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We show that a discrete exchange symmetry can give rise to realistic dark matter candidates in models
with warped extra dimensions. We show how to realize our construction in a variety of models with
warped extra dimensions and study in detail a realistic model of gauge-Higgs unification/composite Higgs
in which the observed amount of dark matter is naturally reproduced. In this model, a realistic pattern of
electroweak symmetry breaking typically occurs in a region of parameter space in which the fit to the
electroweak precision observables improves, the Higgs is heavier than the experimental bound and new
light quark resonances are predicted. We also quantify the fine-tuning of such scenarios, and discuss in
which sense gauge-Higgs unification models result in a natural theory of electroweak symmetry breaking.
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L. INTRODUCTION

Models with warped extra dimensions [1] have arisen in
the last few years as strong candidates for a natural theory
of electroweak symmetry breaking (EWSB). The original
solution to the hierarchy problem has been supplemented
by the addition of a natural flavor structure [2], a custodial
symmetry to protect the T parameter [3] and the Zb, b,
coupling [4], and the realization of the Higgs as the
pseudo-Goldstone boson of a broken global symmetry
[5-7]. These developments have produced calculable mod-
els that successfully address most of the mysteries related
to the electroweak (EW) scale.

On the other hand, dark matter (DM), that is often
considered one of the strongest—albeit indirect—hints of
physics beyond the standard model (SM), has so far lacked
a generic implementation in models with warped extra
dimensions. The main reason is the inherent asymmetry
in warped backgrounds, that do not possess a natural
Kaluza-Klein (KK) parity as the one present in universal
extra dimensions (UEDs) [8].

In this article we explore a generic procedure to intro-
duce an exact discrete exchange symmetry that results in
new stable states, without introducing new parameters.
This is done via a doubling of part of the field content.
The exchange symmetry we advocate has been first intro-
duced in [9] (where it was dubbed “‘mirror symmetry’’)
and [10] to alleviate the fine-tuning and to get a viable DM
candidate in gauge-Higgs unification (GHU) models in flat
space. As already anticipated in [9], it can be extended-
straightforwardly to warped models. Given a bulk field ¢,
satisfying certain boundary conditions (b.c.), the procedure
consists of replacing ¢ by a pair of fields ¢; and ¢, and
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imposing the symmetry ¢, < ¢,.' The even linear com-
bination ¢, = (¢, + ¢,)/ V2 is identified with the origi-
nal field (in particular, it inherits the b.c. obeyed by ¢, as
well as its couplings). The couplings of the orthogonal
combination ¢_ = (¢, — ¢,)//2 are determined by
those of ¢ . Under the exchange symmetry one has ¢, —
* ¢, so that one can assign a multiplicative charge +1 to
¢, and —1 to ¢ _. Provided the discrete exchange sym-
metry is an exact symmetry at the quantum level, the
lightest KK resonance among all Z,-odd states in the
model is absolutely stable, and will be referred to as the
LOP (lightest odd particle). We argue that the above sym-
metry is indeed exact, by showing that possible 5D Chern-
Simons (CS) terms, in general needed to restore gauge
invariance in 5D theories, do not violate it [12].

The choice of which fields to double must be guided by
phenomenological considerations. For example, DM direct
and indirect searches impose stringent constraints on the
possible couplings of the DM candidate to SM fields. It is
therefore natural to look for charge and color neutral fields
that can lead to viable DM candidates. In fact, the models
we will consider always contain U(1) factors, and it will be
natural for the DM candidate to be a U(1) massive gauge
field X_. This is similar to the 5D UED case and the GHU
model of [10] in flat space, in which the DM can be
identified with the first KK mode of the hypercharge gauge
field. If the LOP were the only Z,-odd particle, it would
couple to SM fields only via nonrenormalizable interac-
tions. For the typical scales involved, its annihilation rate
would then be extremely small, and the resulting thermal

'A similar discrete symmetry has recently been used in [11] to
get a DM candidate in the context of little Higgs theories.
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relic density unacceptably large. Hence, it is necessary in
general to apply the previously described ‘‘doubling” con-
struction to additional fields, making sure that X_ remains
the lightest among the Z,-odd particles. We can choose b.c.
for the LOP so that it has a mass about an order of
magnitude smaller than the mass of the first Z,-even gauge
resonances. Thus, our DM candidate has typically sub-TeV
masses, which, as we will see, can range from ~100 GeV
in Higgsless models up to ~700 GeV in Randall-Sundrum
(RS) models. Together with its mass, the coupling of the
LOP to SM matter is the other crucial parameter governing
its relic density. In all the cases we will consider, the U(1)
symmetry is related to the SM U(1)y symmetry, with a
coupling constant of electroweak size, and the Z,-odd
fields will consist of X_ and a subset of fermion fields,
typically associated with the top or bottom quarks. It is
clear that our DM candidate is a weakly interacting mas-
sive particle with approximately the correct mass and
couplings to give rise to the observed DM relic density in
the Universe.

The construction outlined above turns out to be particu-
larly natural in the specific class of GHU scenarios in
warped space.” In this case, the additional set of fields
introduced by our procedure is not only minimal, but is
also singled out by the role the doubled sector plays in
generating the EW scale dynamically. Although it is not
easy to use the discrete symmetry to protect EW observ-
ables from large tree-level corrections, as in R-parity-
preserving supersymmetric scenarios, little Higgs theories
with T parity, or UED with KK parity, we will see that the
physics of EWSB in the GHU model with the discrete
symmetry naturally leads to a region in parameter space
where the constraints due to precision measurements are
relaxed. Furthermore, this same region of parameter space,
in which coannihilation effects can be relevant, predicts a
dark matter abundance in accord with observation. Thus,
the DM sector is tightly connected to the physics of EWSB,
and plays an indirect role in leading to agreement with
precision constraints.® Also, the model is rather predictive,
with several fermionic resonances nearly degenerate with
the DM particle that should lead to an exciting collider
phenomenology.

We also consider some nonperturbative effects—the
formation of bound states and the effect of QCD
Coulomb-like forces—which might invalidate the usual
perturbative computation of the relic density. We argue
that the problem of the formation of bound states does

21t is known that such models can also be seen, thanks to the
anti-de Sitter/conformal field theory dictionary [13], as strongly
coupled 4D composite Higgs models. However, since calcula-
bility requires the 5D picture, we will mostly use the 5D
language, adopting only occasionally the 4D dual language.

3See [14] for a model in which EWSB and DM are related. In
this reference, however, the hierarchy problem is not addressed.
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not occur and that the effect of Coulomb-like forces on the
perturbative cross sections is negligible.

We also discuss in some detail the degree of fine-tuning
involved in the EWSB pattern, and compare to supersym-
metric extensions of the standard model. It turns out that in
the GHU framework (with or without DM) the fine-tuning
is somewhat worse than expected by naive considerations.
We point out, however, that here the fine-tuning seems to
be associated with accommodating a top mass of order the
EW scale, rather than with an intrinsic tension in the Higgs
sector. When restricted to the region of parameter space
with a fixed top mass, the low-energy properties of the
model turn out to be essentially insensitive to the micro-
scopic parameters of the model, and therefore to the de-
tailed properties of the new physics, which is a very
interesting feature.

Although we find the application of our construction to
the GHU framework particularly appealing, we stress that
it is of more general applicability. We also briefly discuss
the implementation of the discrete exchange symmetry in
two other models with warped extra dimensions: the sim-
plest RS model with the SM fermions and gauge bosons in
the bulk, and a Higgsless model. Hence, our construction
leads to viable DM candidates in a variety of scenarios,
without the introduction of new parameters.

The organization of the paper is as follows. In Sec. Il we
review the generic properties of the exchange Z, symmetry
that gives rise to a dark matter candidate. In Sec. III we
discuss in detail its implementation in a model of GHU. In
particular, we study the interplay between EWSB, the EW
constraints and the DM relic abundance, the (ir)relevance
of the above-mentioned nonperturbative effects, and dis-
cuss the fine-tuning. In Sec. IV we describe the implemen-
tation of the discrete exchange symmetry in other models.
Section V is devoted to particular details of DM collider
phenomenology and DM direct detection in our construc-
tion. We comment on the issue of anomalies in Sec. VI, and
conclude in Sec. VII. We relegate some technical details to
Appendixes A, B, and C.

II. EXCHANGE Z, SYMMETRY AND STABLE
PARTICLES

The simplest way to get a stable massive particle X_
beyond the SM spectrum is obtained by introducing a
discrete Z, symmetry under which all SM particles are
even, with X_ the lightest Z,-odd particle. For example,
viable DM candidates in promising models of new physics,
such as supersymmetric (SUSY) or little Higgs models, are
stable due to Z, symmetries (R and T parity [15], respec-
tively). In the context of extra-dimensional theories, a
geometric Z, symmetry called KK parity leads to viable
DM particles in 5D [16] and 6D [17] UED scenarios. Most
extradimensional models which aim at stabilizing the elec-
troweak scale are based on warped compactifications of the
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Randall-Sundrum type [1], with bulk gauge and fermion
fields [2], where KK parity cannot be trivially imposed.*
We are therefore motivated to look for other discrete
symmetries that could lead to DM candidates in such
warped scenarios.

From a model-building point of view, it is always pos-
sible to impose a discrete symmetry ad hoc for the only
purpose of getting a stable particle, possibly with the
correct properties to account for the observed DM density.
Such constructions become far more interesting if the DM
sector is tightly connected with other sectors of a given
theory, in such a way that it leads to additional testable
predictions and/or no new parameters are introduced. The
7, exchange symmetry we consider belongs to this class,
since no new parameters are added. Furthermore, in the
particular class of GHU models, which will be considered
in detail in the next section, it can also improve the EWSB
pattern and lead to better agreement with electroweak
constraints.

Consider a model with warped extra dimensions and a
bulk gauge symmetry that includes a U(1) factor G X
U(1)y. Our construction introduces a discrete symmetry
that acts on the U(1)y factor and leads to a stable spin-1
particle. The group G does not play any role in our con-
struction (it will be neutral under the discrete symmetry)
and we will not discuss it any further. The first step is to
double the U(1)y field: U(1)y — U(1)y, X U(1)x,. The
original U(1)y gauge boson is identified with the symmet-
ric combination X, = (X; + X,)/+/2, and the gauge cou-
plings chosen as gy, = gx, = \/zgx, so that X, couples
with strength gy. The antisymmetric combination X_ =
(X, — X,)/~+/2 is odd under the Z, exchange symmetry
under which X; « X,.

As remarked in the introduction, doubling only a U(1)
symmetry is not enough to obtain a realistic DM candidate.
In order to improve this, we take a subset® of the fermionic
fields in the model ¢, with U(1)y charge Qy, and double
them into mirror pairs y — 5, assigning them U(1)y, X
U(1)y, charges (Qy, 0) and (0, Qx), respectively. Finally,
undoubled fermions ¢, with charge Q under the original
U(1)y group, are assigned charges (}Q,10), which im-
plies that they couple only to the symmetric combination
X, with charge Q. Since ¢, couples only to X, while ¢,
couples only to X,, the relevant SD Lagrangian density is

“Reference [18] considered a discrete symmetry to forbid low
scale baryon number violation in grand unified models, that also
gave rise to a stable DM candidate. See also [19] for a recent
attempt to include KK parity in warped space, and [20] for some
proposals of DM candidates in composite Higgs models.

*Doubling the whole spectrum is unnatural, since fermions
with twisted boundary conditions can have exponentially small
masses [18,21], giving rise to unacceptable LOPs. In fact, as we
will see, requiring X_ to be the LOP constrains |c| < 1/2 for the
doubled fermions.
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e ' L; = —1F? + ,[iyM(Dy + i0xgx Xint) — mi 1,
i=12 2.1

where F; is the field strength of the gauge field X; with 5D
coupling constant gy, D, is the gravitationally covariant
derivative and e is the determinant of the fiinfbein associ-
ated to the 5D metric

ds* = e_Zkyn#,,dx“de — dy?

= <ZU7V)2(nw,dx“dx” —d7?), (2.2)
where, as usual, p runs over the 4D directions, 0 = y = L,
uv =2 = Z|g, 2 = €/k. In Eq. (2.1), we have not ex-
plicitly written terms containing the gauge bosons of the
group G or the undoubled fermions. The exchange sym-
metry constraints m; = m, = m = ck. Notice that for
simplicity we omit a possible mixing term of the form
FF, in Eq. (2.1). Similarly, depending on the b.c. chosen
for the Z,-odd fields, possible boundary terms can appear.
We assume here that all these operators can be neglected,
so that no new parameters are introduced. In terms of =*
fields, we have

e ' L= _zlt(Fi + F2—) + ‘p+(i7’M@M —m),
+ (Y™ Dy — m)p_ — gxOxYM (X yips

P Xy + P Xy b X yipy).
(2.3)

Let us now discuss the boundary conditions for the differ-
ent fields. As explained above, X inherits the b.c. of the
original U(1)y gauge boson (that can in general involve in
a nontrivial way the neutral gauge bosons in the group G).
The b.c. for the odd combination are taken to be

X_/.L = \}Z(Xl,u, - XZ,U,) ~ (+) _): (24)
where +/— denote Neumann/Dirichlet b.c., respectively,
with the first/second entry in parenthesis referring to the
UV/IR boundary (X_5 satisfies opposite b.c.). These b.c.
allow for UV brane localized kinetic terms characterized
by a dimensionful coefficient ryy (in the notation of
Ref. [22]). The lightest X_ resonance (the LOP) has

mass of order

2 2
~ ‘/— ~ 1/— , 25
my_ WL+ rGV)MIR T MR (2.5)

where g = ke * = 1/zjx and the second equality holds
whenever the localized term is small. This mass is para-
metrically smaller than the KK scale wr. For example, for
values of kL that solve the hierarchy problem, my is about
a factor of 10 below the mass of other gauge resonances,
which are of order my, =~ 2.5u. Note that (—, +) b.c. for
X_ would instead give a larger mass, of order my_ . It
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would then be hard to identify X_ as the LOP and get the
correct relic density with such a choice of b.c., without the
introduction of large brane kinetic terms. For these reasons,
we do not consider this possibility.

Regarding the doubled fermions, ¢, satisfies the bound-
ary conditions of the original fermion. The odd combina-
tion ¢_ should obey (+, —) or (—, +) b.c. (for one
chirality, opposite for the other one) so that no fermion
zero modes are introduced in the Z,-odd sector of the
theory.® However, the unbroken U(1)_ symmetry on the
UV brane, that mixes the two mirror fermions ¢, requires
that the b.c. of ¢/_ be equal to that of ¢, on the UV brane.
The mass of the first KK mode of s_ strongly depends on
c. For |c| = 1/2, this lightest fermionic KK mode can be
lighter than X_. In the context of warped scenarios that
solve the flavor puzzle by fermion localization, this usually
means that we can only double the fermions associated
with the top and bottom quarks, which have |c| < 1/2.

These are the qualitative, model-independent features of
our mechanism to endow existing models with a stable
particle that can be a DM candidate. In the next section, we
apply this construction to a very appealing model of EWSB
in warped extra dimensions, studying in detail the pattern
of EWSB, EW precision tests and the calculation of the
DM relic density. In Sec. IV we will briefly show how this
construction can be easily implemented in a variety of
models with warped extra dimensions.

III. A RELEVANT CASE: A GHU/COMPOSITE
HIGGS MODEL

Models of GHU (see e.g. [23] for a brief review and
further references) rely on an extended symmetry G broken
to a subgroup FH . The KK gauge bosons AfL associated
with the coset directions G/JH are all massive, but the Ag‘
towers give rise to zero modes. The latter are 4D scalars
and, by an appropriate choice of the symmetry breaking
pattern G — H , can have the correct quantum numbers to
be identified as the Higgs. The higher-dimensional gauge
symmetry leaves a remnant shift symmetry for the Higgs
[24] that ensures that the Higgs potential is finite to all
orders. This UV insensitivity guarantees that the Higgs
potential gets corrections of the order of the IR scale ur
and not the cutoff of the theory, thus alleviating (though not
solving) the little hierarchy problem. In this paper we will
show how our construction can be easily implemented in a
fully realistic model of GHU in warped extra dimensions.
We will consider the minimal composite Higgs model with
fermions in the fundamental representation of SO(5)
(MCHMs5) of Ref. [25], but our construction could be

®In principle, it is also possible to introduce Z,-odd fermions
with (++) boundary conditions, getting rid of the zero modes by
coupling them through mass terms to localized chiral fermions.
In the limit that these masses become large, a description by
effective b.c. as the one we are using is appropriate.
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applied to other variations such as the models considered
in [26]. The starting bulk gauge group is SO(5) X U(1)y,
broken to SO(4) X U(1)y on the IR brane [the actual
symmetry on the IR brane is assumed to be O(4)] and to
the SM on the UV brane. The quark sector is embedded in
fundamental representations of SO(5) that decompose
under SO(4) ~ SU(2);, X SU(2)g as a bidoublet plus a
singlet, 5 = (2,2) & (1, 1). The relevant sector for EWSB
is the third generation. See Appendix A for a summary of
the field content of the model.

Let us now construct the simplest Z, extension of the
MCHM; model. Following our prescription, we enlarge
the gauge group by doubling the U(1)y factor to U(1)y, X
U(1)y, and identify the original gauge boson X with the
even combination, X, = \/LE(X 1 + X5). The odd combina-

tion has (+, —) boundary conditions as in Eq. (2.4). As
emphasized in the previous section, only fermions with
mass parameter |c| < 1/2 can be safely doubled, since
otherwise they could easily give rise to charged/colored
Z,-odd KK modes lighter than the Z,-odd KK gauge
bosons. It is therefore natural to consider doubling the
multiplets associated with the top quark, since accommo-
dating the top mass requires |c| < 1/2 for the associated
5D fields. By looking at Eq. (AS), it is clear that the only
field that can be doubled without introducing new un-
wanted zero modes is £,. We will see that this is sufficient
to obtain the correct DM relic density. In summary, our
quark sector is identical to that of the MCHM;s model,
except that &, is replaced by two copies £, and ¢,,, with
U(l)x, X U(1)x, charges (2/3,0) and (0,2/3), respec-
tively, but otherwise identical in boundary conditions and
bulk mass. The physical combinations are the Z,-even &,
(which, for simplicity, we will call £, in what follows) and
the Z,-odd ¢, . The other quark and lepton fields are
assigned the same charge under both Abelian groups,
(3 Ox, 3 Ox), where Qy =2/3 for £,, Ox = —1/3 for
&,, and &;, and analogous assignments for the lepton
sector. Therefore, the spectrum in our model contains a
set of fields that are even under the Z, symmetry and
corresponds exactly to the spectrum in the original
MCHM5 model, plus two 5D Z,-odd multiplets X_ and
&, . The Z,-odd gauge boson has a first KK mode, which
we will simply call X_, with a mass given by Eq. (2.5). The
Z,-0dd fermions have first KK modes with c,-dependent
masses that are, neglecting EWSB effects and provided
lc,] < 1/2, always larger than the one of X_.” As we take
¢, — 1/2 the first KK mode of (2, 2)¥- becomes degener-
ate with X_, whereas in the ¢, — —1/2 limit it is (1, 1)*-
that becomes degenerate with X_ (see Appendix A for the
notation).

"Note that odd-fermion masses are independent of the local-
ized mixing masses, and are therefore entirely determined by c,,,
up to EWSB effects. After the mixing due to EWSB, these could
become lower than my if |c,| is very close to 1/2.
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A. Electroweak symmetry breaking and
precision constraints

The pattern of EWSB in the MCHMj; model and its main
constraints have been studied in [25-27]. A realistic pat-
tern of EWSB can be obtained for |cq1| =< 0.4 and 0.35 =
|c,| = 0.45. Outside these two regions, it is difficult to
obtain a reasonable value of the gauge boson, top and
Higgs masses. Of particular interest is the dependence on
¢, For fixed values of the other parameters, smaller values
of |c,| result in no EWSB, while larger values of |c,| give
the wrong EWSB pattern. The qualitative features of this
dependence can be easily understood in the limit that the
localized mixing masses vanish. In this simplified case, the
two chiralities of the top quark arise from ¢, , and obtain-
ing a top Yukawa coupling of order one fixes ¢, =~ 0.44.
The contribution to the Higgs potential due to the £, KK
tower destabilizes the origin, while the contributions from
the gauge KK towers tend to align the vacuum along the
EW symmetry-preserving direction. It turns out that the top
tower contribution is so large that it would drive the
vacuum expectation value (VEV) to its maximum value
s, = 1, where

h 1 /2
Sp = sin(%), fn= g\/;l’«m (3.1

Here f), is the “Higgs decay constant” and g is the SM
SU(2); gauge coupling. The resulting EW symmetry
breaking pattern is unacceptable since it leads to vanishing
fermion masses, and highly nonlinear couplings of the
Higgs to the gauge bosons that are ruled out by EW
precision measurements. However, fermions with
“twisted”” boundary conditions, such as &, give a contri-
bution to the Higgs potential that tends to align the vacuum
along the EW symmetry-preserving direction. This contri-
bution is controlled only by c, in the above simplified
limit, and turns off when |c,| = 1/2. If |¢,| < 1/2, then
this EW restoring contribution overwhelms the contribu-
tion due to £, and results in s, = 0. The upshot is that the
desired EWSB VEV 0 < s, < 1is obtained for |c,| ~ 1/2,
but not necessarily too close to 1/2. This also illustrates the
crucial role that &, plays for EWSB. When the mixing
masses are turned on the details are more complicated, but
the qualitative features remain the same. See Appendix B
for details on the computation of the Higgs potential.

On the other hand, EW precision data typically prefer
values of |c,| close to 1/2. This is due to a sizable and
negative one-loop contribution to the Peskin-Takeuchi [28]
T parameter in most regions of parameter space [29],
together with a non-negligible tree-level positive contribu-
tion to the S parameter. The tree-level contribution to S,
when the light fermions are localized close to the UV
brane, is given by [6]
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s oms;  3mv?
tree gsz M]zR ’

(3.2)

where the second equality holds whenever v =
(h) ~ 174 GeV < f},. The negative contribution to the T
parameter arises at one-loop order from the lightest
charge-2/3 members of the SU(2); X SU(2)y bidoublets,
and is dominant away from the |c,| ~1/2 region.
Additionally, the pseudo-Goldstone nature of the Higgs
leads to a further negative (positive) contribution to the T
(S) parameter, due to the anomalous gauge couplings of the
Higgs [30]. This can be described by an effective Higgs

mass [31]
AN
My et = My m—h >

(3.3)

where A is an effective cutoff scale of the order of the mass
of the first SM gauge KK resonances mgy, so that the
corresponding shifts in S and T are

1 m% £f 3 m%l ff
AS, =—1 22, AT, = ——1 .
" 12w n(m%l ) " 167rc3, n(m%l )
ref ref

Here m,, _ is the reference Higgs mass used in the S-T fit to
the EW data, and cy is the cosine of the Weinberg angle.

The S-T analysis reveals that in the Z, extended
MCHM; model, the regions with |c,| ~ 1/2 are preferred
(see Fig. 1). For ¢, ~ —1/2, the reason can be traced back
to the fact that the first KK excitation of the SO(4) singlet
in £,, that mixes with the top quark, becomes light and
gives a positive contribution to the 7 parameter that com-
pensates the negative contributions coming from the light-
est bidoublet states and effective heavy Higgs, Eq. (3.3). As
a result, one finds a sizable region in parameter space
compatible with EWSB, where the EW precision measure-
ments are relaxed. For ¢, ~ 1/2, it is again possible to
satisfy the EW constraints, although the reason is some-
what more involved than for ¢, ~ —1/2. As emphasized in
[29], the charge-2/3 members of the bidoublets give rise to
both positive (from the T; = +1/2, T3 = —1/2 states)
and negative (from the T; = —1/2, T3 = +1/2 states)
contributions to 7. In the custodially symmetric limit these
two contributions would cancel exactly, but in most regions
the fact that the T; = —1/2 state is lighter than the T; =
+1/2 one typically results in a net negative contribution to
T (the signs are simply determined by the quantum num-
bers). However, when ¢, ~ 1/2, the lightest bidoublets
arise mostly from ¢, (and therefore have a nearly flat
wave function component, that vanishes on the IR brane),
and lead to a contribution to 7' via mass mixing with the
bidoubletin &, . It is then possible to suppress the coupling
to the Higgs of the lighter 7; = —1/2 state by ensuring
that it lives mostly in the component with the nearly flat
wave function, while the heavier T; = +1/2 state has a
larger component in the bidoublet of the £, multiplet, that
is localized near the IR brane. In this way, the positive
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contribution due to the 73 = +1/2 state can dominate, and
explains how the ¢, ~ 1/2 region can be compatible with
the EW precision data with a relatively low scale.®

In addition to the oblique corrections parametrized by S
and 7, nonoblique corrections associated with the third
generation can also be relevant. These can be separated
into flavor-preserving versus flavor-violating effects. A
complete treatment of the latter would require the specifi-
cation of the flavor structure of the model, which is beyond
the scope of this paper. Most notable among the flavor-
preserving effects are the corrections to the Zb, b, vertex,
which has been measured at the few per mille level. Here
we notice that the present model enjoys the custodial
protection pointed out in [4], which reduces the tree-level
corrections to this vertex to a level well below the experi-
mental precision. However, as first pointed out in [26,29]
(see also [31]) the one-loop contributions to this vertex can
be significant and correlated with the one-loop contribution
to the T parameter discussed above. Hence, we also include
these effects in the fit to the EW precision observables,
although, for the reasons explained above, we do not
include flavor-violating effects.” In this analysis we have
performed a fit to the Z-pole observables and the W mass
[33], and include the effects of four-fermion interactions
that enter through the Fermi constant (these effects are
subdominant). The upshot is that there is a bound of about
Mg ~ 1.3 TeV in the ¢, >0 region, while the ¢, <0
region is somewhat more constrained, with a lower bound
MR ~ 1.7 TeV.

Notice that although the Z,-odd fermions do not con-
tribute to 7 (since the b.c. for &, respect the custodial
symmetry exactly and there is no mixing with custodial
violating sectors of the theory due to the exact Z, symme-
try), they affect the minimization of the Higgs potential in
an analogous way to &, discussed at the beginning of this
section. In particular, the existence of these additional
fields satisfying twisted b.c., and whose effects on the
Higgs potential are controlled also by c,, means that the
minimization of the potential favors values of |c,| that are
closer to 1/2 than if the Z,-odd fermions were absent. This
is a welcome feature, since it goes in the direction preferred
by the EW precision data, as discussed above.
Furthermore, the opening of a well-defined region with

8This important positive contribution is not present in the
minimal models studied in Ref. [31] (it is, however, in models
with a custodial protection of the Zb; b; coupling as the one we
are considering).

Nevertheless, we have checked that a subset of the flavor-
violating corrections, that are closely connected to parameters
entering in the flavor-preserving effects [31], do not significantly
alter the bounds. Specifically, these include certain loop-level
contributions to the Zbs vertex that are bound by B — X 7]~
decays (these are likely to be more important in the ¢, <0
region), as well as tree-level contributions to the Wby vertex,
that can be bound from the B — X7y branching ratio [32] (these
affect mostly the ¢, > 0 region).
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¢, ~ 1/2, where the (¢;, b;) doublet is more fundamental
[see f} (z) in Eq. (C2)] is also welcome since it might be
argued, based on flavor considerations, that such a situation
is more natural.

Thus, we find that the regions that lead to a correct
EWSB pattern and good agreement with the EW precision
data largely overlap in the Z, extension of the MCHMj5
model. We postpone a discussion of the details associated
with Fig. 1 to the next section, after we have discussed the
computation of the DM relic density in this scenario. For
the moment, let us mention that we predict relatively light
vectorlike quarks (from both £, and &) with masses close
to my ~ +/2/kLug, a very distinctive signature of these
models. It should also be emphasized that our model has

the same number of parameters as the MCHMj; without
DM.

B. Calculation of the relic abundance

As was discussed in the previous section, a realistic
pattern of EWSB requires |c,| < 1/2. Thus, we have two
separate regions that, a priori, could give rise to phenom-
enologically relevant scenarios. This can have important
consequences for the computation of the DM relic abun-
dance since, as remarked above, some of the Z,-odd fer-
mions become degenerate with the DM candidate when
|c,| = 1/2.In the case ¢, ~ —1/2, it is the first KK mode
of the SO(4) singlet component of £, that becomes close
in mass to X_ (the LOP), while the KK modes of the
bidoublet are at least a factor of 10 or so heavier. In the
other relevant region of parameter space ¢, ~ 1/2 (com-
posite ), the situation is inverted, with the first KK modes
of the members of the bidoublet of ¢, becoming light,
while the singlet is considerably heavier. These Z,-odd
quarks couple to X_ and SM fermions (top or bottom), and
we will refer to the lightest of them as the NLOP (next-to-
lightest odd particle). Depending on the degree of degen-
eracy, coannihilation effects can be relevant to obtain the
DM relic abundance. Note that for ¢, > 0, there are several
states whose masses are split only by EWSB effects, and
all of them can affect the final DM relic density.

In order to get an order of magnitude estimate, we start
by assuming that coannihilation processes can be neglected
(a reasonable approximation whenever the Z,-odd quarks
are heavier than X_ by a factor of = 15%). In this case, the
only relevant process for the calculation of the DM relic
abundance is the annihilation of X_ pairs into SM quarks,
via NLOP exchange. Up to EWSB effects, which can be
shown to give negligible corrections, the relevant 5D in-
teractions are

1, D4X_(1, D% +He, (3.4)
for ¢, ~ —1/2, and
2,2)4X_(2,2)" +H.ec, (3.5)
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for ¢, ~ 1/2. Here (1, 1)% and (2, 2)¥ contain, respectively,
the right-handed (RH) top and the left-handed (LH) top and
bottom zero modes. We denote by g; and gp the 4D
couplings between the LOP, NLOP and top/bottom quarks,
arising from Egs. (3.4) and (3.5), respectively. These are
the crucial couplings entering in the self-annihilation cross
section of X_. In the absence of UV brane kinetic terms,
both g; and g are bound from above as follows:

Gl = 2gy =288

SLRI = ggx —3 ﬁ
where gy is the U(1)y gauge coupling that we have also
written in terms of the SM SU(2); X U(1)y gauge cou-
plings. We refer the reader to Appendix C for a detailed
derivation of the couplings §; and gz. They are typically of
the same size, so that the main difference between the
above two regions is the presence of one decay channel
(into tg) for ¢, <0, and two (into ¢; and b;) in the ¢, > 0
case. For this reason, it will be useful in the following to
define the parameter 7, such that n =1 for ¢, <0 and
n = 2 for ¢, > 0, and write the coupling simply as g, with
the understanding that § = g for ¢, <0 and g = g, for
c, > 0.

The computation of the DM relic abundance is standard
(see e.g. [34]). In the freeze-out approximation, it can be
written in terms of the coefficients of the nonrelativistic
expansion of the annihilation cross section, o(X_X_ —
SM),

=~ (.28, (3.6)

vo=a+vib+---, 3.7

as

104X 10° xp 1
MP \/ga+3b/.xi:’

where Mp =~ 1.22 X 10 GeV is the Planck mass, xp =
my /Tp, with Ty the freeze-out temperature (in our case,
with = TeV weakly interacting particles, x, ~ 24 — 26),
g. 1s the effective number of relativistic degrees of freedom
at freeze-out (g, = 86.25 for 100 GeV < my = TeV)
and a and b are measured in GeV 2. Neglecting EWSB
effects, the annihilation cross section depends on g, my_
and the mass of the lightest modes in &, , which we call
my,. It turns out that the factor b gives a negligible effect.
Denoting

Qh?

(3.9)

A= T (3.9)
my
we obtain
2ngt 1 _s
= , 3.10
T Br Gra A G40
and
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Op? ~ 0.15( my_ )2(0.28>4( 1+ (1+A)? )2
n \400 GeV/ \ g /\1+(1+0.15?2/)"

@3.11)

This result is actually very accurate. Using the full expres-
sion for the annihilation cross section and the freeze-out
temperature, we obtain, again assuming that the difference
in mass between X_ and the Z,-odd quarks is = 15%,

0.16 (0.6),
0.08 (0.28),

c, <0,

2
Qh 2{ o >0

(3.12)
where we assumed my = 400 GeV, and the numbers are
for ¢ = 0.28 (maximal coupling) and, in parenthesis, for

g = 0.2. We therefore see that the observed relic abun-
dance [35]

Qpyh? = 0.1143 + 0.0034 (3.13)

can be accounted for with just X_ annihilation for ¢, > 0,
provided g is large enough. For ¢, < 0, the observed DM
energy density seems more difficult to accommodate in the
simplest scenario where only X_ annihilations are rele-
vant.'® However, as explained above, EWSB and the EW
precision measurements independently point to a region in
parameter space with one or more vectorlike quarks that
are nearly degenerate with the LOP, and a proper determi-
nation of the relic abundance should take coannihilation
effects into account [36]. This is welcome because, due to
the colored nature of the new particles, coannihilations
tend to increase the cross section and therefore decrease
the relic abundance to values compatible with observation
for smaller couplings and/or larger my_.

The relevant processes that enter the relic abundance
computation are X_X_ — ti(bb), X_i_ — gt(gh),
X_p_ — gi(gh), y_¢p— — qg and ¢_¢p_ — gg, where
_ stands for any of the Z,-odd fermions that are nearly
degenerate with X_, g is the SM gluon and gg are SM
quark-antiquark pairs. The relevant effective annihilation
cross section reads

1
Oeff = T[9U'X_X_—»zf +9(m— Doy x —pp
eff

+72¢ (1 + A)3/20'x,¢,—»gt
+ 72(7} - 1)€7XA(1 + A):;/QO'XJ?/L_,gb

+ 729%e A (1 + A)3<ZU¢,&,—»qq + Ukbfd;fﬁgg)],
q

Geip =3+ 122 *A(1 + A)3/2, (3.14)

where x = my /T, and A was defined in Eq. (3.9). In

%We note that the presence of kinetic mixing between the two
U(1) factors, or UV brane localized kinetic terms for them, can
change the coupling relevant for annihilation of LOPs, leading to
a realistic DM relic abundance. We assume that such terms are
small, so that no relevant additional parameters are introduced.
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Eq. (3.14), the factor n introduced before takes into ac-
count that in the ¢, < 0 region there is a single Z,-odd
fermion with m, = my , whereas for ¢, > 0 there are
four fermions withm,, =~ my . Whenc, > 0, Eq. (3.14) is
valid in the limit in which we neglect the mass splitting
between the fermions of the bidoublet (which arises only
from EWSB effects) and it is understood that the cross
sections with final state top (bottom) quarks involve the
0 = 2/3 (Q = —1/3) heavy vectorlike fermions.

We performed exhaustive scans, computing the pattern
of EWSB, the fit to EW precision data, the DM relic
abundance and the spectrum of light quarks. In order to
more easily automatize the scan over large regions of
parameter space while taking into account coannihilations,
we found it useful to implement the relevant features of our
model in MICROMEGAS [37]. This also allows us to easily
take into account the mass splittings arising from EWSB
among the lightest bidoublet states that are relevant in the
¢, ~ 1/2 region, as well as nonzero final state masses (for
the typical scales of my ~ 400 GeV, the top mass can be
important). We have checked independently that we repro-
duce the MICROMEGAS results for the relic density to within
10% using Eq. (3.14), in the limit that EWSB mass splitting
effects are neglected, and in the freeze-out approximation.

We present the results separately for the two phenom-
enologically interesting regions discussed previously,
namely, ¢, ~ —1/2 and ¢, ~ 1/2. We scanned over the
following region in parameter space: ¢, € [0,0.4], ¢,, €
[0.4,0.5], |c,| €[0.45,0.5], ¢, € [-0.52, —0.45], |m,| =
1, IM,| =1, |myl =05, M, =0.5, with kL = 34 in
order to explain the Planck-weak scale hierarchy. We
show the results of the scan as a projection onto the
cy~C4, plane in Fig. 1, where the red triangles correspond
to the data consistent with the three-year Wilkinson mi-
crowave anisotropy probe (WMAP) results, Eq. (3.13), at
the 20 level.
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We also highlight in the plot the data that have
145 GeV < m(u ~ pr) < 155 GeV (green dots). As
we will discuss further in Sec. III D, the top mass plays a
rather important role in leading to a vacuum with appro-
priate characteristics in these scenarios. In the background
of the figure we exhibit in gray tones information about the
degree of EWSB as measured by s,, [see Eq. (3.1)]. In order
to make the projection onto the c,-c,, plane we show the
average of s, computed over the rest of the parameters in
the scan. In particular, in the darker area marked as s, = 0,
all points in the scan lead to an EW symmetry-preserving
vacuum. For ¢, <0 (¢, > 0), the degree of EWSB, in the
above sense, increases as one moves towards the bottom
left (right) corner of the figure (lighter grays correspond to
larger average s;,). We therefore see that in most of the
region with nontrivial EWSB the correct top mass can be
reproduced. Even more interestingly, the area selected by
the observed DM abundance falls in precisely the same
region. This is related to the fact that coannhilations play a
relevant role in lowering the DM abundance to the ob-
served level compared to the estimates Eq. (3.12) and, as
explained before, this happens naturally in the above re-
gion (we did not compute the DM relic abundance for
points with s, = 0).

Finally, we also show in the figure information about the
fit to the EW precision data. As explained in Sec. IIT A, we
include in our fit the universal corrections described by the
S and T parameters and the correction to the Zb, b, vertex
(both tree- and one-loop contributions), performing a A y?
cut at 99% C.L. with 3 d.o.f. Since this analysis is
computationally intensive, we performed the EW test
only for points that satisfy 149.5 GeV < m,(u ~ ur) <
150.5 GeV (without imposing the WMAP constraint), and
for 145 GeV < m,(u ~ ur) < 155 GeV  when the
WMAP constraint, Eq. (3.13), is imposed. The selection
of the very narrow range in the first case is done only in

0.4

03}

0.1 - 7,

0.4F; =

cq 0.2

v

T

0.0

-0.45

Cu

FIG. 1 (color online).

PR M s MR SR
0.47 0.48 0.49 0.50

Cy

A T
0.45 0.46

Projection onto the c¢,-c,, plane for the two phenomenologically viable regions. The darker areas marked

s, = 0 correspond to no EWSB. We plot s, averaged over the rest of the parameters, which increases as the gray bands become lighter
(see text). The green dots satisfy 145 GeV < m,(u ~ wr) < 155 GeV. The red triangles mark the points consistent with the WMAP
constraint, Eq. (3.13), at the 20 level. The blue stars correspond to a sample of points that are consistent with EW precision data at the
99% C.L., and the Higgs LEP bound.
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order to reduce the number of points to be analyzed, but it
should nevertheless give a clear picture of the situation. We
also require that the Higgs mass be above the LEP bound
my, > 114.4 GeV. Requiring that the DM relic abundance
be in the range (3.13), we find that in the ¢, > 0 (¢, <0)
region about 25% (15%) of the points pass the EW preci-
sion test at the 99% C.L. Thus, we conclude that in the
present model, the correct EWSB pattern, consistency with
the EW precision measurements, and the correct DM
abundance all occur in a common region of parameter
space. This leads to a rather compelling picture with a light
neutral spin-1 DM candidate, and one or more fermionic
resonances that are nearly degenerate with the DM particle.
We will briefly discuss their collider phenomenology in
Sec. V.

Two important physical observables that are relatively
well predicted in our scenario are the Higgs mass and the
mass of the DM candidate. We show in Fig. 2 the distri-
bution of points with a realistic EWSB pattern (including
the top mass) that reproduce the observed DM relic density,
in the my — my; plane. We also highlight the subset of
points that are consistent with the EW precision constraints
at the 99% C.L. We see that the LEP bound on the Higgs
mass is easily evaded in our scenario. Also, the Higgs
boson is expected to be lighter than about 170 GeV. The
mass of the DM particle is expected to be somewhat above
300 (400) GeV for ¢, >0 (¢, <0). As was mentioned
above, there is a number of vectorlike quarks nearly de-
generate with the LOP. We also indicate in Fig. 2 the
approximate direct Tevatron bound on such particles.
Although the direct bound already excludes a significant
region in parameter space, the EW precision analysis still
puts stronger constraints on the masses of these particles. It
i1s also useful to remember that, for kL = 34, we have
my = 0.24 ur, which shows that ug = 1.3 TeV (ug =
1.7 TeV) for ¢, >0 (c, <0). Recall also that, in the

T T T T

180F

g cu<0*

160F g

ok x

*

= 140} i
<
=

120} LEP 1

200 300 400 500 600
my [GeV]

FIG. 2 (color online).
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absence of brane kinetic terms, other spin-1 resonances
have a mass mgg = 2.5ur = 3.1 TeV (mgx = 4.2 TeV)
for ¢, >0 (¢, <0).

C. Nonperturbative corrections

There are various physical processes that might possibly
invalidate the standard computation of the relic density
based on perturbative averaged cross sections, namely,
the formation of bound states and higher order corrections
relevant for nonrelativistic particles. Such effects do not
directly affect the physics of our DM candidate X_, but
they can affect the physics of the NLOP, which is a charged
and colored fermion. Since coannihilations have to be
taken into account in our setup, it is important to estimate
the above effects. We will not perform a detailed quanti-
tative study of bound state formation at finite temperature
since, as we will argue below based on qualitative esti-
mates, such effects can most likely be neglected. On the
other hand, certain higher order corrections, which take
into account the long-range Coulomb-like forces of QCD
in the deconfinement phase, are potentially relevant. We
find, however, that their eventual contribution to the per-
turbative cross sections is very small. Since strong inter-
actions play the major role, we will neglect in this
subsection the effects due to electroweak interactions.

Let us first consider the issues associated with the for-
mation of bound states. The potential problem is very
simple. If metastable, Z,-even, bound states of two
NLOP particles can form, their decay through the self-
annihilation of its constituents would lead to an effective
depletion of Z,-odd particles, consequently reducing the
DM relic density. Bound state effects of DM colored
particles (gluinos) have been previously considered in
[38], in connection with relic density computations, and
were shown to have the potential to reduce the final DM
density by orders of magnitude compared to the perturba-

180 F—— . . . —
c, >0

g
g
o
=

160+

140+

my, [GeV]

1208 LEP |

200 300 400 500 600
my [GeV]

Masses of the DM candidate X_ and the Higgs for points (red dots) that reproduce the top mass and the

WMAP constraint, Eq. (3.13), for the ¢, <0 region (left panel) and ¢, > 0 region (right panel). The blue stars correspond to the
subset of points that also obey the EW precision constraints at the 99% C.L., and the LEP bound on the Higgs mass, which is also
indicated by the dashed horizontal line. The light bands indicate the approximate bounds from the Tevatron on the colored vectorlike
quarks, that have mass close to my , taking into account the different multiplicities for positive and negative c,,.
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tive estimate. The crucial difference here is that the NLOPs
are unstable, and as we argue below they decay into LOPs
well before they have time to form bound states. The
NLOP can decay via intergenerational mixing into the
LOP and a light quark (decays into tops are forbidden by
phase space in the quasidegenerate region of interest to us).
To lowest order in A, as defined in Eq. (3.9), the NLOP
lifetime is

87w my' 2x107%
T e

sec, (3.15)

where A2 = Zq:au(gflL + géR) is the (model-dependent)
coupling of the NLOP to the up and charm quarks, and the
number quoted is obtained by taking a rather degenerate
case, my = 350 GeV and my, = 360 GeV.

We estimate next the time scale when the (NLOP-
NLOP) bound states would become metastable. A reason-
able criterion is to assume that these bound states are
metastable against thermal fluctuations when the tempera-
ture drops below their binding energy E;,q. Since the
bound state system is nonrelativistic, and in fact the scales
are such that the QCD interactions are in the perturbative
regime, we can estimate Ey; 4 in analogy to positronium.11
The color Coulomb force between two quarks in a color
singlet state are obtained from the usual Coulomb potential
by the replacement o — (4/3)a,(p). Here a,(p) is eval-
uated at the typical momentum scale of the virtual gluons
responsible for the Coulomb-like interactions, which is
p ~ myay(p)/2. For my, =~ 400 GeV—the typical scale
in our scenario—one gets p = 30 GeV and a,(p) = 0.14.
The binding energy is then given by

Eyina = 3Py (pPmy ~ 102m,.  (3.16)
Thus, the (NLOP-NLOP) bound states become metastable
after freeze-out, which occurs when T ~ m,/25. In this
radiation-dominated era, these two events happen at times
t~ 1077 secand t ~4 X 107° sec in the evolution of the
Universe, respectively. It is therefore clear from Eq. (3.15)
that for any reasonable value of the model-dependent
coupling A, the NLOPs decay into LOPs immediately after
freeze-out, and well before bound states can become
metastable.

The second effect we consider is due to the long-range
Coulomb interactions that, for sufficiently nonrelativistic
particles, can distort their wave functions from the plane
wave shape and alter the standard quantum field theory
perturbative computation of scattering processes. Such an
effect is well-known and was first analyzed by Sommerfeld

"Strictly speaking, at finite temperature there is a screening
effect on charged particles, leading to an effective Debye mass
for the gluon, m, = /2g,(T)T. It is easy to check, however, that
for T/m¢ = IO’g2 [see Eq. (3.16)], the thermal screening can be
neglected.
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in the QED context [39]. It has recently been considered, in
connection with relic density computations, in [40] for
electroweak interactions and in [38] for strong interactions.
For QED at zero temperature, the “Sommerfeld” effect
can be encoded in an effective parameter S which reads, for
absolutely stable particles,'?

et

with x = 7a /v, v the velocity of the colliding particles in
the center of mass frame, and = refer to repulsive or
attractive Coulomb forces, respectively. Given a cross
section o computed in the standard perturbative fashion
between charged nonrelativistic initial states, the replace-
ment o — So is an effective way to take into account the
Coulomb forces, assuming relativistic final states. In a
relativistic approach, the Sommerfeld factor S is obtained
by resumming an infinite class of Feynman diagrams
(“ladder” diagrams). From Eq. (3.17), it is clear that S is
non-negligible only for sufficiently nonrelativistic parti-
cles. Cold DM candidates are by definition nonrelativistic
at freeze-out and the Sommerfeld effect can play a role, as
emphasized in [38,40]. For strong interactions in a pertur-
bative regime, an analysis along the lines of QED can be
made. By neglecting screening effects due to temperature
(which is a good approximation at 7'f; see also footnote )
Eq. (3.17) still holds, with the replacement o — C,a,(p)
in x, where C, is a color factor that depends on the SU(3)
representation of the particles involved, and p =~ muv is the
typical momentum of the virtual gluons responsible for the
Sommerfeld effect in a relativistic treatment [38]. For a
W — i pair in the initial state, one can have either a singlet
or an octet SU(3) configuration, with color factors C; =

4/3 and Cg = —1/6, respectively, At freeze-out, v =

‘/ZTf/me =~ (.25 and we get, for m, =400 GeV, Sy =
2.3 and Sg = 0.9. Thus, the Sommerfeld effect, especially
in the singlet channel, is non-negligible. We have quanti-
fied the impact of the Sommerfeld effect on the computa-
tion of () by replacing the averaged tree-level cross
sections as follows:

1
O yj—gluons §[S1 T (i), —gluons + 8S8 O-(WZ)S—»gluons]’

n 1 _ a
T gz = L1 i) —aq + 88T (yi—aq)
As it turns out, the enhancement of the cross sections in the

2For unstable particles, one has to check whether the
Sommerfeld effect has time to take place, by comparing the
typical time scale of Coulomb interactions fcqyiomy ~ 1/(Mv?)
with the decay time 7 of the particle [41]. If 7 < tcouiomb, the
Sommerfeld effect has no time to take place. In our case,
TNLOP > fcoulomb @nd thus we can effectively treat the initial
NLOP particles as absolutely stable.
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attractive singlet channel is largely compensated by the
repulsive octet channel, so that the effect on the final () is
always very small (at most a few percent).

D. Fine-tuning

We established above that a rather well-defined region
with |c,| ~ 1/2 is simultaneously selected by the minimi-
zation of the Higgs potential, the EW constraints and the
observed DM relic density. We should also recall that the
pseudo-Goldstone nature of the Higgs allows for its mass
to be parametrically lower than the scale of the KK reso-
nances (g, potentially alleviating the little hierarchy prob-
lem present in other RS constructions (of course, the large
Planck-weak scale hierarchy is explained by the RS
mechanism). It is therefore natural to ask how fine-tuned
these scenarios really are. We quantify the fine-tuning at a
given point in parameter space by considering the sensi-
tivity to the microscopic parameters of the theory as mea-
sured by the logarithmic derivative [42]

ol |}

3.18
dlogA; ( )

sensitivity = max{

where A; = Cqi» Cqy» Cu» Cg» My, My, my, M, are the
fundamental parameters of the model. We find that the
apparent fine-tuning is dominated by the sensitivity to c,,
as expected from our previous discussions. We show in the
left panel of Fig. 3 the sensitivity parameter for the random
scans described in Sec. III B, as a function of s,. These
show that throughout the region of parameter space that
leads to phenomenologically viable EWSB breaking min-
ima, the apparent fine-tuning is worse than a percent.
Without tractable analytic expressions it is hard to identify
precisely the nature of such sensitivity, and it is conceiv-
able that the exponential nature of the warp factor gives
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rise to a generic sensitivity. In a 4D dual language, it would
probably be related to the usual generic sensitivity which
affects theories with a dynamical generation of scales, such
as QCD or technicolor theories [43]. It is then possible that
the fine-tuning estimate as given by Eq. (3.18) is too
conservative and a more refined analysis is necessary. It
would be interesting to investigate in more detail this issue.

However, we notice here that the sensitivity to the
microscopic parameters seems to be almost exclusively
related to the requirement of obtaining a large enough
top Yukawa coupling. In order to illustrate the point, we
compute again the logarithmic derivatives in the (c,, M,)
plane, along directions with constant top mass. The result
is shown in the right panel of Fig. 3. Although we have not
explored the logarithmic derivatives at constant top mass in
the whole parameter space and thus cannot exclude the
existence of other directions where the sensitivity is higher,
Fig. 3 shows that part of the fine-tuning in the model is
associated with reproducing the observed top mass. Similar
results also hold in the original MCHM;5 model without
DM. We therefore conclude that the present model neces-
sitates some degree of fine-tuning to reproduce the ob-
served top mass, but once this measurement has been
done, the physical properties of the resulting vacuum are
fairly robust against variations in the microscopic parame-
ters of the theory (observables other than (k) also exhibit
this property). Notice that this is a single measurement
associated with the zero-mode sector, and therefore there is
a sense in which there is little sensitivity to the details of
the new physics beyond the standard model. This also
underscores the role that the heavy top plays in driving
EWSB.

The above situation should be contrasted with SUSY
scenarios that also present, generically, a sensitivity of
order a percent to various fundamental parameters. In the
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FIG. 3 (color online).
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Left panel: Logarithmic sensitivity as a function of s;,. Right panel: Logarithmic sensitivity with the

requirement that the top mass be kept fixed (see text). The green dots correspond to a random scan over parameter space with ¢, > 0.
The subset that satisfies 140 GeV < m,(u ~ ur) < 160 GeV is indicated by red triangles. The results for the ¢, < 0 region are

similar.
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SUSY case, reproducing a large top mass is no more
difficult than in the SM (it is enough to choose the top
Yukawa coupling, one of the ““fundamental’’ parameters of
these theories, to be of order one). However, there is a well-
known intrinsic fine-tuning associated with a cancellation
between the u term and the soft SUSY breaking parame-
ters in the Higgs sector. The latter depend quadratically on
the stop soft SUSY breaking masses, which in turn need to
be taken somewhat heavy (at least in the simplest SUSY
extensions of the standard model) in order to get a large
enough Higgs quartic coupling that allows satisfying the
LEP bound on the Higgs mass. If, in addition, one takes
into account the RG running from a high scale, and quan-
tifies the fine-tuning by the sensitivity to the high-energy
parameters of the theory, the situation worsens. In warped
scenarios, the RS mechanism eliminates any possible fine-
tuning due to running from a high scale. The dynamical
generation of the weak scale in gauge-Higgs unification
scenarios allows for a further natural separation between
the weak scale and the KK scale uz. In fact, EWSB is
generic, except that in most of parameter space it is char-
acterized by s, = 1, which is not phenomenologically
acceptable. The sensitivity shown in Fig. 3 is associated
with the requirement 0 < s;, << 1. Our observation is that
all of this sensitivity is actually associated with getting the
correct top mass (which in these scenarios is related in a
relatively complicated manner to the fundamental parame-
ters of the model), rather than with the LEP bound on the
Higgs mass, which as Fig. 2 shows is easily satisfied in
these scenarios.

IV. DARK MATTER IN OTHER MODELS WITH
WARPED EXTRA DIMENSIONS

In the previous section, we showed how a very simple
extension of a minimal composite Higgs model in warped
extra dimensions successfully accounts for the observed
DM relic abundance, while leading to a nontrivial connec-
tion with the physics of EWSB and EW constraints. We
now briefly show that our prescription can be easily im-
plemented in essentially any model with warped extra
dimensions.

A. RS model with bulk gauge and fermion fields

This is the simplest model in which our mechanism can
be applied. We will see that it is possible to get the correct
DM relic density, although some fine-tuning is likely re-
quired. The bulk gauge symmetry is taken to be SU(3),. X
SU2), X U(1)x, X U(1)x, with the Higgs field localized
on or near the IR brane. The SM U(1) hypercharge factor is
identified with the even linear combination U(l)y =
U(1)x,. The DM candidate X_ is the first KK mode of
the 5D odd combination, Eq. (2.4), and has a mass given by
Eq. (2.5), my = 2/kLur = 0.24ur, where we have
used kL ~log(Mp/TeV) = 34. Assuming no brane ki-
netic terms, the IR scale in this model must obey ur =
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3 TeV [44] in order to be consistent with the EW precision
measurements.' The annihilation rate of X_ is again fixed
by the 4D coupling g between X_, the lightest Z,-odd

fermion, w(l), and the SM zero-mode field ¢(+0), and their

masses. A simple computation shows that § < Yg’, with g’
and Y the SM hypercharge coupling and hypercharge

quantum number of tjf(f), respectively. The Z,-odd fermi-

ons arise as explained in Sec. II by doubling a subset of the
(SM) fermion fields. These must be chosen to have a
localization parameter |c| < 1/2, so that the resulting
7,,-0dd fields are heavier than X _. In scenarios that explain
the fermion mass hierarchies by fermion localization, this
leaves as natural candidates the quarks in the third genera-

tion. The self-annihilation rate o-(X_X_ — w(f) ¢(+0)) is too
small to give the correct relic density ( k%, which is
correspondingly too high. However, the DM relic density
can be lowered to the observed level provided coannihila-

tion processes with the colored quarks ") are important.
This requires " and X_ to be fairly degenerate, and
hence |c| to be very close (from below) to 1/2. It turns

out to be hard to take ¢, ~1/2 or ¢, =~ —1/2, because in

order to get the correct 4D top Yukawa coupling one is
forced to increase so much the 5D top Yukawa coupling
that it would enter the strong coupling regime [3]. The
alternative is to double the right-handed bottom quark only,
and take c,, = —1/2. In this case, other scattering pro-
cesses become important, namely, o(X_bz_ — brg),
o(bg_bg_ — gg) and o(bg_bg_ — qg). Given enough
degeneracy between X_ and bg_, the relic density of X_
can match the observation. For instance, for my =
750 (500) GeV, which corresponds to w =3 (2) TeV
(see footnote '%), one requires ¢;,, =~ —0.496 (—0.495). In
terms of mass splittings, one gets A= (m, —
my )/my_ =6 (9)%. This is not a fully satisfactory sce-
nario due to the moderate tuning needed (and the lack of
independent motivation for the choice of parameters), but
it shows how this idea can be successfully implemented
even in the simplest 5D warped model.

By relaxing the explanation of hierarchical Yukawa
couplings due to the fermion localization one can envisage
a different scenario, where all (light) SM fermions share
the same profile in the extra dimension. Such a situation
occurs in Higgsless models, which is the subject of the next
subsection.

13 Allowing for the Higgs to be a bulk field with an exponential
localization towards the IR brane [45] reduces this lower bound
to ur = 2 TeV. Similarly, sizable IR brane kinetic terms for the
gauge bosons can also decrease the corresponding bound on the
masses of the KK modes significantly [46].
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B. Higgsless models

Higgsless models induce EWSB by means of boundary
conditions in the extra dimension [47]. In this way, the SM
gauge bosons acquire their longitudinal components
through the Higgs mechanism but no extra scalar degree
of freedom (the Higgs) is present in the low-energy spec-
trum. Unitarity violations in longitudinal gauge boson
scattering are delayed by the exchange of the gauge boson
KK excitations up to the cutoff of the theory. Recently,
using ideas borrowed from [3,4], the first five-dimensional
Higgsless model roughly compatible with EW precision
data at tree level has been presented [48].14 A crucial
ingredient is the delocalization of the (LH) light fermions
[50], that have a common localization parameter close to
the conformal point ¢; < 1/2. This means that we can
double the whole (LH) fermionic spectrum, following the
prescription described in Sec. II, with the corresponding
increase in the number of open channels for the DM
particle to annihilate. Furthermore, the low IR scale favors
a stronger annihilation cross section and naturally produces
the right order of magnitude for the relic abundance. Our
starting point is the model of Ref. [48], in which ¢; =
0.46. In this case, the bulk gauge group is SU(2); X
SUQR)g X U(1)x, X U(l)x,, with U(1)g_;, = U(1)x, the
even combination of X; and X,. The smaller warp factor
and lower IR scale in this model lead to a relatively light
DM candidate, with mass my ~ 0.4upr ~ 114 GeV.
Doubling the whole LH light spectrum leads to a too large
annihilation cross section, mostly due to the larger charge
of the leptonic fields under the U(1)g_; group, whereas
doubling only the light LH quarks results in a cross section
that is a bit too small. As an example, doubling only one
LH lepton doublet, we obtain Q4% ~ 0.07. This is impres-
sively close to the observed value, considering that we have
taken identical values for all the parameters, as in Ref. [48].

V. PHENOMENOLOGY OF THE DARK MATTER
SECTOR

A. Collider phenomenology

The collider signatures of our construction share com-
mon qualitative features with other models of new physics
with stable particles. New states are produced in pairs and
(cascade) decay to SM particles and the LOP, which is
perceived as missing energy in the detector. The specific
details of the spectrum of NLOP induce, however, signifi-
cant differences at the quantitative level.

In order to be more specific, we will discuss the phe-
nomenology of the GHU model described in Sec. III. We
study, as an interesting and representative example, the
case with ¢, > 0. The light Z,-odd spectrum consists of

“Deconstructed versions of Higgsless models are more flexible
than five-dimensional ones and models compatible with data, at
the tree level, have been constructed [49].
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the LOP with a mass my ~ 300—400 GeV and the first
KK modes of the bidoublet component of &, that contain
two quarks of charge 2/3, one of charge 5/3 and one of
charge —1/3. We will denote these quarks as /, g*, x* and
q?, respectively, and, generically, as . They are degener-
ate, with a mass my, — my ~ 0.15my , except for small
EWSB effects that make one of the charge 2/3 quarks (¢')
slightly lighter.

Vectorlike quarks are pair-produced at the CERN LHC
via the QCD interactions with a model-independent cross
section that depends only on the mass of the quark [51],

for mgy ~ 400 (600) GeV.
(5.1

The distinctive feature is the high degree of degeneracy
between the NLOP and the LOP, which forbids the natural
cascade decay through a top quark, leaving decays into
light jets and missing energy (the LOP) as the main sig-
nature. The charge 5/3 quark cannot directly decay into the
LOP and SM particles, and therefore undertakes a cascade
decay through an off-shell W* to #, which then decays to
jets and missing energy.

The decay width for the two-body decays (kinematically
allowed for g¢ and, through intergenerational mixing for ¢/
and ¢") is given, to leading order in the mass difference, by
(the inverse of) Eq. (3.15)

T 06 ~ 15 (15) pb,

. 32

A N2/ A \2m
~ (4 X 107° GeV (—) <—) s 2y
( “YNo.002) \0.15) 260

(5.2)

where j = u, c, b, the relevant coupling is denoted with A,
i stands here for any of #, g and ¢¢, and my, is measured
in GeV. For the numerical result we have replaced the
different parameters with typical values for the charge
2/3 quarks [we have assumed intergenerational mixing
in the up sector to be of the order of the cor-
responding Cabbibo-Kobayashi-Maskawa matrix elements
A~ Vi ep&/+2 = 0.2 X (1072-107%)]. In the case of ¢¢
there is no intergenerational mixing suppression (A = g)
and the width can easily be

I'(g¢ — bX_) =~ (107'-1072) GeV. (5.3)

The corresponding three-body decay for y* proceeds
through an off-shell W*, which can decay leptonically. In
the contact interaction approximation, the partial decay
width into muons is

Grm.
Iy —ruv,) = 03,73 fx)
~ —5 Uo% 5 f(x)
(610 GeV)(soo GeV) 10.9)
(5.4)
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where f(x) = 1 — 8x* + 8x% — x® — 12x*1logx?, with x =
my / m X"

Thus, we see that the NLOP are produced with a large
cross section and decay promptly, leading to the following
typical signatures:

pp — 17, q"q", ¢"q* — jjEr. (5.5)

pp = XX = 'TWW* — lwjjjjEr.  (5.6)

The former signature, that can benefit from a larger cross
section due to the quark multiplicity, is challenging due to
the lack of leptons to trigger on, and the fact that the
amount of transverse missing energy is limited by the small
mass difference between the NLOP and the LOP. The
latter, more promising due to the presence of a leptonically
decaying W, has however the problem of the extra source
of missing energy (the neutrino from the W*) and the fact
that the W* is off its mass shell and therefore its mass
cannot be reconstructed. A detailed analysis, which is
beyond the scope of this work, is needed to asses the trigger
efficiency in accepting the signal and the best strategy to
search for this new sector in models with warped extra
dimensions, but the large production cross sections seem to
indicate that discovery should be possible at the LHC.

Thus, although the generic collider implications of our
construction share some features with other models of new
physics with stable particles, the particular details of the
spectrum of NLOP give a very characteristic signature,
with direct decays into jets plus missing energy and, in
some cases, also short cascade decays through off-shell
W’s. These are challenging signals at the LHC, but the
large cross sections due to the low mass of the new parti-
cles and the high multiplicity should help in the discovery
of these channels. One should also remember that the
Z,-even sector of these models is also predicted to have
light resonances. In the particular case we are discussing,
we have a light quark doublet with hypercharge 7/6 that
will be easily observed in the early phase of the LHC [52].
The more challenging, although possible [53], discovery of
the gauge boson KK excitations and the lightest particles of
the Z,-odd sector as we have described above, should then
draw a clear picture of the structure of EWSB.

B. Direct dark matter searches

Direct detection of DM particles is mostly based on
detectors in which the relevant process is the scattering
amplitude DM atoms — DM atoms. Since, as we have
seen, X_ typically couples only to third generation quarks
(the top quark in the GHU model, by in the RS model), its
direct detection rate is expected to be too small for current
and future planned experiments. We can be more quanti-
tative and estimate the cross section X_N — X_N, where
N is a nucleon. Not surprisingly, the situation is analogous
to that of UED where the DM particle is identified with the
first KK mode of the 5D hypercharge gauge field, with the
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important difference that in our case there is no Higgs
exchange and only heavy quarks @ are relevant.
Following [54] and using their notation, the spin-
independent cross section reads

m3, 5

=— =~ f& 5.7

T sealar dm(my  + my)? I (5.7)
where fy = Bo(N|IQQIN) with Q top or bottom quarks,

and

2 2
my + my,
2

~ 2 52 2 52

Bo =mo(Qx 8 + QX,RgR)m’ (5.8)
with m,, the mass of the NLOP. A careful estimate of the
nuclear matrix element (N|Q Q|N) would require a detailed
one-loop analysis, along the lines of [55]. For an order of
magnitude estimate, it is however enough to use the old
result [56]

2 my

MoQIM = - " (1= 3 gy

5.9
27 mQ q=u,d,s ( )

where fIT‘; = (N|gq|N)ym,/my.1tis now straightforward to

compute O~ For the GHU model we considered, by
taking, say, my_ =350 GeV, m, =380 GeV, g, =0,
gr =0.25, Oy r = 2/3, one has

O eatar = 2 X 10710 pb, (5.10)

which is a value too low for current experiments and would
require new experiment proposals, such as supercryogenic
dark matter search [57]. Because of the higher value of
My , Ogalar 1S €ven smaller in the RS model with doubled
byr considered in Sec. IVA. In both models, due to the
denominator term in Eq. (5.8), 044, can become sizable
only for extreme degenerate cases in which my =~ m,,.

In the Higgsless model, the situation is different, since
one might also have direct couplings of X_ with light
quarks. In addition, X_ is lighter, my ~ 100 GeV, and
hence DM direct detection seems more promising.
However, in the specific model of [48], 0.y, 1S still sup-
pressed due to the low values of the charges, Qx; = 1/6
(Qx.g = 0), resulting in a cross section of the same order of
magnitude as (5.10).

VI. A COMMENT ON ANOMALIES

We have assumed so far that the Z, exchange symmetry
is an exact symmetry of the theory, namely, that no quan-
tum corrections can possibly violate it. We show here that
the exchange symmetry is exact by noticing that the CS
terms that are required by gauge invariance are always
Z,-even and hence invariant. This is actually expected,
since the Z, symmetry is a global symmetry which has
nothing to do with parity, the discrete symmetry typically
broken by anomalies. For simplicity, we will focus our
attention on the simplest RS scenario with fermion and
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gauge bulk fields analyzed in Sec. IVA, but the main
results remain valid also for the more refined GHU model
of Sec. III.

The bulk gauge group is G = SU(3), X SU(2); X
U(1)x, X U(1)y,, broken to SU(3), X SU(2), X U(1)y at
the IR brane and fully unbroken at the UV brane. The 5D
fermion spectrum consists of massive Dirac fermions, one
for each SM fermion, with (++) or (——) b.c., depending
on the chirality of the SM fermion. They have charge
(Y, 1Y) under U(1)x, X U(1)y,, with Y the corresponding
SM hypercharge for the given fermion field, while the 5D
bottom fermion fields ¢, and ¢, have charges (—1/3, 0)
and (0, —1/3). Although the 4D massless fermion spec-
trum of the model is anomaly-free by construction, being
identical to the SM spectrum, the 5D theory needs CS
terms to restore 5D gauge invariance fully, because local-
ized anomalies (globally vanishing in 4D once integrated
over the internal space) appear at the UV and IR branes (see
[58] for a review).15 Recall that the warping does not alter
the localization pattern of anomalies, which is then as in
flat space [59]. It is extremely useful to also recall that the
form of a localized anomaly at a boundary is fully deter-
mined by the “effective’ chiral spectrum which is found
there by neglecting the b.c. at the other end point, which is
equivalent to sending the other boundary to infinity (see
e.g. [58] for a derivation of this result). Let us consider the
UV brane, where both U(1) factors are unbroken, and focus
on the possible anomalies involving the gauge field X _. All
SM fermions are neutral under U(1)y , with the exception
of 4, and i, , which have opposite charges —1/3 and
+1/3. Correspondingly, all U(1)y , U()x U(1)3,
SU(3).U(1)x and mixed U(1)y -gravitational anomalies
trivially vanish at the UV brane. At the IR brane, no
anomalies involving U(1)y can appear, since the gauge
field X_ vanishes there. It is not difficult to compute all
other localized anomalies. One finds that the doubling
procedure induces pure SU(3)., U(1); and mixed
SU@3).U(1)y, U(1)y-gravitational anomalies at the UV
and IR brane, as well as a U(1)yU(1)% anomaly at the

UV brane. All these anomalies are cancelled by suitable
5D CS terms, which involve either O (the former) or 2 (the
latter) gauge fields X_."® Consequently, all CS terms are
Z,-even, as anticipated. A similar result is found for the
GHU model of Sec. III.

In this simple example, localized anomalies appear only due
to the doubling we have performed. The original model is fully
anomaly-free since the SM anomaly cancellation applies also to
the localized terms.

16possible modifications to the wave functions of gauge fields
induced by such CS terms can be safely neglected, being one-
loop suppressed.
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VII. DISCUSSION AND CONCLUSIONS

In this paper we have proposed a generic construction
that allows one to endow given models with a DM candi-
date. This is achieved through an extension in which the
model acquires a Z, exchange symmetry. The lightest
7,-o0dd particle is then absolutely stable.

We have considered several models with warped extra
dimensions. Although these scenarios are well-motivated
extensions of the SM, explaining both the Planck-weak
scale hierarchy as well as the flavor structure of the SM,
they do not contain, generically, stable particles that can
account for the observed DM component of the Universe.
We have shown that our mechanism can easily solve this
deficiency.

We have paid special attention to a class of warped
scenarios that is particularly appealing: GHU/composite
Higgs scenarios. In this case, the Z, structure responsible
for the stability of the DM candidate is tightly connected to
the physics that leads to the dynamical breaking of the EW
symmetry. As in supersymmetry, the dark matter mass and
couplings are intimately connected to the EW scale. In
fact, not only does our construction not introduce new
parameters, but there is a further sense in which it can be
considered minimal. As was emphasized in the main text,
the physics of EWSB in such models crucially depends on
certain fields that have two properties: they are fermionic
fields without zero modes and, through their strong con-
nection to the top sector, they give a significant—in fact,
crucial—contribution to the Higgs potential. This is pre-
cisely the sector that gives rise to the Z,-odd particles that
can lead to a realistic dark matter candidate. As a result, the
7.,-o0dd sector, through its contribution to the Higgs poten-
tial, plays a key role in the realization of an EWSB vacuum
with the desired physical properties. As explained in detail
in the main text, the effects due to the Z,-odd sector go in
the direction of alleviating the constraints imposed by low-
energy measurements. The picture that emerges is rather
compelling: the observed DM relic abundance and the very
precise measurements of the EW observables at LEP and
Stanford Linear Accelerator Center Linear Collider point
to a common region in parameter space. This region is
characterized by several fermionic resonances nearly de-
generate with the DM candidate (a spin-1 particle), which
in turn is predicted to have a mass in the 300-500 GeV
range.

We have also pointed out that although the GHU scenar-
ios (with or without DM) present a sensitivity of order 1%
or worse with respect to microscopic parameters (larger
than what naive considerations would indicate), this sensi-
tivity disappears once the top mass measurement is im-
posed. Thus, the moderate sensitivity of order a percent,
that is present in virtually every extension of the SM that
has any relation to the physics of EWSB acquires a new
twist: it indicates an intrinsic difficulty in accommodating
a heavy top. By contrast, once the top mass is fixed to a

115012-15



PANICO, PONTON, SANTIAGO, AND SERONE

value of order the EW scale, the Higgs mass easily satisfies
the LEP bound, while typically lying below 170 GeV or so.

Regarding the phenomenological implications of our
construction, the low scale predicted for the new Z,-odd
sector and, in particular, new vectorlike quarks, guarantees
large production cross sections. Because of the particular
features of the NLOP spectrum, which is very degenerate
with the LOP, the most common signature will be jets plus
missing energy accompanied in some cases by the semi-
leptonic decays of a pair of off-shell W*. These are chal-
lenging signatures that will require dedicated analysis. The
large production cross sections and the information coming
from the easier channels in the Z,-even sector should
however be sufficient to guarantee a discovery of the DM
sector at colliders. We have also seen that DM direct
detection is not very promising in present or near future
experiments, due to the fact that couplings to light valence
quarks are suppressed by intergenerational mixing, leading
to very small cross sections.
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APPENDIX A: THE MCHM; WITH DARK
MATTER

In this section we summarize the model of GHU that was
analyzed in the main text. The model has an SO(5) X
U(l)x, X U(1)x, bulk gauge symmetry, with a discrete
symmetry under which the two U(1) factors are ex-
changed. The Z,-even sector is identical to the MCHM;
of Ref. [25]. The SO(5)/SO(4) directions are broken on
both branes by choosing (—, —) boundary conditions for
the u components

AL(= -,

where @ = 1,...,4 runs over the SO(5)/SO(4) indices.
The corresponding components along the extra dimension
A‘g (which are four-dimensional scalars) have zero modes
that transforms as a bidoublet of SO(4) ~ SU(2), X
SU(2) and are identified as the SM Higgs doublet. The
p components of the remaining gauge fields have the
following b.c.:

(AL)

Wé~(+,4), B~ (+ +), (A2)

Wi~ (= +),  Z'~(=+), (A3)
wherea = 1,2, 3, b = 1,2, the L and R indices correspond

to the SU(2); X SU(2)z decomposition of SO(4), and

_ gsxWi + 85X _ gsWi — gsx X+
V&8st g3k V&8s T g3k

Here we have defined X, = (X * Xz)/\/f, and X_,, sat-

isfies (+, —) b.c. Also, gsx, = gsx, = V2gsy.

The SM quarks are embedded in bulk fermions trans-
forming in the fundamental representation of SO(5), 5 =
(2,2) ® (1, 1) with X, charge 2/3 and —1/3 for the up and
down sectors, respectively. The odd fields couple as in
Eq. (2.3). The b.c. are as follows:

B 7/ (A4)

o [di(=+ o [ @i+
&g = F(z’ 2= |:Q1L(++):| (22 = |:Q1R(__)] ,
L i) (1, 1% (+, +)
g _[@2160) (z,2>;s(—+)] Z[(z,z)z(+—) (2,2)33(—+)]
Tl @) | LD (=) (LD (o) | (A3)
[ (0,21 - [‘”L(H)] @24 = [‘”R(")] @2(+-) (22(—+)
for = ) L2 1 ér"=[(1 Di(—+) a 1)d<+—>]’
(1L (=, -) (L DE(+, +) Tt CR

We have displayed the field content according to their SO(4) decomposition, and + and — represent, respectively,
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Neumann or Dirichlet boundary conditions at the corre-
sponding brane. Note that the choice of parities above
seems to allow for two SM doublet zero modes per gen-
eration, coming from ¢;; and g,;. It is actually only the
symmetric combination (g;; + ¢o;)/+/2 that has a zero
mode, the odd combination being coupled to a UV-
localized chiral fermion with a large mass. The O(4) X
U(1)y symmetry at the IR brane allows for the following
mass mixing terms:

my(2,2)71(2,2)% + M, (1, D% (1, 1) + my(2,2)%(2, 2)4
+ M, (1, D%(1, 1)¢ + H.e. (A6)

Notice that the localized mass terms do not involve the odd
fields in &, . Thus, neglecting intergenerational mixing, we
have a total of eight parameters per quark generation, four
bulk masses, denoted in units of the bulk curvature k by
Cq4,» Cq,» Cu and ¢, (the exchange symmetry forces ¢,- =
¢,), and four mass terms m,, 4, M, 4. The first two gener-
ations have a negligible effect on EWSB and, for the third
generation, as long as Cq < 1/2, Cq < Cgps the two mul-
tiplets related to the bottom (£,,, £,) do not play any
significant role either. We are therefore left with four
relevant parameters ¢, , ¢,, m, and M,. Note however
that there is a phenomenological constraint on the value
of c¢;. The reason is that, due to the chosen boundary
conditions, the component (1, 1)? becomes ultralight for
c; = —1/2 [18], easily violating limits from direct pro-
duction at the Tevatron [60].

APPENDIX B: THE HIGGS POTENTIAL

The one-loop Higgs potential in 5D warped models does
not admit a simple analytic expression, which is related to
the difficulty in deriving an explicit form for the KK mass
spectrum and Higgs interactions for the relevant fields. A
useful tool to derive at least an implicit but relatively
compact form for the potential is achieved by using the
gauge-fixing outlined in [61] in an holographic approach
[62]. In this way, the Higgs potential is simply obtained by
a rotation of the 4D holographic fields only (see [61] for
details). The Higgs potential in our model is actually the
same as the one considered in [25], the only difference
being the presence of the Z,-odd SO(5) multiplet &,,. The
latter field, interestingly enough, leads to a Higgs contri-
bution which has opposite sign with respect to that of 5D
fermions admitting chiral zero modes. Like gauge fields,
they contribute positively to the Higgs potential, pushing
the minimum towards zero. In order to simplify the dis-
cussion, let us consider a simple 5D model with SU(2)
gauge symmetry broken to U(1) by boundary conditions.
The contribution to the “Higgs” potential given by two 5D
fermion doublets W whose left-handed components sat-
isfy the boundary conditions

() () @
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modulo an irrelevant constant term, can be written as

d4
Va(h) = =2 j G loell = ey T1(p )] (B2)

In Eq. (B2), = stands for the contributions of ¥* and ¥,
respectively, p is an Euclidean momentum and c¢,; =
cos(2h/f;). All the nontrivial information on the mass
spectrum is encoded in the form factor Il(p, m.), with
p=+p.p” and m. the bulk 5D mass terms. If
[TI(p, m+)| <1 over the whole integration region, then
one can expand the log term in Eq. (B2), which clearly
shows the opposite contribution to the potential given by
the two 5D fermion fields. One has

G__(0) G (G-(0)
G_.(0) GH(c)][G,AcW

G+—(C)]1
G.(c) '
(B3)

(p, m) = [

where G+ +(c) = G+ +(c, p, zr, Zyy) are a combination
of the Bessel functions J and Y:

G le P, 21, 22) = Jerni2(ipz)Yerm2(ipza)

= Yeimp2ipz)deq 1 2(ipza),
(B4)

where 1, ' = =, and ¢ = zyym is the usual dimension-
less mass term in warped space. It is not difficult to check
that |II(p, m.)| < 1; it exponentially vanishes when p —
o0 and1 7reaches its maximum value 1 just at the origin
p=0.

Let us now turn to the actual Higgs potential in our
model, which is complicated by the presence of localized
IR mass terms and a nontrivial gauge symmetry breaking
pattern. The most relevant fields contributing to the poten-
tial are the gauge fields and the SO(5) multiplets &, &,
&, and &, . In the holographic approach, these contribu-
tions are encoded in the holographic gauge fields W and Z,
the bottom and top quarks, and by a holographic Z,-odd-
fermion component of &, .

The gauge field contribution reads (in the absence of any
localized IR or UV terms)

3 d*p , - =11,
~ 11, 2
(1+ cosZHW))]’ (BS)

where 0y, is the SM weak mixing angle and

Im_
+ log(l + 57 oM,

G-_(1/2)
II. = "'7’ (B6)
- G=.(1/2)
'7 A similar result holds in flat space where IT(p, m) = —(p? +

m?)/(m?> + p?cosh(2L+/p? + m?)), with L being the length of
the segment.
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in terms of the functions defined in Eq. (B4). In Eq. (BYS),
the first and second log terms correspond to the holo-
graphic W and Z contributions, respectively.

Let us now consider the fermion contribution to the
Higgs potential. Since by symmetry no IR mass terms
can be introduced for £,, whose components satisfy
boundary conditions of the (+—)/(—+) type, its contri-
bution to the potential is given by V_ (k) in Eq. (B2), which
can be rewritten (again, modulo constant terms) as

d*p IT,
~(h) = — — + 52—
Vi (h) 2ch(27)4 log[l sy 2Ho:|’ (B7)

where N, = 3 is the QCD color factor and

__Goila)

== ) .
— _n[ — G—+(Cu) G++(Cu)

e 2( G_(c) G+_(cu))'

The holographic bottom and top quark contributions are
more involved. The top contribution can be written as

d4p K qu
Vip(h) = —=2N, | —— log| (1 + 57 1)(1+‘2 1)
[Op( ) Cf(2W)4 Og[< s‘h 2H8 S‘h ZHg
(M)
— s7cp 1 ] (B9)
EITRITE
in terms of the following form factors:
- N (/M,)
0 - _4’
D, .(1/M,)
NS (/M N}
Hll, _ _2[_ q],u( / u) + ql,u(mu)il,
Dq,,u(l/Mu) Dql,u(mu)
N, N
g = gm) W’(m"), (B10)
Dq,,u(mu) qu,d(md)
HQI — _N(/_l)”(mu) Nq_l,u(l/Mu)
l D‘]lv“(m“) Dql,u(l/Mu)

4 m, 1/M,
MY =—— ( - ,
w* p*zrzuy \Dy, u(m,) Dy, (1/M,)

with
Ni(M) = G—t(ci)G+i(Cj) + MzG+t(Ci)G—r(Cj),
Di,j(M) = G7+(Ci)G+7(Cj) + M2G++(Ci)G77(Cj)'
BI11)

In the above formulas, m, and M, are dimensionless IR
brane mass terms (see Appendix A). The bottom quark
contribution is also given by Eq. (B9), provided one makes
the substitutions ¢, < ¢,,, ¢, < ¢4, m, = mg, M, — M,
in Egs. (B9) and (B10).

It is useful to consider various limits for the IR brane
mass terms. When m, — 0, M,, — 0, the form factor M}
vanishes and the potential splits in the two contributions
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given by &! and &4,.q,- As expected, in this limit the
contribution given by &, reduces to that of £,,, with ITj —
ITy, IT§{ — II,, with II; and II; given in Eq. (B8). In the
opposite limit, m, — o0, M,, — oo, the contribution given
by & turns into that of a fermion with (++)/(——)
boundary conditions, and is given by Vf+ (h) in Eq. (B2).
This is again expected, since the large IR brane mass terms
effectively change the boundary conditions of the fermions
on the IR brane. In the limits in which M,, — oo, m, — 0 or
vice versa, II{ — 0, M} — 0, and hence &F does not
contribute at all to the potential. As far as £, ., are con-
cerned, one should recall that bottom and top quarks are
distributed in both multiplets £, and £,, and that a local-
ized UV right-handed fermion doublet is necessary to get
rid of an unwanted zero-mode left-handed doublet [25].
Such a localized field implies that the contributions of &,
and ¢, are entangled also in the limit of vanishing or very
large IR brane terms. That is why I1{ in Eq. (B10) depends
onboth ¢, , ,c,4and m, 4. Notice, however, that even in
this case, if M,, — oo, m,, — 0 or vice versa, H‘f‘ vanishes,
so that the whole top contribution to the potential vanishes
in this limit. Such a result is particularly clear in the
approach followed here, where the Higgs dependence of
the holographic Lagrangian is obtained by a SO(5) rotation
of the 4D holographic fields. The rotation gives rise to
Higgs-dependent terms when SO(5) is broken at the IR
brane by boundary conditions. In the limit M,, — oo, m, —
0 or vice versa, the singlet and the bidoublet components of
the SO(5) multiplets £,/ , £, and &, have the same bound-
ary conditions at the IR brane, implying SO(5) invariant
boundary conditions and hence no couplings of such fer-
mions with the Higgs. Actually, there is a whole one-
dimensional family of boundary conditions, when m, =
1/M,, for which I1} = I17" = M¥ = 0, as is clear from
Eq. (B10). Needless to say, similar results hold when
considering the IR brane terms m,; and M.
The total one-loop Higgs potential is finally given by

VTot(h) = Vg(h) + Vtop(h) + Vbottom(h) + V]:(h) (Blz)

APPENDIX C: THE TRILINEAR COUPLINGS

The holographic approach, used in the previous appen-
dix to derive the effective Higgs potential, can also be
efficiently applied to the computation of the trilinear cou-
plings g; and gx of the DM candidate X_ with the third
generation quarks and the Z,-odd fermions. As explained
in the main text, these couplings are an essential ingredient
to compute the DM relic abundance.

For simplicity, we neglect EWSB effects, which intro-
duce only a slight change ( < a few%) in the computation
of the DM relic abundance, an accuracy that we have no
interest in achieving. Starting from Egs. (3.4) and (3.5), our
aim is to extract the trilinear couplings grigX_¢_  (for
¢, <0)and g, 7, X__; (for ¢, >0) where ¢_  is the
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right-handed component of the NLOP singlet state and
y_ ; is the left-handed component of the NLOP field in
the bidoublet coupled to the top. In the holographic ap-
proach, g, /g are obtained by writing the bulk-to-boundary
propagators for the holographic fields 7, /g, ¢ /g and X _
and integrating the vertices (3.4) and (3.5) over the compact
space, taking care of normalization factors required to
define canonically normalized fields. We can consider the
cases ¢, >0 and ¢, <O at the same time. The (¢, tg)
system can be described by choosing as holographic de-
grees of freedom the UV values of the LH components of
the £, (and £,,) multiplet and the RH ones of the &Y field
(for m, # 0). In this way we obtain the quadratic holo-
graphic Lagrangian

tR, (C1)

with p = \/p,p™ and p, a Minkowskian momentum and
the form factors I1{ and IT§ are as in Eq. (B10) but with
p— —ip.?

The holographic fields are not mass eigenstates but
rather a superposition of all the states in the 4D KK tower.
As a consequence, we need some care to extract the
couplings of the mass eigenstates from the holographic
Lagrangian. To do this we use the fact that the holographic
fields coincide with the (noncanonically normalized) mass
eigenstates when we put them on mass shell. This means
that we can obtain the couplings of the KK states by simply
computing the holographic couplings on-shell, provided
we also find the correct normalization factors for the fields.

For the top field, the wave functions of the relevant on-
shell (i.e. p = 0) components along the &, multiplet are
given by

. Cy—Cq Cq —5/2
wr(2) = —m, 2 vy Mzgy tp = [ @1,

k@) = 7=(E)" 1 = fi @Dt

luv

(C2)

To find the correct normalization factors Z; ., we must
require that the action have the canonical form for massless
fields in a series expansion in p around the on-shell mo-
mentum. The L and R normalization factors are thus given
by

ormge 1 olIlg”

Z.)? = lim— — = lim—
@0 r—=0zyy P p—=0zyy dp

(C3)

Because of the absence of zero modes, the holographic
description of the Z,-odd fields is more involved, since the
action diverges for p — 0. Nevertheless we can still use the
holographic approach by a suitable expansion around the

"®The factor 1/zyy ensures that the holographic fields have
canonical dimension in 4D.
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on-shell momentum p = m,yy, where mgy, iS a mass
eigenvalue.

The NLOP states that couple to g and 77, y_ gpand ¢f_
are contained in the multiplet £, as in Eq. (AS5), namely,
&x = (1, )% and the relevant component of (2, 2)}~, that
we denote by £; . Both fields satisfy (+—) b.c., so that we
can choose as holographic fields the UV values of the
corresponding components: ¢, = ,/zyvEég (zyy) and
Y = JavéL (zuy)." The holographic Lagrangian for
this system at the quadratic level is

S plg .

L =yr——r + ¥ ——4p,

Pr b 7oy r + UL » Zov oL

where I, = —(II, + IT1,/2)" " and 1 = II,, evaluated

again with a Minkowski signature. The relevant on-shell
field wave functions are

— — G__ w MR, 2R, - = - -
{fR () = A= G P R v = fr @i,

iy -

& (z) = 2

2\5/2 _Giylew—impaR2) ) — — £— -
Zuv (ZUV) G+er(rCu’7imL>ZIRvZUV) ¥y = fL (Z)lpL :

(€5

The normalization factors Z;  can be found by expanding
the action around the on-shell momentum. One get320

1 I1 1 oIl
(Zp gl = lim —— —=5— = lim LR
’ p—mr2Zyy P — mp R p—mr2Zyy 0P
(Co)

where m p are the masses of the NLOP.

The holographic description of the X_ gauge field is
easily obtained in an axial-type gauge X_ 5 = 0, as de-
scribed in [61]. The quadratic holographic Lagrangian for
the transverse part of the X_ gauge field is found to be

| A .
L =—-——X" pll_X",
2zyy wb
where X' = /ZgvX~ (zyv) is the holographic field. The
on-shell field wave function is

(C7)

z G (1/2, —imy_, 2R, 2) %t
22 Gy (1/2, —imy 2w, zuv)

= fX, (Z)XAL,,U)

and its normalization factor Zy is

X’_,M(z) =

(C8)

In the presence of EWSB, when the various field components
are mixed by the Higgs VEYV, it is better to choose holographic
fields of the same chirality within a multiplet (see [61]). In the
present case the two components are independent of each other,
so we can simply use holographic fields with different chiralities.

*OThe factor 1/2 which appears in these expressions is due to
the fact that the fermions we are describing are massive. In the
holographic approach the two chiralities of the fermions (say,
¢..r) are described by the same holographic field (¢, ), so that

on shell ¢, = & and ¢p = 4/pd,. In this case P(p—
m)¢ — $2(p — m)p/pdy.
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p Im_ . ad < pll_ )

72 = lim — ——— = lim —

p=mx_zyy PP —my  pome AP\ Zyy

(C9)

The interaction term can finally be written as

2 ZIR Z 4 z_
L0 =Zsx [ dz(ﬂ) (& X &l + He)

<uv <

2 - A ZIR Z 4 _
= _gSX'vlfL/RX—tL/R[ dz(ﬂ) (fL/fo,fZ/R)

3 v z

+ Hec, (C10)
where gsy is the 5D U(1)y gauge coupling. Taking into
account the normalization factors, we finally get

. 2 85x fZIR (ZUV>4 _ n
ELR= 357 do\ —) (frfx-f1R)
LK 3 ZZ/RZL/RZX, Zuv < L/RIXTIL/R

(C11)

From the above relations it is possible to get an upper
bound on g; and gz by noticing that both couplings are
maximal when tp and 7; reside mostly in the &, multiplet,
which occurs for M, — oo and m, — o, respectively.?!

2'Notice that in the limit M, — o0, m, — o, the components
of the ¢, multiplet related to #; and tz acquire (++) b.c.,
while the corresponding £, components satisfy (+—) bound-
ary conditions [see also paragraph after Eq. (B11)].
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When M, — o0 and ¢, =~ —1/2,0orm,, — o and ¢, ~ 1/2
one gets
(Zg)? = (Z[)* = (Zx )%, (Zg)* = log(zir/zuv),

z 1—-2c,
(er)z = mﬁ(zﬂ) " log(zir/zuv),

uv
i@ =fil0= (i)mf x_(2),
fi) = \/Zlu_v (ZULV)”{
fi(@) =~ — %(Z_i)l/z% <%)3/2'

(C12)

Using Eqgs. (C12), we see that the integral over the wave
functions in Eq. (C11) reduces to the normalization con-
dition for the gauge field for both gz and g;, giving simply

- 2
138l == Esx =gy, (C13)

3 VZuv log(ZIR/ZUV) 3

where in the latter equality we have used the relation
between the 5D coupling gsy and the 4D coupling gy.
This proves Eq. (3.6) in the main text.
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