Physics Letters B 759 (2016) 1-8

www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

PHYSICS LETTERS B

Scalar field dark matter and the Higgs field

0. Bertolami ?, Catarina Cosme?, Jodo G. Rosa ¢

@ CrossMark

@ Departamento de Fisica e Astronomia, Faculdade de Ciéncias da Universidade do Porto and Centro de Fisica do Porto, Rua do Campo Alegre 687, 4169-007,

Porto, Portugal

b Departamento de Fisica da Universidade de Aveiro and Center for Research and Development in Mathematics and Applications (CIDMA) Campus de Santiago,

3810-183 Aveiro, Portugal

¢ Departamento de Fisica e Astronomia, Faculdade de Ciéncias da Universidade do Porto, Rua do Campo Alegre 687, 4169-007, Porto, Portugal

ARTICLE INFO ABSTRACT

Article history:

Received 19 March 2016

Received in revised form 22 April 2016
Accepted 16 May 2016

Available online 18 May 2016

Editor: M. Trodden

We discuss the possibility that dark matter corresponds to an oscillating scalar field coupled to the
Higgs boson. We argue that the initial field amplitude should generically be of the order of the Hubble
parameter during inflation, as a result of its quasi-de Sitter fluctuations. This implies that such a field may
account for the present dark matter abundance for masses in the range 1076-10~* eV, if the tensor-
to-scalar ratio is within the range of planned CMB experiments. We show that such mass values can

naturally be obtained through either Planck-suppressed non-renormalizable interactions with the Higgs
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boson or, alternatively, through renormalizable interactions within the Randall-Sundrum scenario, where
the dark matter scalar resides in the bulk of the warped extra-dimension and the Higgs is confined to
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1. Introduction

The existence of a significantly undetected non-relativistic mat-
ter component in the Universe is widely accepted, with plenty of
evidence arising from different sources. In particular, the flatness
of the rotational curves of galaxies requires a significant dark mat-
ter component to account for the inferred dynamical galactic mass.
In addition, the invisible mass of galaxy clusters and the tem-
perature and polarization anisotropies of the Cosmic Microwave
Background (CMB) radiation indicate a dark matter component
that accounts for about 26% of the present energy balance in the
Universe. The origin and the constitution of dark matter remain,
however, unknown, despite the large number of candidates that
arise in theories beyond the Standard Model of Particle Physics
(see e.g. [1] for a review).

The recent discovery of the Higgs boson at the Large Hadron
Collider [2,3] has opened up new possibilities for understanding
the nature of dark matter. In fact, several works in the literature
have already considered the possibility that dark matter interacts
with the Higgs field in a variety of forms. The first models [4-8]
considered an extension of the Standard Model with an additional
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singlet scalar field, ¢, with renormalizable interactions with the
Higgs field of the form:

mg o, o 1
V.=t + Lot gt (1)

where my is the field mass, A4 its self-coupling term and g the
coupling term between the “phion” and the Higgs field. Several
analyses of this and related models have been performed in the
literature [9-22] and this possibility has become widely known as
“Higgs-portal” dark matter. A connection to dark energy has also
been suggested in [23,24].

Most of the works in the literature focus, however, on dark mat-
ter candidates whose abundance is set by the standard decoupling
and freeze-out mechanism, with masses in the GeV-TeV range.
In this work, we consider an alternative possibility in which the
scalar field ¢ acquires a large expectation value during inflation
and begins oscillating after the electroweak phase transition, be-
having as non-relativistic matter. Although a related scenario was
considered e.g. in Ref. [19], in the latter case interactions are suffi-
ciently large to lead to the decay of the scalar condensate and ther-
malization of the ¢-particles, so that the present-day dark matter
abundance also corresponds to a GeV-TeV WIMP thermal relic.

Our proposal considers a scenario where the dark matter field
is part of a hidden/sequestered sector with an inherent conformal
symmetry/scale invariance, which is broken only by feeble inter-
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actions with the Higgs boson. This implies that the field’s mass
and self-couplings are extremely small, which in particular leads to
a long-lived oscillating scalar condensate that is never in thermal
equilibrium in the cosmic history. We will consider particular mod-
els where this generic idea can be realized, and show that such a
field can naturally account for the present dark matter abundance.

The article is organized as follows. In Sec. 2 we describe the
main properties of our scenario, focusing on the dynamics of an
oscillating scalar field in the post-inflationary Universe and con-
sidering that the field only acquires mass through the Higgs mech-
anism after the electroweak phase transition. We determine, in
particular, the relation between the field’s mass and initial am-
plitude required in order to explain the observed dark matter
abundance. In Sec. 3 we discuss the dynamics of the field dur-
ing inflation and compute the average field amplitude that results
from quasi-de Sitter fluctuations and sets the initial conditions for
the post-inflationary evolution. Finally, in Sec. 4 and Sec. 5 we de-
scribe particular realizations of a weak coupling between the ¢
and Higgs fields leading to the required field mass to account for
dark matter, considering firstly the case of non-renormalizable op-
erators and secondly a bulk scalar field in the Randall-Sundrum
scenario for a warped extra-dimension. We summarize our conclu-
sions and prospects for future work in Sec. 6.

2. Oscillating scalar field as dark matter

Let us start by reviewing why a homogeneous oscillating field,
¢, with a potential dominated by a quadratic term, V (¢) =
%mézpz, behaves as non-relativistic matter. In a generic cosmolog-
ical epoch where the scale factor evolves as a(t) = (t/t;)P, with
p > 0 and a(t;) = 1, the Hubble parameter is simply H = p/t. The
field ¢ then satisfies the Klein-Gordon equation:

<}5+3$¢3+m§,¢=0. 2)
For myt > 1, the solution of this equation is then approximately
given by:

¢ (t) ~ cos(mgt +d¢) , (3)

Pi
(t)3/2
where we have defined the initial field amplitude, ¢;, and phase,
84. The energy density of the oscillating field thus evolves, after a
few oscillations, as:
1m2¢? 4
2 a “)
which corresponds to the behavior of non-relativistic matter.

We may therefore consider an oscillating scalar field as a plau-
sible dark matter candidate, provided that it is stable and yields
the correct present abundance. In general, the field will begin to
oscillate after inflation when my ~ H. If we consider that the field
only acquires mass through the Higgs mechanism, its mass van-
ishes before electroweak symmetry breaking and, consequently,
H > my and the field is overdamped, such that its amplitude re-
mains approximately constant. After the electroweak phase transi-
tion at temperatures around 100 GeV, the field acquires a mass
that eventually becomes larger than the Hubble parameter. The
field then becomes underdamped and begins to oscillate as ob-
tained above. This will generically occur during the radiation-
dominated epoch, where the Hubble expansion rate is given by:

Py =

we X ygl (5)
- 90 * E)

where Mp is the reduced mass Planck, Mp; = 1/+/87 G, T is the
cosmic temperature and g, = Np + (7/8)NF is the total number of

relativistic degrees of freedom, including Ng and Nf bosonic and
fermionic degrees of freedom, respectively.

From Eq. (4), we may define an effective number density of ¢
particles in the oscillating scalar condensate:

2
_Pe _Med 6)

my  2a3

The total entropy density of radiation in the early Universe is given
by:

s 7
- 45 8xS
where g.s = Ng + %N r is the effective number of relativistic de-
grees of freedom contributing to the entropy. Using Egs. (6) and
(7), it is easy to see that the number of particles in a comoving
volume is:

2 3
n myo:/(2a
2 % = const. (8)
$ T5 &as T3

This is a conserved quantity since, due to the entropy conservation,
S =sa® remains constant throughout the history of the Universe.

We consider now two separate cases, since the field only ac-
quires its mass after the electroweak phase transition at Tgpy ~
100 GeV. If, on the one hand, the field mass is smaller than the
Hubble rate Hgw = 77 /+/90g. T2, /Mp ~ 107> eV, with g, ~ 100,
the field will only start to oscillate after the phase transition. If, on
the other hand, my 2 Hgw, oscillations start as soon as the Higgs
field acquires its vacuum expectation value, which we take approx-
imately to be at Tpy .

In the first case, for my < Hew, the temperature at which my =
H is given by:

90\ /4 ~1/4
r= () g i, (©)

which is valid for temperatures below Tgy . Introducing this tem-
perature into the relation Eq. (8), we get:

ng 1/90\"* _14 &7
i) e (10
s d m¢M?’l

where we have taken g, = g.s when field oscillations begin. We
may then use this to compute the present dark matter abundance,
Q4.0, defined as:

Pp0 My (n_¢)50
£c,0 3€H2M2 s

Q¢y0 =

g o T3 1/24)2

1 2
“s\o0) 7 malp

where Hg ~ 1.45 x 10733 eV is the present Hubble parameter, To ~
2.58 x 1074 eV is the present CMB temperature and g,sg ~ 3.91.
For the case where the field starts oscillating immediately af-
ter the electroweak phase transition, for my 2 Hgw, we take the
temperature at the beginning of field oscillations to be Tgw and,
following the same steps as for the previous case, we obtain:

m¢<HEw, (]1)

T Note that the electroweak phase transition is not instantaneous, and both the
temperature and the number of relativistic species vary during the phase transition.
This simplified approach to consider a given temperature and g, it gives neverthe-
less a sufficiently good approximation for determining the main properties of the
dark matter field.
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meg > Hpw . (12)

2 42
Qo 1 g4s0 ( To )3 mg ¢;
90> 5 ) o

~ 6 g \Tew/ H3MZ'
Then, assuming that the field accounts for all of the present dark

matter abundance, Q4 0~ 0.26 [25], we obtain the following rela-
tions between the field mass and its initial amplitude:

—4
3x107° (%)1/2( ¢i ) ev, m¢<HEW

~ 100 1013 GeV
Mo = sy g2( s\ - (13)
2x10 (m) (m) eV . m¢ > HEW

3. Inflation and initial conditions for the scalar field

In the previous section we have determined the values of the
field mass that may account for the present dark matter abun-
dance as a function of its initial oscillation amplitude. As has been
previously observed in the literature [15], the initial conditions for
scalar field oscillations in the post-inflationary Universe are set by
the inflationary dynamics itself, depending on whether the field
mass is greater or smaller than the inflationary Hubble parameter,
Hinf.

{Ne have assumed above that the dark matter field ¢ acquires
mass through the Higgs mechanism, such that its mass during in-
flation would depend on the inflationary dynamics of the Higgs
field itself. As we will see below, we will be interested in ex-
tremely small couplings between ¢ and the Higgs field of order
v/Mp;~ 10716 where v = 246 GeV is the Higgs vacuum expecta-
tion value (vev). This implies that the field mass during inflation
will be at most of the order of the electroweak scale unless the
Higgs field acquires super-planckian values. The dark matter field
would thus be light during inflation, and consequently exhibit de-
Sitter fluctuations of order Hjuf/27 on super-horizon scales. This
would be phenomenologically unacceptable, since this would lead
to large inhomogeneities in the dark matter density that would
lead to sizeable cold dark matter isocurvature modes in the CMB
spectrum as e.g. for the case of axions (see e.g. Ref. [26]).

The Higgs field need not, however, be the unique source of
mass for the dark matter field. In fact, in most extensions of
the Standard Model with additional scalar fields, the latter typi-
cally acquire masses of the order of the Hubble parameter during
inflation. This is, for example, the case of supergravity models,
where the scalar potential involves terms of the form V(¢) ~
K@My 4 o pd g w*p|?/M2, + ..., where u? is the infla-
tionary energy density, for canonical forms of the Kahler potential.
This results in field masses of order wu2/Mp ~ Hinf, which is the
origin of the so-called “eta-problem” found in supergravity/string
inflationary scenarios (see e.g. Ref. [27]).

From a more general effective field theory point of view, we
may argue that, even if there are no direct renormalizable inter-
actions between the dark matter and the inflaton scalar fields,
gravitational interactions may induce non-renormalizable terms of
the form:

cp*V(x)
cint=§T[2)l ) (14)

where x is the inflaton field and c is a dimensionless parameter.
This leads to a contribution to the field mass mg ~ cHjys during
inflation that vanishes in the post-inflationary era, assuming that
V(x) =0 in the ground state. The magnitude (and sign) of this
mass cannot be determined in the absence of a UV-complete de-
scription of the theory, but in the absence of fine-tuning we expect
lc| ~ O(1), and we will focus on the case ¢ > 0 where the mini-
mum of the ¢ potential lies at the origin. Note that the reheating

period may have some effects on the dynamics of the fields, but it
does not affect our scenario, as shown in Appendix A.

A massive field with my ~ Hjys will nevertheless exhibit quan-
tum fluctuations that get stretched and amplified by expansion
during the quasi-de Sitter inflationary phase. For my/Hins < 3/2,
the amplitude of each Fourier mode with comoving momentum k
is given by [28]:

3
H; k 27Y%
18¢y] ~ — 2L ( ) , (15)
A/2k3 \aHinf¢
w2 \1/2
where vy = (% - H%) . Notice that fluctuations do not “freeze”
inf

on super-horizon scales, for k < aHj,s, unless vy >~ 3/2, i.e. un-
less the field is very light. Instead, for a massive field, fluctuations
are exponentially damped as inflation proceeds. The homogeneous
field component can be obtained by integrating over all super-
horizon modes, yielding for the variance of the scalar field:

<¢,2>=<M>2 (1_(8%)3—2%) o (Hinf>27 .

2 3—-2v4 T 3-2v \ 27

where, in the last step, we have taken e Ne « 1 for N, = 50-60
e-folds of inflation. Notice that the field variance becomes con-
stant, even though each super-horizon Fourier mode is continu-
ously damped. This is associated with the fact that there are al-
ways modes k ~ aH;j,s that give a significant contribution to the
variance.

As mentioned above, fluctuations in the dark matter scalar field
will lead to isocurvature perturbations in the CMB spectrum, which
are then given by [28]:

B 8¢l 2 N27.[2 k 3-2vy
mo=((22) )5 () o

For mg/Hiny > 3/2, the fluctuations are more suppressed, and
given approximately by [28]:

Hins \? ( Hi 272
S l? = (—2”‘f) ( ‘”f> PR (18)
T My /) (aHinf)
Integrating over k, at the end of inflation, we get for the field vari-
ance:

. 2 . . 2 .
()= (52) () (- = (G) (Br).

(19)
and the isocurvature power spectrum is:
27?2
Pr(k) ~ —. (20)
(aHin)

Let us focus on the case mg ~ Hjys (with real values of vg), and
determine the minimum field mass during inflation that leads to
CDM isocurvature perturbations compatible with observations. For
this we consider the dimensionless power spectrum:

I 3—2V¢
¢ ) . 1)
aHinf

k3
Al = 5z P = (3—2vy) (

Notice that the comoving scales that are relevant for CMB per-
turbations have left the horizon 50-60 e-folds before the end of
inflation, such that at the end of inflation k/aHj,; ~ e Ne « 1.
Isocurvature modes are then measured in terms of the ratio:



4 O. Bertolami et al. / Physics Letters B 759 (2016) 1-8

= ¢i=0.1Hx¢

— ¢;=0.25H,y

108 I I I I
10-% 104 0.001 0.010 0.100 1

r

Fig. 1. Relation between the dark matter field mass and the tensor-to-scalar ratio for
an initial field amplitude ¢; = aHjys set by inflationary de Sitter fluctuations, with
a =0.1-0.25, corresponding to field masses during inflation mg ~ (0.75-1.5)Hjyy.
The dashed line gives the upper bound on the tensor-to-scalar ratio set by the
Planck collaboration at 95% C.L. [29].

A? (k)

iso l G N N
P00 =32 00 + a2 0

(22)

where A2 ~2.2 x 1072 is the amplitude of the adiabatic curvature
perturbation spectrum generated by the inflaton field x. Note that
the dark matter field is sub-dominant during inflation, so that its
fluctuations do not induce perturbations in the space-time curva-
ture. CDM isocurvature modes and adiabatic modes will be uncor-
related, since fluctuations in ¢ and x are independent. The Planck
collaboration places an upper bound on uncorrelated CDM isocur-
vature perturbations Biso (kmiq) < 0.037 for kg = 0.050 Mpc~!
[29]. Using the above results, this yields vy < 1.3 for 55 e-folds
of inflation, implying mg 2 0.75H ;5.

This lower bound on the dark matter field mass during infla-
tion allows us to place an upper bound on the variance of the
field at the end of inflation of (¢%) < 0.252 Hl.znf, and for masses
of the order of the Hubble parameter during inflation we have
(#?) = «®H2 ., with o ~ 0.1-0.25. This variance will set the av-
erage amplitude of the field at the end of inflation, and since the
field remains overdamped until after the electroweak phase tran-
sition, we take the initial amplitude for field oscillations in the
post-inflationary era to be in this range, i.e.:

¢i~aHipr, «~01-0.25. (23)

We may express the Hubble parameter during inflation in terms
of the tensor-to-scalar ratio, r = Af /A2, since the amplitude of
the primordial gravitational wave spectrum is a direct probe of the
inflationary energy scale, with:

T ~ 13/ T \1?
Hlnf_ﬁ,/ARMpJF_z.5x10 (—0.01) GeV. (24)

Replacing this into Eq. (13), we can obtain a relation between the
dark matter field mass and the tensor-to-scalar ratio:
g \'2
100)
y {(a/0.25)_4(r/0.03)_2 ,
(2/0.25)~1(r/0.03)~1/2

my =2 x 1075 (

m H
¢ = TEW Gy (25)
my > HEW

This relation is illustrated in Fig. 1, where one can see that
the upper bound r < 0.11 set by the Planck collaboration at
95% C.L. [29] leads to a lower bound on the field mass my 2
1076-10> eV for o ~0.1-0.25.

In the next sections we discuss possible scenarios that may lead
to field masses of this order through the electroweak Higgs mech-
anism.

4. Non-renormalizable interactions between the dark matter and
Higgs fields

The present dark matter abundance and the initial conditions
set by the inflationary dynamics require very small scalar field
masses, unless the tensor-to-scalar ratio is very suppressed. If the
dark matter field were to couple directly to the Higgs field, via
renormalizable operators, we would expect a mass not much be-
low e.g. the electron mass, unless the coupling is unnaturally small.
However, we may envisage theories where such couplings are not
present and, for instance, the dark matter field belongs to a hidden
sector that is sequestered from the visible sector, which contains
the Standard Model fields and in particular the Higgs boson. The
absence of bare mass for the dark matter field could, for exam-
ple, be motivated by a conformal symmetry or scale invariance in
the hidden sector. The two sectors may, nevertheless, be indirectly
coupled through heavy messenger fields that are e.g. charged un-
der the gauge symmetries of both sectors. Even in the absence of
such messengers, the two sectors will be coupled through gravity.
Taking a strictly effective field theory point of view, we may con-
sider that the conformal symmetry/scale invariance in the hidden
sector is broken only by non-renormalizable terms suppressed by
a mass scale M that corresponds to the messenger mass, or Mp in
the case of gravity-mediated interactions.

Imposing a Z, reflection symmetry on the dark matter field,
i.e. the invariance of the Lagrangian under ¢ — —¢, we can en-
sure the stability of the field, since linear terms that allow for
its decay are thus forbidden. In this case, the lowest-order non-
renormalizable operator involving the dark matter and the Higgs
field is of dimension-6 and takes the form:

2 2
6 hi4 Ll

h* =,
2 M
where ag is a dimensionless parameter, which we expect to be
O(1). It is then easy to see that, after electroweak symmetry
breaking when the Higgs field acquires its vev, the dark matter
field acquires a mass:

Line = (26)

i 2sx 0]
my =ag— ~2.5x 10 ag | — ev. (27)
M Mp
This implies that one obtains a dark matter field mass in the range
required by the observed abundance for Planck-suppressed inter-
actions, assuming inflation occurs close to the GUT scale and the
tensor-to-scalar ratio is not too suppressed (r > 10~3). If inflation
occurs at an energy scale somewhat below the GUT scale, lead-
ing to lower values of the tensor-to-scalar ratio, the observed dark
matter abundance would require larger values of my, and these
could equally be motivated e.g. by messenger masses at or below
the GUT scale.

The case of Planck-suppressed interactions seems, however,
rather special, since the hierarchy between the electroweak and
Planck scales leads to a similar hierarchy between the dark matter
and Higgs masses. This motivates going beyond the effective field
theory perspective and finding a concrete and well-motivated sce-
nario where this hierarchy is naturally obtained, as we describe in
the next section.

5. Scalar field dark matter in warped extra-dimensions

A concrete realization of the hierarchy mentioned in the pre-
vious section in the context of an effective field theory can be
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found in the Randall-Sundrum (RS) scenario for warped extra-
dimensions [30]. The RS construction considers a model with
one additional spatial dimension with a warped geometry, and
which is compactified in an orbifold S!/Z,. This geometry can be
viewed as an effective dimensional reduction of brane-models in
10/11-dimensional string/M-theory, where brane tensions are re-
sponsible for warping the geometry in the directions transverse to
their world-volume.

The bulk geometry is a slice of anti-de Sitter space (AdSs),
where the metric corresponds to the warped product:

ds? =e 2°W g, ,dxdx’ 4 dy?, (28)

where y € [—L,L] is the radial coordinate along the extra-
dimension, for L = ;rr. with r. denoting the compactification ra-
dius, and @, v =0,1, 2, 3. The warp factor is given in terms of the
linear function o (y) = k|y|, where k is the bulk AdS curvature. The
orbifold symmetry has two fixed points at y =0 and y = L, where
branes of opposite tension reside. Einstein’s equations then require
a particular relation between the brane tensions and the (negative)
bulk cosmological constant.

In their original proposal, Randall and Sundrum observed that
if the Standard Model fields, in particular the Higgs boson, were
confined to the brane at y = L, the Higgs mass and its expec-
tation value would be exponentially suppressed with respect to
the fundamental mass scale in the construction, which is taken
to be the Planck scale. One then naturally obtains a large hierarchy
e K ~ v/Mp ~ 10716 between the electroweak and gravitational
scales for a relatively small extra-dimension, providing a simple
solution to the well-known gauge hierarchy problem. The Randall-
Sundrum model has, since its original proposal, been the object of
several analyses and extensions, including e.g. scenarios where the
Standard Model gauge and fermion fields reside in the bulk [31,
32], which could explain e.g. the measured fermion mass hierar-
chy.

Here we will show that the required hierarchy between the
dark matter and Higgs field masses can also be naturally obtained
within the RS construction, if the dark matter field corresponds to
the zero-mode of a bulk scalar field that is coupled to the Higgs
field on the “visible” or “infrared” brane at y = L. We start with
the following five-dimensional action for the Higgs and dark mat-
ter sectors:

1 1
S:/d‘*x/dy\/—c [EG’V’NaM@aN@— EMédﬂ
1
+8(y—1) (GMNaMhTaNh —V(h)+ 5ggcbth)] , (29)

where Gy is the five dimensional metric, ® is the 5-dimensional
scalar field that includes the dark matter field as its zero-mode
and g5 is the five-dimensional coupling between the Higgs and
bulk scalars on the visible brane. In general, we may include a bare
mass term for the scalar field, that is even under the Z, orbifold
symmetry and can be parametrized as [31]:

M2, =ak® +bo”, (30)

where a and b are dimensionless parameters yielding the bulk and
boundary contributions to the field mass, such that:

do d*c
o' =— =ksgn(y), o'=—=2k[§(y)=8(y—1L)].
dy gn (y) iy2 [6(y) =8y —D)]
(31)
From the five-dimensional action we may derive the equation of
motion for the bulk scalar. Assuming that a perturbative approach

is valid, we may first neglect the brane-localized interactions with
the Higgs field, to obtain:

1
o (\/—G GMNaNdJ) ~M20=0. (32)
Using the metric Eq. (28), this can be written in the form:

(278" s +e* iy (e470y) ~MG ] @ (. y) =0, (33)

We can then decompose the bulk scalar into a tower of Kaluza-
Klein modes:

] o0
@ (¥, y) = NeTi > b (X*) fa ) (34)
n=0

where the mode functions f; (y) satisfy the orthonormality condi-
tion:

L
1 —20 _
ﬂfdye fa (@) fin (¥) = 6nm . (35)
)

Substituting into Eq. (33), we get:

[—64" dy (e"w ay) + Mé] fa=e*m2 f,. (36)

This equation admits, in particular, a massless solution fo(y) with
my = 0 of the form:

fo(y) = Cg)e(Z—«/4+aiky + Cg e(2+«/4+a)ky , (37)

where c? and cg are constants, and the orbifold symmetry allows
us to focus on the interval y € [0, L]. This solution only exists for
fields that are even under the orbifold Z, symmetry [31], and
which must satisfy the boundary conditions:

dfn ,
(@ e f”)

For the zero-mode, this implies C? =0and b =2+ +/4 +a. Impos-
ing the normalization condition (35), the zero-mode profile is then
given by:

[ 2Lk(b—1) 4
fo(y) = me - (39)

We will now focus on the particular case a =b = 0, for which the
bulk scalar is scale invariant and the associated zero-mode func-
tion is flat:

fo(y) = ~2kL, (40)

where we used that e %L ~ v/Mp « 1. If we now replace this
mode-function into the brane-localized terms in the action, we
find the following effective interaction between the zero-mode and
the Higgs fields:

=0. (38)
0,L

1, _
Loh = 5ggke kL y2p2 (41)

where we have rescaled the Higgs field h — e‘h in order for it to
have a canonically normalized kinetic term in four dimensions, and
denoted the zero-mode field ¢o(x) = ¢ (x). Thus, noting that gék is
a dimensionless quantity and that the AdS curvature k >~ Mp is
the fundamental scale in the RS scenario, we expect the effective
four-dimensional coupling between ¢ and the Higgs field to be:

g=/g2ke % ~ O(1) x —— ~10716 (42)
Mp
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Thus, assuming that the five-dimensional coupling has a natural
value g5 ~ k12, we conclude that, after the electroweak symme-
try is broken, the zero-mode of our bulk scalar acquires a mass
mg ~ v2/Mp ~ 107> eV, just like for the non-renormalizable in-
teractions considered in the previous section. Of course the five-
dimensional coupling may somewhat differ from the natural scale
without much fine-tuning of the extra-dimensional model, but this
shows that the zero-mode of a scale invariant bulk scalar in the RS
model acquires a mass in the correct range to account for the dark
matter in the Universe as an oscillating scalar field. The effect of
a Planck-suppressed non-renormalizable operator is thus analogous
to a renormalizable interaction in a higher-dimensional warped ge-
ometry.

One of the assumptions of the generic analysis we performed
in the previous sections is that the dark matter field acquires a
Hubble-scale mass during inflation from a non-renormalizable cou-
pling to the inflaton field. This can be implemented within the RS
construction if, for example, the inflaton field x also lives on the
visible brane and we consider brane-localized interactions of the
form:

So,x =h5/d4X/dy«/—GS(y—L) D2V (x) . (43)

Since, by dimensional analysis, hs ~ k=3 ~ M;3, it is easy to con-
clude that the effective four-dimensional coupling between the
inflaton and the dark matter zero-mode field is of the form
$*V (x)/k* ~ 2V (x)/M?, thus naturally yielding a Hubble-scale
mass for the dark matter field during inflation which vanishes in
the post-inflationary era.

Within the RS construction, the remaining KK modes of the
bulk scalar field could, in principle, also contribute to the dark
matter density if they oscillate with a sufficiently large amplitude
after inflation. Although we will not analyze the properties of these
modes in detail, referring the reader to existing discussions in the
literature as e.g. Ref. [31], we must ensure that they will not over-
contribute to the dark matter density. In particular, for n > 1, the
mass spectrum for an even field with a=b =0 is given by:

1
My >~ <n + 4_1) ke (44)

such that the lowest KK masses lie at the TeV scale and are, hence,
much heavier than the zero-mode. This could lead to an overabun-
dance of dark matter, but we note that the KK mode functions are
given approximately by:

kay-n J2 (mne /k)
J2 (mnekL/k) -

This implies that their coupling to fields on the visible brane is
exponentially larger than the coupling of the zero-mode, with
fn(L) = ek fo(L), and consequently that their mass during infla-
tion is necessarily much larger than the inflationary Hubble scale.
Since these may actually be super-planckian, it is not possible to
study their dynamics during inflation as for the case of the zero-
mode, but this analysis nevertheless shows that we do not expect
the KK modes of the bulk scalar to develop large expectation val-
ues during inflation and hence oscillate with a large amplitude
in the post-inflationary eras. However, those heavy modes might
decay rather quickly through gravitational coupling and then we
expect that indeed only the zero-mode contributes significantly to
the present abundance of non-relativistic matter.

Finally, in our previous dynamical analysis of the oscillating
dark matter field, we have neglected the effects of any field self-
interactions. Although the assumption of a bulk conformal sym-
metry for the five-dimensional scalar field implies that no bare

2kLe

fn(y) = (45)

Fig. 2. Feynman diagram inducing a dark matter self-coupling at 1-loop order.

self-interaction terms exist, we must take into account that this
symmetry is broken on the visible brane by the interactions with
the Higgs field (as well as the inflaton but this does not affect the
post-inflationary dynamics). This generates, in particular, a quar-
tic coupling for the dark matter zero-mode field through radiative
corrections. At 1-loop, these corrections correspond to the diagram
in Fig. 2, which up to numerical factors and the usual logarithms
generates a quartic-self coupling A ~ g*.

Since after inflation the field has a large expectation value
¢i ~ aHiyf, these self-interactions yield a contribution to the dark
matter field mass Amé ~ P~ g4Hl.2nf. It is easy to check that

Amq%/mé ~ Hiznf/Mlz, « 1, so that we may safely neglect the effect
of these self-interactions on the dynamics of the dark matter field.

6. Conclusions

In this work, we have analyzed the possibility of an oscillating
scalar field, ¢, which acquires mass through the Higgs mechanism,
accounting for the observed dark matter abundance in the Uni-
verse.

We have argued that the field acquires a large expectation value
during inflation, just below the inflationary Hubble parameter, due
to quasi-de Sitter quantum fluctuations, which sets the average ini-
tial amplitude of the field oscillations. Despite the large overall
variance of the field, its fluctuations on the presently observable
CMB scales are exponentially damped, since scalar fields generi-
cally acquire Hubble-scale masses through gravitationally-induced
couplings to the inflaton. Thus, in contrast with e.g. axion fields,
which remain massless during inflation and acquire large fluctu-
ations on all super-horizon scales, inflationary fluctuations would
not generate significant matter isocurvature perturbations in the
present scenario.

After inflation the field becomes massless and its amplitude re-
mains approximately frozen until the electroweak phase transition,
after which the field acquires a small mass through its coupling
to the Higgs field. Eventually the field becomes underdamped and
begins to oscillate about the origin, behaving as cold dark mat-
ter. We have also imposed a Z, symmetry on the Lagrangian that
ensures the stability of the dark matter field. The observed dark
matter abundance then allows us to determine the field mass as
a function of the inflationary Hubble scale, and the current Planck
bound on the tensor-to-scalar ratio [29] sets a lower bound on the
field mass my > 1076-1075 eV.

If inflation occurs close to the GUT scale and the tensor-to-
scalar ratio is within the range of planned CMB experiments,
r > 1073, we concluded that the mass of the scalar field must sat-
urate the above bound, and we observed that this implies the ap-
proximate hierarchy between the dark matter mass and the Higgs
expectation value:
my .V (46)

v Mp

We have then explored different scenarios where this hierarchy
may be attained. A first, more generic, possibility is that the
dark matter and Higgs fields are only coupled through Planck-
suppressed gravitational interactions. We have, in addition, pre-
sented a more concrete possibility that the dark matter field is
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the zero-mode of a five-dimensional scalar field living in a warped
extra-dimension. In the context of the Randall-Sundrum model,
this mode acquires a mass through its coupling to the Higgs field,
which is confined to the visible brane at the bottom of the warped
throat. We have also shown that, within this scenario, this field
acquires a Hubble-scale mass during inflation, as initially assumed,
when the inflaton is also localized on the visible brane.

A generic feature of these scenarios is that the dark matter field
has no bare mass or self-interactions, which may be motivated by
imposing a conformal symmetry that is broken only by the non-
renormalizable or brane-localized interactions with the Higgs field
after electroweak symmetry breaking. The resulting interactions
between the dark matter and Higgs bosons are thus extremely sup-
pressed, with an effective coupling g ~ 10716, On the one hand,
this justifies neglecting any dissipative effects in the dynamics of
the oscillating scalar field, which could e.g. lead to its evaporation
and subsequent thermalization as considered in [19]. On the other
hand, this will make its detection extremely difficult. Although we
will leave a detailed analysis of possible experimental signatures
for a future publication, we expect that such a dark matter candi-
date will evade detection in ongoing or even planned experiments
involving nuclear recoil.

The dark matter field exhibits, however, some similarities with
axions and other axion-like particles, namely in terms of its small
mass and couplings to known particles. This suggests that it may
be possible to probe the existence and properties of the proposed
dark matter scalar field with experiments analogous to those em-
ployed in the search of axion-like particles, or even using similar
indirect astrophysical signatures. The nature and interaction struc-
ture of these fields are, nevertheless, sufficiently different that one
may hope to distinguish them experimentally.

This work shows that dark matter, as the known particles in
the Standard Model, may acquire mass through the Higgs mecha-
nism, despite its hidden/sequestered nature. It shows, in addition,
that the Higgs portal can offer alternative dark matter candidates
to the thermal WIMPs typically considered in the literature, and
that the properties of dark matter can also be used to probe the
mechanism behind inflation in the early Universe. We thus hope
that our work motivates further exploration of the different possi-
bilities presented and other potentially related scenarios.
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Appendix A. Effects of the reheating period

Despite the mass of the dark matter field vanishing in the
radiation-era before electroweak symmetry breaking, one must
check whether the reheating period can affect the results pre-
sented in Section 3. During this period,

2
m v
. Vo )
H VOO + 35X+ pr

Since during inflation we have mé/H2 =~ 3c ~ 1, the dark matter
field will be overdamped (or at most critically damped), my < H,
in the post-inflationary eras, as we mentioned above, and we do
not expect the dark matter field to oscillate during reheating. Nev-
ertheless, before the radiation era, where mé/H2 ~V(x)/per <1,
there may be a period of inflaton matter-domination, where the

latter oscillates about the minimum of its potential but has not
yet decayed significantly. Neglecting pr in the equation above, we
have mé/HZ =3c/2, and it is easy to check that during this period
the field amplitude decays as t%, where

Ot—l 1+,/1 8c
) y 37)°

Thus, the field does not oscillate in this period for ¢ < 3/8, which
corresponds to my < 1.1Hj,s during inflation, which is compatible
with the Planck bounds on CMB isocurvature modes. For exam-
ple, for c =1/3, we have @ = —1/3, such that the field amplitude
will decay as a~!/2, implying that the inflaton-dominated matter
era may last for a few e-folds without significantly decreasing the
dark matter field amplitude. The duration of this era is, of course,
model-dependent, and we note that there are scenarios where this
era is, in fact, absent and the slow-roll regime is immediately fol-
lowed by radiation-domination, such as when the inflaton has a
quartic potential or in warm inflation scenarios (see e.g. [33]).

The interactions between the inflaton and the ¢ field may also
lead to the production of ¢-particles during reheating. We ex-
pect this to be a negligible process in general due to the non-
renormalizable nature of the interactions, since close to the mini-
mum of the inflaton potential at o, we have:

(A2)

VOR: _cmy 5, 2,2,2
L=c M,% 2M123X¢ +...=8"0"+... (A3)
where mi = V" (xo) is the inflaton mass at the minimum and we
assumed a vanishing vacuum energy. If this mass coincides with
the inflaton mass during inflation, mf( = BnHiznf, taking into ac-
count the amplitude and tilt of the primordial curvature spectrum,

this yields an effective coupling:

#~10" (55) (1)

This coupling may be even more suppressed if the inflaton mass
at the minimum is considerably smaller than its value during in-
flation. It is thus not hard to envisage scenarios where the infla-
ton couples more strongly to Standard Model particles such that
only a negligible fraction of the inflaton’s energy is converted into
¢-particles during reheating, ensuring a sufficiently long radiation-
dominated era.

One may nevertheless ask whether such particles could con-
tribute to the present dark matter abundance. Due to their ex-
tremely small coupling to Standard Model particles (as we describe
in the previous sections) and to the inflaton, ¢-particles never
thermalize in the cosmic history, so that their final abundance is
set entirely by their initial abundance, i.e. by the inflaton decay
X — ¢¢. Their initial number density is thus (following Ref. [34]):

(A4)

g Ty

; A5
30 my (A=)

Ngi = B¢,nx = 23¢

where Tg is the reheating temperature, assuming instantaneous
reheating in the worst-case scenario, and By is the branching ra-
tio of inflaton decays into dark matter particles. The latter may be
relativistic when produced if the ¢ mass is already considerably
smaller than the inflaton mass, such that they have initial momen-
tum pg; ~ my /2. As they are always decoupled from the cosmic
plasma, their momentum simply redshifts with expansion by a fac-
tor e~Ne, where N, denotes the number of e-folds of expansion
after inflation. Taking mg ~ /71Hins ~ 102 GeV and N, ~ 60, we
obtain a present momentum pgo ~ 103 eV, which is comparable
to the present mass of the dark matter particles in the range of
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interest to our scenario. This means that the dark matter particles
should only be mildly relativistic today, Ego ~ mg. Then:
~. MgNgo

_ _MsSo <%)
- 2p12 2 .
3H2M2 ~ 3HoM2 \ s

~0.01B, (10Tgev) (101§Rcev> (101'121)(Gev)71 » (AB)

where we have used that ng/s remains constant for a decoupled
species. We thus see that, due to the smallness of their mass,
¢-particles from the inflaton decay generically give a negligible
contribution to the present dark matter abundance, even if the
branching ratio is not too suppressed.

In summary, we do not expect the reheating period to consid-
erably modify our analysis in general, so that we may neglect its
effects in computing the present dark matter abundance.

Q¢o
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