢ — m = édm. The leading term from this expansion is

SU(7)/SU(6) (small om) : omi o )\fopm dmlog %, (B.7)

so instead of quadratic growth in m there is only linear growth. Still, in typical AdS
constructions m dm is larger than f2, so the top quadratic divergence is better regulated
in the SU(6)/SU(5) model compared to the SU(7)/SU(6) model.

References

[1] G.F. Giudice, Naturally speaking: the naturalness criterion and physics at the LHC,
rXiv:0801.2569

[2] ALEPH collaboration, Precision electroweak measurements on the Z resonance, |Phys. Rept

427 (2006) 257 [hep-ex/0509008].

=)

R. Barbieri and A. Strumia, The 'LEP paradoz’, hep—ph/0007265.
H.-C. Cheng and I. Low, TeV symmetry and the little hierarchy problem, JHEP 09 (2003)

=

051 [hep-ph/0308199]; Little hierarchy, little Higgses and a little symmetry, JHEP 08 (2004)
061 [hep-ph/0405243].

[5] S. Dimopoulos and H. Georgi, Softly broken supersymmetry and SU(5), [Nucl. Phys. B 193

(1981) 15(.

[6] D.B. Kaplan and H. Georgi, SU(2) x U(1) breaking by vacuum misalignment,

136 (1984) 183.

[7] D.B. Kaplan, H. Georgi and S. Dimopoulos, Composite Higgs scalars, |Phys. Lett. B 136

(1984) 181.

[8] N. Arkani-Hamed, H.-C. Cheng, B.A. Dobrescu and L.J. Hall, Self-breaking of the standard
model gauge symmetry, Phys. Rev. D 62 (2000) 096004 [hep-ph/0006234].

[9] N. Arkani-Hamed, A.G. Cohen and H. Georgi, Electroweak symmetry breaking from
dimensional deconstruction, |[Phys. Lett. B 513 (2001) 232 [hep-ph/0105239].

[10] R. Contino, Y. Nomura and A. Pomarol, Higgs as a holographic pseudo-Goldstone boson,
[Nucl. Phys. B 671 (2003) 148 [hep-ph/0306259].

[11] Z. Chacko, H.-S. Goh and R. Harnik, The twin Higgs: natural electroweak breaking from
mirror symmetry, [Phys. Rev. Lett. 96 (2006) 231802 [hep-ph/050625§].

[12] A.G. Cohen, D.B. Kaplan and A.E. Nelson, The more minimal supersymmetric standard
model, |[Phys. Lett. B 388 (1996) 588 [hep-ph/9607394].

[13] I. Low, T parity and the littlest Higgs, |JHEP 10 (2004) 067 [hep-ph/0409024].

[14] M.L. Perl et al., The search for stable, massive, elementary particles, |Int. J. Mod. Phys. Al

16 (2001) 2137 [hep-ex/0102033].

[15] A. Birkedal-Hansen and J.G. Wacker, Scalar dark matter from theory space, |[Phys. Rev. D 69

(2004) 065029 [hep-ph/0306161]].

[16] J. Hubisz and P. Meade, Phenomenology of the littlest Higgs with T-parity, |Phys. Rev. D 71|

(2005) 035016 [hep-ph/0411264)].

— 30 —


http://arxiv.org/abs/0801.2562
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRPLC%2C427%2C257
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRPLC%2C427%2C257
http://arxiv.org/abs/hep-ex/0509008
http://arxiv.org/abs/hep-ph/0007265
http://jhep.sissa.it/stdsearch?paper=09%282003%29051
http://jhep.sissa.it/stdsearch?paper=09%282003%29051
http://arxiv.org/abs/hep-ph/0308199
http://jhep.sissa.it/stdsearch?paper=08%282004%29061
http://jhep.sissa.it/stdsearch?paper=08%282004%29061
http://arxiv.org/abs/hep-ph/0405243
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB193%2C150
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB193%2C150
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB136%2C183
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB136%2C183
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB136%2C187
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB136%2C187
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD62%2C096006
http://arxiv.org/abs/hep-ph/0006238
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB513%2C232
http://arxiv.org/abs/hep-ph/0105239
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB671%2C148
http://arxiv.org/abs/hep-ph/0306259
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C96%2C231802
http://arxiv.org/abs/hep-ph/0506256
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB388%2C588
http://arxiv.org/abs/hep-ph/9607394
http://jhep.sissa.it/stdsearch?paper=10%282004%29067
http://arxiv.org/abs/hep-ph/0409025
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=IMPAE%2CA16%2C2137
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=IMPAE%2CA16%2C2137
http://arxiv.org/abs/hep-ex/0102033
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD69%2C065022
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD69%2C065022
http://arxiv.org/abs/hep-ph/0306161
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD71%2C035016
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD71%2C035016
http://arxiv.org/abs/hep-ph/0411264

[17]
[18]

A. Martin, Dark matter in the simplest little Higgs model, hep—ph/0602206|.

A. Birkedal, A. Noble, M. Perelstein and A. Spray, Little Higgs dark matter, |Phys. Rev. D T4

(2006) 035009 [hep-ph/0603077).

[19]

[20]

[21]

22]

R. Barbieri, T. Gregoire and L.J. Hall, Mirror world at the Large Hadron Collider,
hep-ph/0509242.

Z. Chacko, Y. Nomura, M. Papucci and G. Perez, Natural little hierarchy from a partially
Goldstone twin Higgs, JHEP 01 (2006) 126| lhep-ph/0510273].

G. Burdman, Z. Chacko, H.-S. Goh and R. Harnik, Folded supersymmetry and the LEP
paradoz, JHEP 02 (2007) 009 [hep-ph/0609157].

D.B. Fairlie, Higgs’ fields and the determination of the Weinberg angle, |[Phys. Lett. B 82

(1979) 97

23]
[24]

D.B. Fairlie, Two consistent calculations of the Weinberg angle, |J. Phys. G 5 (1979) L55|
N.S. Manton, A new siz-dimensional approach to the Weinberg-Salam model,

158 (1979) 141].

[25]

Y. Hosotani, Dynamical mass generation by compact extra dimensions, |Phys. Lett. B 126

(1983) 309.

[26]

Y. Hosotani, Dynamics of nonintegrable phases and gauge symmetry breaking,

(NY) 190 (1989) 234.

[27]

S.R. Coleman, J. Wess and B. Zumino, Structure of phenomenological Lagrangians. 1,

Rev. 177 (1969) 2239.

[28]

[29]

[30]

C.G. Callan Jr., S.R. Coleman, J. Wess and B. Zumino, Structure of phenomenological
Lagrangians. 2, |[Phys. Rev. 177 (1969) 2247.

N. Arkani-Hamed et al., The minimal moose for a little Higgs, JHEP 08 (2002) 021
[hep-ph/020602(].

N. Arkani-Hamed, A.G. Cohen, E. Katz and A.E. Nelson, The littlest Higgs, UHEP 07 (2002)

034 [hep-ph/0206021]].

[31]

32]

33]

[34]
[35]

I. Low, W. Skiba and D. Tucker-Smith, Little Higgses from an antisymmetric condensate,
[Phys. Rev. D 66 (2002) 07200]] [hep-ph/0207243].

S. Chang and J.G. Wacker, Little Higgs and custodial SU(2), [Phys. Rev. D 69 (2004) 035003
[hep-ph/0303001].

D.E. Kaplan and M. Schmaltz, The little Higgs from a simple group, [JHEP 10 (2003) 039
[hep—-ph/0302049).

M. Schmaltz, The simplest little Higgs, JHEP 08 (2004) 056 [hep—ph/0407143).

Z. Chacko, H.-S. Goh and R. Harnik, A twin Higgs model from left-right symmetry, JHEP O

(2006) 10 [hep-ph/0512089].

[36]

37]

H.-C. Cheng, I. Low and L.-T. Wang, Top partners in little Higgs theories with T-parity,
[Phys. Rev. D 74 (2006) 055001| [hep-ph/051022§].

S.R. Coleman and E.J. Weinberg, Radiative corrections as the origin of spontaneous
symmetry breaking, [Phys. Rev. D 7 (1973) 188§.

— 31 —


http://arxiv.org/abs/hep-ph/0602206
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD74%2C035002
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD74%2C035002
http://arxiv.org/abs/hep-ph/0603077
http://arxiv.org/abs/hep-ph/0509242
http://jhep.sissa.it/stdsearch?paper=01%282006%29126
http://arxiv.org/abs/hep-ph/0510273
http://jhep.sissa.it/stdsearch?paper=02%282007%29009
http://arxiv.org/abs/hep-ph/0609152
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB82%2C97
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB82%2C97
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JPHGB%2CG5%2CL55
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB158%2C141
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB158%2C141
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB126%2C309
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB126%2C309
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=APNYA%2C190%2C233
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=APNYA%2C190%2C233
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2C177%2C2239
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2C177%2C2239
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2C177%2C2247
http://jhep.sissa.it/stdsearch?paper=08%282002%29021
http://arxiv.org/abs/hep-ph/0206020
http://jhep.sissa.it/stdsearch?paper=07%282002%29034
http://jhep.sissa.it/stdsearch?paper=07%282002%29034
http://arxiv.org/abs/hep-ph/0206021
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD66%2C072001
http://arxiv.org/abs/hep-ph/0207243
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD69%2C035002
http://arxiv.org/abs/hep-ph/0303001
http://jhep.sissa.it/stdsearch?paper=10%282003%29039
http://arxiv.org/abs/hep-ph/0302049
http://jhep.sissa.it/stdsearch?paper=08%282004%29056
http://arxiv.org/abs/hep-ph/0407143
http://jhep.sissa.it/stdsearch?paper=01%282006%29108
http://jhep.sissa.it/stdsearch?paper=01%282006%29108
http://arxiv.org/abs/hep-ph/0512088
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD74%2C055001
http://arxiv.org/abs/hep-ph/0510225
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD7%2C1888

[38] E. Katz, A.E. Nelson and D.G.E. Walker, The intermediate Higgs, [JHEP 08 (2005) 074
[hep-ph/0504257).

[39] C. Cséki, J. Hubisz, G.D. Kribs, P. Meade and J. Terning, Big corrections from a little Higgs,
[Phys. Rev. D 67 (2003) 115002 [hep-ph/0211124].

[40] K. Agashe and R. Contino, The minimal composite Higgs model and electroweak precision
tests, [INucl. Phys. B 742 (2006) 59 [hep-ph/0510164].

[41] J. Thaler and 1. Yavin, The littlest Higgs in anti-de Sitter space, JHEP 08 (2005) 023
[hep-ph/0501036].

[42] A. Manohar and H. Georgi, Chiral quarks and the nonrelativistic quark model,

234 (1984) 189

[43] H. Georgi and L. Randall, Flavor conserving CP-violation in invisible azion models,

Phys. B 276 (1986) 241.

[44] D. Tucker-Smith and N. Weiner, Inelastic dark matter, |Phys. Rev. D 64 (2001) 043502
[hep-ph/0101139].

[45] N. Arkani-Hamed, A. Delgado and G.F. Giudice, The well-tempered neutralino,

B 741 (2006) 10§ [hep-ph/0601041].

[46] J.M. Maldacena, The large-N limit of superconformal field theories and supergravity,

Theor. Math. Phys. 2 (1998) 231| [IInt. J. Theor. Phys. 38 (1999) 1113 [hep-th/971120].

[47] S.S. Gubser, L.R. Klebanov and A.M. Polyakov, Gauge theory correlators from non-critical
string theory, [Phys. Lett. B 428 (1998) 105 [hep-th/9802109.

[48] E. Witten, Anti-de Sitter space and holography, |Adv. Theor. Math. Phys. 2 (1998) 253
[hep-th/980215(].

[49] L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension,

Rev. Lett. 83 (1999) 337(] [hep-ph/9905221].

[50] N. Arkani-Hamed, M. Porrati and L. Randall, Holography and phenomenology, JYHEP 08

(2001) 017 [hep-th/0012149].

[61] R. Rattazzi and A. Zaffaroni, Comments on the holographic picture of the Randall-Sundrum
model, [JHEP 04 (2001) 021| [hep-th/001224§].

[52] M. Henningson and K. Sfetsos, Spinors and the AdS/CFT correspondence, |Phys. Lett. B 431

(1998) 69 [hep-th/9803251).

[63] W. Mueck and K.S. Viswanathan, Conformal field theory correlators from classical field
theory on anti-de Sitter space. II: vector and spinor fields, [Phys. Rev. D 58 (1998) 106004
[hep-th/980514§].

[54] Y. Grossman and M. Neubert, Neutrino masses and mizings in non-factorizable geometry,
[Phys. Lett. B 474 (2000) 361| [hep—ph/991240§].

[65] T. Gherghetta and A. Pomarol, Bulk fields and supersymmetry in a slice of AdS,

B 586 (2000) 141| [hep-ph/0003129.

[56] S.J. Huber and Q. Shafi, Fermion masses, mizings and proton decay in a Randall-Sundrum
model, [Phys. Lett. B 498 (2001) 256 [hep—-ph/0010195].

— 32 —


http://jhep.sissa.it/stdsearch?paper=08%282005%29074
http://arxiv.org/abs/hep-ph/0504252
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD67%2C115002
http://arxiv.org/abs/hep-ph/0211124
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB742%2C59
http://arxiv.org/abs/hep-ph/0510164
http://jhep.sissa.it/stdsearch?paper=08%282005%29022
http://arxiv.org/abs/hep-ph/0501036
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB234%2C189
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB234%2C189
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB276%2C241
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB276%2C241
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD64%2C043502
http://arxiv.org/abs/hep-ph/0101138
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB741%2C108
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB741%2C108
http://arxiv.org/abs/hep-ph/0601041
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=00203%2C2%2C231
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=00203%2C2%2C231
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=IJTPB%2C38%2C1113
http://arxiv.org/abs/hep-th/9711200
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB428%2C105
http://arxiv.org/abs/hep-th/9802109
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=00203%2C2%2C253
http://arxiv.org/abs/hep-th/9802150
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C83%2C3370
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C83%2C3370
http://arxiv.org/abs/hep-ph/9905221
http://jhep.sissa.it/stdsearch?paper=08%282001%29017
http://jhep.sissa.it/stdsearch?paper=08%282001%29017
http://arxiv.org/abs/hep-th/0012148
http://jhep.sissa.it/stdsearch?paper=04%282001%29021
http://arxiv.org/abs/hep-th/0012248
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB431%2C63
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB431%2C63
http://arxiv.org/abs/hep-th/9803251
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD58%2C106006
http://arxiv.org/abs/hep-th/9805145
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB474%2C361
http://arxiv.org/abs/hep-ph/9912408
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB586%2C141
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB586%2C141
http://arxiv.org/abs/hep-ph/0003129
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB498%2C256
http://arxiv.org/abs/hep-ph/0010195

[57]

[58]

[59]

S.J. Huber, Flavor violation and warped geometry, [Nucl. Phys. B 666 (2003) 269
[hep-ph/0303183.

C.G. Callan Jr. and J.A. Harvey, Anomalies and fermion zero modes on strings and domain

walls, INucl. Phys. B 250 (1985) 427.
C.T. Hill and R.J. Hill, Topological physics of little Higgs bosons, |Phys. Rev. D 75 (2007)

115009 [hep-ph/0701044].

[60]

[61]

[62]

[63]

[64]

C.T. Hill and R.J. Hill, T~ parity violation by anomalies, [Phys. Rev. D 76 (2007) 115014
[erXiv:0705.0697).

WMAP collaboration, E. Komatsu et al., Five-year Wilkinson Microwave Anisotropy Probe
(WMAP1) observations: cosmological interpretation, prXiv:0803.0547.

P. Grajek, G. Kane, D.J. Phalen, A. Pierce and S. Watson, Neutralino dark matter from
indirect detection revisited, prXiv:0807.1508§.

M. Nagai and K. Nakayama, Direct/indirect detection signatures of non-thermally produced
dark matter, |Phys. Rev. D 78 (2008) 06354( [prXiv:0807.1634)].

G. Bélanger, F. Boudjema, A. Pukhov and A. Semenov, MicrOMEGAs2.0: a program to
calculate the relic density of dark matter in a generic model, |Comput. Phys. Commun. 174

(2007) 361 [hep-ph/0607059]; Dark matter direct detection rate in a generic model with

[65]

[66]

[67]

[68]

[69]

micrOMEGAs2.1, prXiv:0803.2360.

CoMPHEP collaboration, E. Boos et al., CompHEP 4.4: automatic computations from
Lagrangians to events, [Nucl. Instrum. Meth. A534 (2004) 25( [hep-ph/0403119].

A. Pukhov, CalcHEP 3.2: mSSM, structure functions, event generation, batchs and
generation of matriz elements for other packages, hep-ph/0412191|.

A. Semenov, LanHEP — a package for the automatic generation of Feynman rules in field
theory. Version 3.0, prXiv:0805.0554.

M. Kamionkowski and A. Kinkhabwala, Galactic halo models and particle dark matter
detection, |Phys. Rev. D 57 (1998) 3256 [hep—ph/9710337).

PARTICLE DATA GROUP collaboration, C. Amsler et al., Review of particle physics,

Lett. B 667 (2008) 1.

[70]

[71]

[72]

CDMS collaboration, Z. Ahmed et al., A search for WIMPs with the first five-tower data
from CDMS, prXiv:0802.353(.

XENON collaboration, J. Angle et al., First results from the XENON10 dark matter
experiment at the Gran Sasso National Laboratory, |Phys. Rev. Lett. 100 (2008) 021303
[erXiv:0706.0039].

M.W. Goodman and E. Witten, Detectability of certain dark-matter candidates,

D 31 (1935) 3059

[73]

[74]

[75]

M. Cirelli, N. Fornengo and A. Strumia, Minimal dark matter, [Nucl. Phys. B 753 (2006) 17§
[hep-ph/0512094].

R. Essig, Direct detection of non-chiral dark matter, |Phys. Rev. D 78 (2008) 015004
erXiv:0710.1669].

R. Gaitskell, V. Mandic and J. Filippini, The dark matter community website,
lhttp://dmtools.brown.edu/|.

— 33 —


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB666%2C269
http://arxiv.org/abs/hep-ph/0303183
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB250%2C427
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD75%2C115009
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD75%2C115009
http://arxiv.org/abs/hep-ph/0701044
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD76%2C115014
http://arxiv.org/abs/0705.0697
http://arxiv.org/abs/0803.0547
http://arxiv.org/abs/0807.1508
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD78%2C063540
http://arxiv.org/abs/0807.1634
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CPHCB%2C176%2C367
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CPHCB%2C176%2C367
http://arxiv.org/abs/hep-ph/0607059
http://arxiv.org/abs/0803.2360
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUIMA%2CA534%2C250
http://arxiv.org/abs/hep-ph/0403113
http://arxiv.org/abs/hep-ph/0412191
http://arxiv.org/abs/0805.0555
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD57%2C3256
http://arxiv.org/abs/hep-ph/9710337
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB667%2C1
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB667%2C1
http://arxiv.org/abs/0802.3530
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C100%2C021303
http://arxiv.org/abs/0706.0039
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD31%2C3059
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD31%2C3059
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB753%2C178
http://arxiv.org/abs/hep-ph/0512090
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD78%2C015004
http://arxiv.org/abs/0710.1668
http://dmtools.brown.edu/

[76]

[77]

[78]

[79]

ATLAS collaboration, ATLAS: detector and physics performance technical design report.
Volume 1, CERN-LHCC-99-14 [ATLAS-TDR-14]; ATLAS detector and physics performance.

Technical design report. Vol. 2, CERN-LHCC-99-1j [ETLAS—TDR—IH.

CMS collaboration, G.L. Bayatian et al., CMS technical design report V.1.,
[CERN-LHCC-2006-001); CMS techinical design report V.2., |J._Phys. G 34 (2007) 994

[CERN-LHCC-2006-021]).

H.-C. Cheng, I. Low and L.-T. Wang, Top partners in little Higgs theories with T-parity,
[Phys. Rev. D 74 (2006) 055001 [nep-ph/051022§].

P. Meade and M. Reece, Top partners at the LHC: spin and mass measurement,

D 74 (2006) 015010 [hep-ph/0601124].

[80]

M.S. Carena, J. Hubisz, M. Perelstein and P. Verdier, Collider signature of T-quarks,

Rev. D 75 (2007) 091701 [hep-ph/0610154].

[81]

[82]

[83]

[84]

[85]

[36]

[87]

A. Freitas and D. Wyler, Phenomenology of mirror fermions in the littlest Higgs model with
T-parity, UHEP 11 (2006) 061| [hep-ph/0609103).

A. Belyaev, C.-R. Chen, K. Tobe and C.P. Yuan, Phenomenology of littlest Higgs model with
T-parity: including effects of T-odd fermions, [Phys. Rev. D 74 (2006) 11502(]
[hep-ph/0609179].

S. Matsumoto, M.M. Nojiri and D. Nomura, Hunting for the top partner in the littlest Higgs
model with T-parity at the LHC, [Phys. Rev. D 75 (2007) 055006 [hep-ph/0612249].

M.M. Nojiri and M. Takeuchi, Study of the top reconstruction in top-partner events at the
LHC, [JHEP 10 (2008) 025 [hrXiv:0802.4144).

T. Han, R. Mahbubani, D.G.E. Walker and L.-T. Wang, Top quark pair plus large missing
energy at the LHC, prXiv:0803.382(.

H.-C. Cheng, J.F. Gunion, Z. Han, G. Marandella and B. McElrath, Mass determination in
SUSY-like events with missing energy, JHEP 12 (2007) 076 [prXiv:0707.003(].

W.S. Cho, K. Choi, Y.G. Kim and C.B. Park, Gluino stransverse mass, |Phys. Rev. Lett. 100

(2008) 171801 farXiv:0709.0289)].

[38]

[89]

[90]

A.J. Barr, B. Gripaios and C.G. Lester, Weighing wimps with kinks at colliders: invisible
particle mass measurements from endpoints, JHEP 02 (2008) 014 [arXiv:0711.4004].

W.S. Cho, K. Choi, Y.G. Kim and C.B. Park, Measuring superparticle masses at hadron
collider using the transverse mass kink, JHEP 02 (2008) 035 [prXiv:0711.4524).

A. Pomarol, Gauge bosons in a five-dimensional theory with localized gravity, |Phys. Lett. B

486 (2000) 153 [hep-ph/9911294.

[91]

[92]

H. Davoudiasl, J.L. Hewett and T.G. Rizzo, Fxperimental probes of localized gravity: on and
off the wall, [Phys. Rev. D 63 (2001) 075004 [hep-ph/0006041].

G. Burdman, M. Perelstein and A. Pierce, Collider tests of the little Higgs model,

Lett. 90 (2003) 241802 [Erratum ibid. 92 (2004) 049903] [hep-ph/021222§].

[93]

[94]

T. Han, H.E. Logan, B. McElrath and L.-T. Wang, Phenomenology of the little Higgs model,
[Phys. Rev. D 67 (2003) 095004 [hep-ph/030104(].

E. Katz, J.-Y. Lee, A.E. Nelson and D.G.E. Walker, A composite little Higgs model, UJHEP 10

(2005) 08§ [hep—ph/0312287].

— 34 -


http://www-spires.slac.stanford.edu/spires/find/hep/www?r= CERN-LHCC-99-14
http://www-spires.slac.stanford.edu/spires/find/hep/www?r= ATLAS-TDR-14
http://www-spires.slac.stanford.edu/spires/find/hep/www?r= CERN-LHCC-99-15
http://www-spires.slac.stanford.edu/spires/find/hep/www?r= ATLAS-TDR-15
http://www-spires.slac.stanford.edu/spires/find/hep/www?r= CERN-LHCC-2006-001
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JPHGB%2CG34%2C995
http://www-spires.slac.stanford.edu/spires/find/hep/www?r= CERN-LHCC-2006-021
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD74%2C055001
http://arxiv.org/abs/hep-ph/0510225
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD74%2C015010
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD74%2C015010
http://arxiv.org/abs/hep-ph/0601124
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD75%2C091701
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD75%2C091701
http://arxiv.org/abs/hep-ph/0610156
http://jhep.sissa.it/stdsearch?paper=11%282006%29061
http://arxiv.org/abs/hep-ph/0609103
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD74%2C115020
http://arxiv.org/abs/hep-ph/0609179
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD75%2C055006
http://arxiv.org/abs/hep-ph/0612249
http://jhep.sissa.it/stdsearch?paper=10%282008%29025
http://arxiv.org/abs/0802.4142
http://arxiv.org/abs/0803.3820
http://jhep.sissa.it/stdsearch?paper=12%282007%29076
http://arxiv.org/abs/0707.0030
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C100%2C171801
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C100%2C171801
http://arxiv.org/abs/0709.0288
http://jhep.sissa.it/stdsearch?paper=02%282008%29014
http://arxiv.org/abs/0711.4008
http://jhep.sissa.it/stdsearch?paper=02%282008%29035
http://arxiv.org/abs/0711.4526
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB486%2C153
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB486%2C153
http://arxiv.org/abs/hep-ph/9911294
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD63%2C075004
http://arxiv.org/abs/hep-ph/0006041
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C90%2C241802
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C90%2C241802
http://arxiv.org/abs/hep-ph/0212228
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD67%2C095004
http://arxiv.org/abs/hep-ph/0301040
http://jhep.sissa.it/stdsearch?paper=10%282005%29088
http://jhep.sissa.it/stdsearch?paper=10%282005%29088
http://arxiv.org/abs/hep-ph/0312287

[95] T. Gregoire and E. Katz, A composite gluino at the LHC, prXiv:0801.4799.

[96] K. Agashe and G. Servant, Warped unification, proton stability and dark matter,
[ Lett. 93 (2004) 231805 [hep-ph/0403143.

[97] N. Arkani-Hamed, A.G. Cohen and H. Georgi, (De)constructing dimensions,
| 86 (2001) 4757 [Rep-th/0104009).

— 35 —


http://arxiv.org/abs/0801.4799
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C93%2C231805
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C93%2C231805
http://arxiv.org/abs/hep-ph/0403143
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C86%2C4757
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C86%2C4757
http://arxiv.org/abs/hep-th/0104005

