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Abstract

We show that a neutral scalar field, o, of two Higgs doublet extensions of the
Standard Model incorporating the seesaw mechanism for neutrino masses can be
identified as a consistent warm dark matter candidate with a mass of order keV. The
relic density of o is correctly reproduced by virtue of the late decay of a right-handed
neutrino N participating in the seesaw mechanism. Constraints from cosmology
determine the mass and lifetime of N to be My ~ 25 GeV — 20 TeV and v =~
(107% — 1) sec. These models can also explain the 3.5 keV X-ray anomaly in the
extra-galactic spectrum that has been recently reported in terms of the decay o — .

Future tests of these models at colliders and in astrophysical settings are outlined.
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1 Introduction

One of the simplest extensions of the Standard Model is the addition of a second Higgs
doublet to its spectrum. A second Higgs doublet appears naturally in a variety of well
motivated scenarios that go beyond the Standard Model. These include supersymmetric
models [1], left-right symmetric models [2], axion models [3] and models of spontaneous
CP violation [4], to name a few. These models have the potential for rich phenomenology
that may be subject to tests at colliders and in low energy experiments. A notable feature
of these models is the presence of additional scalar states, two neutral and one charged,
which may be accessible experimentally at the LHC. Naturally, two Higgs doublet models
have been extensively studied in the literature [5].

In this paper we focus on certain cosmological and astrophysical aspects of the two
Higgs doublet models in a regime that has not been previously considered. It is well
known that no particle in the Standard Model can fit the observed properties of the dark
matter in the universe inferred from astrophysical and cosmological data. New particles
are postulated to fulfill this role. Two Higgs doublet models do contain a candidate for
dark matter in one of its neutral scalar bosons. It is generally assumed that this particle,
which is stable on cosmological time scales owing to an approximate (or exact) symmetry,
is a cold dark matter candidate with masses in the several 100 GeV range [6,7]. These
particles annihilates into lighter Standard Model particles in the early thermal history of
the universe with cross sections of order picobarn. In this paper we show that there is an
alternative possibility where the extra neutral scalar boson of these models can have mass
of the order of a keV and be identified as a warm dark matter candidate. This scenario
is completely consistent with known observations and would have distinct signatures at
colliders as well as in cosmology and astrophysics, which we outline here.

The ACDM cosmological paradigm, which assumes a significant cold dark matter com-
ponent along with a dark energy component in the energy density of the universe, has been
immensely successful in confronting cosmological and astrophysical data over a wide range
of distance scales, of order Gpc to about 10 Mpc. However, at distance scales below a Mpc,
cold dark matter, which has negligible free—streaming velocity, appears to show some in-
consistencies. There is a shortage in the number of galactic satellites observed compared to
CDM N-body simulations; density profiles of galactic dark matter haloes are too centrally
concentrated in simulations compared to data; and the central density profile of dwarf
galaxies are observed to be shallower than predicted by CDM [8]. These problems can be
remedied if the dark matter is warm [9], rather than cold. Warm dark matter (WDM) has
non-negligible free-streaming velocity, and is able to wipe out structures at distance scales
below a Mpc, while behaving very much like CDM at larger distance scales. This would

alleviate the small scale problems of CDM, while preserving its success at larger distance



scales. The free streaming length of warm dark matter can be written down very roughly

as [10]
keV (Do
Rys ~ 1 Mpc (m_) (ﬁ) ; (1)
g : T~keV

where m, is the dark matter mass and (p,) its average momentum. For a fully thermalized
WDM, (p,) = 3.157. In the WDM of two Higgs doublet model, as we shall see later,
(ps)/(3.15T) ~ 0.18, so that an effective thermal mass of o, about six times larger than
m, can be defined corresponding to fully thermalizd momentum distribution. For m,,
of order few keV, we see that the free-streaming length is of order Mpc, as required for
solving the CDM small scale problems. Note that structures at larger scales would not be
significantly effected, and thus WDM scenario would preserve the success of CDM at large
scales.

The WDM candidate of two Higgs doublet extensions of the Standard Model is a neutral
scalar, o, which can have a mass of order keV. Such a particle, which remains in thermal
equilibrium in the early universe down to temperatures of order 150 MeV through weak
interaction processes (see below), would contribute too much to the energy density of the
universe, by about a factor of 34 (for m, = 1 keV). This unpleasant situation is remedied
by the late decay of a particle that dumps entropy into other species and heats up the
photons relative to o. A natural candidate for such a late decay is a right-handed neutrino
N that takes part in neutrino mass generation via the seesaw mechanism. We find that
for My = (25 GeV — 20 TeV), and 7y = (107* — 1) sec. for the mass and lifetime of
N, consistency with dark matter abundance can be realized. Novel signals for collider
experiments as well as for cosmology and astrophysics for this scenario are outlined. In
particular, by introducing a tiny breaking of a Z; symmetry that acts on the second Higgs
doublet and makes the dark matter stable, the decay ¢ — 77 can occur with a lifetime
longer than the age of the universe. This can explain the recently reported anomaly in
the X-ray spectrum from extra-galactic sources, if m, = 7.1 keV is adopted, which is
compatible with other WDM requirements. This feature is somewhat analogous to the
proposal of Ref. [11] where a SM singlet scalar which coupled very feably with the SM
sector played the role of the 7.1 keV particle decaying into two photons. The present
model with ¢ belonging to a Higgs doublet has an entirely different cosmological history;
in particular o interacts with the weak gauge bosons with a coupling strength of g ~ O(1)
and remains in thermal equilibrium in the early universe down to T' ~ 150 MeV, while the
singlet scalar of Ref. [11] was never thermalized.

The rest of the paper is organized as follows. In Sec. 2 we describe the two Higgs
doublet model for warm dark matter. Here we also study the experimental constraints on
the model parameter. In Sec. 3 we derive the freeze-out temeprature of the WDM particle

o and compute its relic abundance including the late decays of N. Here we show the full



consistency of the framework. In Sec. 4 we analyze some other implications of the model.
These include supernova energy loss, dark matter self interactions, 7.1 keV X-ray anomaly,

and collider signals of the model. Finally in Sec. 5 we conclude.

2 Two Higgs Doublet Model for Warm Dark Matter

The model we study is a specific realization of two Higgs doublet models that have been
widely studied in the context of dark matter [6,7]. The two Higgs doublet fields are
denoted as ¢; and ¢5. A discrete Z5 symmetry acts on ¢o and not on any other field. This
Zy prevents any Yukawa couplings of ¢,. While ¢ acquires a vacuum expectation value
v~ 174 GeV, (¢9) = 0, so that the Z, symmetry remains unbroken. The lightest member
of the ¢y doublet will then be stable. We shall identify one of the neutral members of ¢,
as the WDM o with a mass of order keV.

Neutrino masses are generated via the seesaw mechanism. Three Z; even singlet neu-

trinos, NV;, are introduced. The Yukawa Lagrangian of the model is

My

Here £3M is the SM Yukawa coupling Lagrangian and involves only the ¢; field owing to

the ¢g — —¢ reflection (Z;) symmetry. The Higgs potential of the model is

Vo= —mi|éi P+ milde? + M|oi| + Aaldo|t + Azl |*|de)?
A
+ aloioal + {5 (662)° + hc}. (3)

With (@) = v ~ 174 GeV and (¢3) = 0, the masses of the various fields are obtained as

m; = 4\v?E, m2 =mi+ (A3 + A+ As) 07

m%y = mi+ A3+ M —Xs)vh mpe =mi + Agv? . (4)

Here h is the SM Higgs boson with a mass of 126 GeV; o and A are the second scalar and
pseudoscalar fields, while H* are the charged scalars. We wish to identify o as the keV
warm dark matter candidate.! In order to go from 100 GeV to a few keV for the mass
of o, some fine-tuning will have to be done. While this may be viewed as not natural,
we note that in any non-supersymmetric model of this type, such fine-tunings are needed
to protect the scalar masses from quadratic divergences. This is true in the inert doublet

model with cold dark matter as well. An immediate concern is whether the other scalars

! Alternatively, A can be identified as the WDM candidate. With some redefinitions of couplings, this
scenario would lead to identical phenomenology as in the case of ¢ WDM.



can all be made heavy, of order 100 GeV or above, to be consistent with experimental data.
This can indeed be done, as can be seen from Eq. (4). Note that m% = m?2 — 2\5v? and
m%. = m2 — (A + A5)v?, so that even for m, ~ keV, m4 and mpy+ can be large. However,
the masses of A and H* cannot be taken to arbitrary large values, since \;v? are at most
of order a few hundred (GeV)? for perturbative values of ;. The boundedness conditions
on the Higgs potential can all be satisfied [5] with the choice of positive A; 23 and negative
A5 and (Ay + As5). The keV WDM version of the two Higgs doublet model would thus
predict that the neutral scalar A and the charged scalar H* have masses not more than
a few hundred GeV. The present limits on the masses of A and H* are approximately
ma > 90 GeV (from Z boson decays into o + A) and my+ > 100 GeV from LEP searches
for charged scalars. This would mean that [A\;| > 0.13 and [A\y + A5| > 0.17.

2.1 Electroweak precision data and Higgs decay constraints

The precision electroweak parameter T receives an additional contribution from the second

Higgs doublet, which is given by [7]

2 2 2
mayr+ m e

AT = —H= 11— A log—1 5

32m2an? my. —m% T omi (5)

where the mass of o has been neglected. For {my+, ma} = {150, 200} GeV, AT ~ —0.095
while for {mpy=, ma} = {200, 150} GeV, AT ~ +0.139. Both these numbers are consistent
with current precision electroweak data constraints, 7' = 0.01 £ 0.12 [12]. Note, however,
that the mass splitting between H* and A cannot be too much, or else the limits on 7" will
be violated. For example, if {mg+, ma} = {150, 300} GeV, AT ~ —0.255, which may be
disfavored.

The parameter S receives a new contribution from the second Higgs doublet, which is

1 m2 5
AS = ] 4 ) 6
127 (Og m2 . 6) (©6)

If {mpy=, ma} = {150, 200} GeV, AS ~ +0.025, while for {my=, ma} = {200, 150} GeV,
AS ~ —0.007. These values are consistent with precision electroweak data which has
S =-0.034+0.10 [12].

In this model the decay h — oo can occur proportional to the quartic coupling combi-

evaluated to be

nation (A3 + Ay + A5). The decay rate is given by

|)\3+)\4+)\5|2 ’U2
I'(h = —. 7
(h = o0) T6m - (7)

Since the invisible decay of the SM Higgs should have a branching ratio less than 23% [13],



we obtain the limit (using I' = 4.2 + 0.08 MeV for the SM Higgs width)
|>\3—|—)\4+)\5| < 1.4 x 10_2 . (8)

The cubic scalar coupling hoo can also arise through loops mediated by gauge bosons.
The dominant such contribution is from a W*W ™~ loop, which has an amplitude of order
g*v/(167%), which should be compared with the tree-level amplitude of [A3 + Ay + Asv.
As long as |A3 + Ay + As| > 1073, the tree level contribution will dominate. There is a
mini fine-tuning needed to realize the constraint quoted in Eq. (8), since |A5] > 0.13 and
A1+ As| > 0.17 are required to meet the constraints on the masses of A and H*. This
tuning is at the level of 10%, which is quite stable under radiative corrections. We thus see
broad agreement with all experimental constraints in the two Higgs doublet models with

a keV neutral scalar identified as warm dark matter.

2.2 Late decay of right-handed neutrino IN

Before proceeding to discuss the early universe cosmology within the two Higgs doublet
model with warm dark matter, let us identify the parameter space of the model where the
late decay of a particle occurs with a lifetime in the range of (10™* — 1) sec. Such a decay
is necessary in order to dilute the warm dark matter abundance within the model, which
would otherwise be too large. A natural candidate for such late decays is one of the heavy
right-handed neutrinos, N, that participates in the seesaw mechanism for small neutrino
mass generation. If its lifetime were longer than 1 sec. that would affect adversely the
highly successful big bang nucleosynthesis scheme. Lifetime shorter than 1074 sec. would
not lead to efficient reheating of radiation in the present model, as that would also reheat
the warm dark matter field.

It turns out that the masses and couplings of the late-decaying field N are such that
its contribution to the light neutrino mass is negligibly small. The smallest neutrino mass
being essentially zero can be taken as one of the predictions of the present model. We can
therefore focus on the mixing of this nearly decoupled N field with light neutrinos. For
simplicity we shall assume mixing of N with one flavor of light neutrino, denoted simply

as v. The mass matrix of the v — N system is then given by

0 Y
M, = ¥ (9)
YNU MN
A light-heavy neutrino mixing angle can be defined from Eq. (9):

sinf,y ~ — . (10)



This mixing angle will determine the lifetime of V.
If kinematically allowed, N would decay into hv, hv, Wte™, W—e*, Zv and Zv. These
decays arise through the » — N mixing. The total two body decay rate of N is given by

L(N — hv, hv, Wre™, W—et, Zv, Zv) = ‘

Y2 M 2\ 2 2\ 2 Im2 2\ 2 2m2
NEN (o) o T (g 2w (g T2 (g T2 )
327 M3 M3 M2, M3 M3

Here the first term inside the square bracket arises from the decays N — hv and N — hv,

the second term from decays of N into W*eT and the last term from N decays into Zv
and Z7. We have made use of the expression for the mixing angle given in Eq. (10), which
is assumed to be small.

When the mass of N is smaller than 80 GeV, these two body decays are kinematically
not allowed. In this case, three body decays involving virtual W and Z will be dominant.
The total decay rate for N decaying into three body final states through the exchange of
the W boson is given by

G2 M?> 3 M? m2 m2
(N = 3body) = —L—Lsin?0, v [1+ ==L ) (2) |5+ 3F c Fl—1]| .
(N = 3 body) = Zoo 5 sin” Oy { 1+ 5 m2, (2) |5+ vz ) o

This expression is analogous to the standard muon decay rate. An overall factor of 2

appears here since N being Majorana fermion decays into conjugate channels. The factor
5 inside the square bracket accounts for the virtual W boson decaying into e*v,, p*v, and
du for which the kinematic function F(z) = {1—8z+8z%—2*—1222?Inz} is close to one [14].
For My > 175 GeV, an additional piece, 3F (m?/M?%), should be included inside the square
bracket of Eq. (12). Analogous expressions for three body decay of N via virtual Z boson
are found to be numerically less important (about 10% of the virtual W contributions) and
we ignore them here. Virtual Higgs boson exchange for three body N decays are negligible
owing to small Yukawa coupling suppressions. We shall utilize expressions (11) and (12)

in the next section where the relic density of ¢ WDM is computed.

3 Relic Abundance of Warm Dark Matter o

Here we present a calculation of the relic abundance of ¢ which is taken to have a mass
of order keV, and which serves as warm dark matter of the universe. Since ¢ has thermal
abundance, it turns out that relic abundance today is too large compared to observations.
This situation is remedied in the model by the late decay of N, the right—handed neutrino
present in the seesaw sector. To see consistency of such a scheme, we should follow carefully
the thermal history of the WDM particle o.



When the universe was hot, at temperatures above the W boson mass, o was in thermal
equilibrium via its weak interactions through scattering processes such as WTW~ — oo.
As temperature dropped below the W boson mass, such processes became rare, since the
number density of W boson got depleted. The cross section for the process WHW = — o+o

is given by
1

— .
myy

0(W+W_—>J+a):(g4>

64 (13)

The interaction rate (onv) is then given by

4
g 1 mw\3 _on,
(nov) ~ (64#) m? T3< T > e it (14)
w

where the Boltzmann suppression factor in number density of W's appears explicitly. De-

manding this interaction rate to be below the Hubble expansion rate at temperature 7',
given by H(T) = 1.66gi/ VK /Mp, with g, being the effective degrees of freedom at 7" and
Mp = 1.19x 10" GeV, we obtain the freeze-out temperature for this process to be Ty ~ 4.5
GeV (with g, =~ 80 used).

o may remain in thermal equilibrium through other processes. The scattering bb — oo
mediated by the Higgs boson h of mass 126 GeV is worth considering. (b quark has
the largest Yukawa coupling among light fermions.) The cross section for this process at

energies below the b-quark mass is given by

- -~ \)\3+)\4+)\5|2m§

o(bb — oo) (15)

4rm}
If A3 + Ay + As| = 1072, this process will freeze out at Ty ~ 240 MeV (g. = 70 is used in
this estimate, along with Boltzmann suppression.) For smaller values of | A3 + Ay + A5|, the
freeze—out temperature will be higher.

The process u*pu~ — oo mediated by the Higgs boson h can potentially keep o in
thermal equilibrium down to lower temperatures, since the ;* abundance is not Boltzmann
suppressed. (Note however, that this process suffers from a stronger chiral suppression

compared to the process bb — co.) The cross section is given by

‘)\3 + )\4 + /\5|2m_i
64m m

o(pp —oo) = (16)

=

The number density of u*, which are in equilibrium, is given by 0.273, from which we find
that this process would go out of thermal equilibrium at 7' & 250 MeV for [A3+ Ay + A5| =
1072, This process could freeze out at higher temperatures for smaller values of |A3+As+\s5|.

There is one process which remains in thermal equilibrium independent of the values

of the Higgs quartic couplings. This is the scattering vy — oo mediated by the W gauge
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Figure 1: Loop diagrams leading to vy — oo.

bosons shown in Fig. 1. The relevant couplings are all fixed, so that the cross section has

no free parameters. We find it to be

E2F2 2.2 2
o(yy = o0) = UW[ °9J } (17)

64w | 3272m3,

where Fyy = 7 is a loop function. Using E, = 3.15T and n, = 0.27%, the interaction
rate (onv) can be computed. Setting this rate to be equal to the Hubble expansion rate,
we find that this process freezes out at T ~ 150 MeV (with g, = 17.25 appropriate for
this temperature used). Among all scattering processes, this one keeps o to the lowest

temperature, and thus the freeze-out of o occurs at T, ~ 150 MeV with a corresponding
g7 = 17.25.

Having determined the freeze-out temperature of o to be 77 ~ 150 MeV, we can now

proceed to compute the relic abundance of . We define the abundance of ¢ as
Y, =— (18)

where n,, is the number density of o and s is the entropy density. These two quantities are

given for relativistic species to be

9,C(3), 5 27t

_ 3
Ne = TT ;8= 4—59efffT ; (19)
where -
et = b%);s ” i g ferm%ns gf . (20)
Thus 15003
y, = 25663 9o (21)
27T4 Jeff

Since Y, is a thermally conserved quantity as the universe cools, we can obtain the abun-

dance of ¢ today as
0y = Yymy 2, (22)

c



where sy = 2889.2/cm? is the present entropy density and p. = 1.05368 x 1075h* GeV /cm?
is the critical density. Using g, = 1 appropriate for a real scalar field and with h = 0.7 we

17.25\ [/ my,
90_9.02( > ) <1ke\/) . (23)

Here we have normalized g.¢ = 17.25, appropriate for the freeze—out temperature of o. We

thus obtain

see from Eq. (23) that for a keV warm dark matter, €, is a factor of 34 larger than the
observed value of 0.265. For a clear discussion of the relic abundance in a different context
see Ref. [15].

3.1 Dilution of o0 abundance via late decay of N

The decay of N involved in the seesaw mechanism, as discussed in Sec. 2.2, can dilute the
abundance of ¢ and make the scenario consistent. We assume that at very high temperature
N was in thermal equilibrium. This requires going beyond the model described in Sec. 2.
This could happen in a variety of ways.? For example, one could have inflaton field S
couple to N via a Yukawa coupling of type SN N which would then produce enough N’s in
the process of reheating after inflation [17]. Alternatively, the two Higgs extension of SM
model could be an effective low energy theory which at high energies could have a local
B — L symmetry. The B — L gauge interactions would keep N in thermal equilibrium
down to temperatures a few times below the gauge boson mass, at which point N freezes
out. As the universe cools, the Hubble expansion rate also slows down. The two body
and three body decays of N, given in Eqgs. (11)-(12), will come into equilibrium at some
temperature at which time N would begin to decay. If this temperature 7y is in the range
of 150 MeV to 1 MeV, the decay products (electron, muon, neutrinos, up quark and down
quark) will gain entropy as do the photons which are in thermal equilibrium with these
species.? Since o froze out at T ~ 150 MeV, and since o is not a decay product of N, the
decay of N will cause the temperature of photons to increase relative to that of . Thus
a dilution in the abundance of ¢ is realized. Note that the decay temperature T, should
be above one MeV, so that big bang nucleosynthesis is not affected. The desired range for
the lifetime of N is thus 7y = (107% — 1) sec.

The reheat temperature T, of the thermal plasma due to the decays of N is given by [18]

T. = 0.78[g.(T,)]V*/TxyMp . (24)

2Late decays of heavy particles have been used in order to dilute dark matter abundance in other
contexts [15,16].

3At T = 150 MeV, it is not completely clear if we should include the light quark degrees of freedom or
the hadronic degrees. We have kept the v and d quarks in our decay rate evaluations.
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Energy conservation then implies the relation

3
MNYNSbefore = ZsafterTr . (25)

If the final state particles are relativistic, as in our case, a dilution factor defined as

d — Shefore (26)

Safter

takes the form
d = 0.58[g.(T,)]"Y*\/TnMp/(MyYy) . (27)

The abundance of N is given by

_ 135 ¢(3)
N artg(Tyn) (28)

where g(T ) stands for the degrees of freedom at N freeze—out. Putting all these together

we obtain the final abundance of o as
Mg 7.87GeV\ [1sec.\? 9(Tyn) 17.25
Q, = (0.265 > ) 29
( )(1ke\/> ( My ) ( ™ ) (106.75> g? (29)

Here we have normalized various parameters to their likely central values and used ¢.(7,.) =
10.75. The value of g(T ) = 106.75 counts all SM degrees and nothing else.

From Eq. (29) we see that the correct relic abundance of o can be obtained for My ~ 10
GeV and 7y ~ 1 sec. In Fig. 2 we have plotted the dark matter abundance as a function
of My and its Yukawa coupling Yy for three different values of m, (3.5, 7 and 15 keV).
Also shown in the figure are the allowed band for 7y to lie in the range of (107* — 1)
sec., or equivalently for T; = (150 — 1) MeV. We see that there is a significant region
allowed by the model parameters. We also note that the mass of NV should lie in the range
My = 25GeV — 20TeV for the correct abundance of dark matter.

A remark on the average momentum (p,) of the dark matter is in order. The dilution
factor d ~ 1/34 for m, = 1 keV. The temperature of o is thus cooler by a factor of
1/(34)'/3 = 0.31 relative to the photon. The momentum of o gets redshifted by a factor
¢7Y/3 = 0.58 where £ = g%/ gtoday = 17.25/3.36. The net effect is to make (p,)/(3.15T) =
0.18.

11
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Figure 2: Allowed parameter space of the model in the My — Yy plane. The shaded region
corresponds to the decay temperature T,; of N lying in the range 150 MeV — 1 MeV. The
three solid curves generate the correct dark matter density €2 for three different values of
the WDM mass m, = {3.5, 7, 15} keV.
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4 Other Implications of the Model

In this section we discuss briefly some of the other implications of the model.

4.1 Supernova energy loss

The process vy — oo can lead to the production of ¢ inside supernova core. Once produced
these particles will freely escape, thus contributing to new channels of supernova energy
loss. Note that o does not have interactions with the light fermions. The cross section for
o production is given in Eq. (17). Here we make a rough estimate of the energy lost via
this process and ensure that this is not the dominant cooling mechanism of supernovae.

We follow the steps of Ref. [11] here. The rate of energy loss is given by
Q = Veoren3 (E)o (77 — 00) (30)

where Voo = ATR?

core

/3 is the core volume and we take Reore = 10 km. n, o~ 0.2T73 is the
photon number density, and (E) = 3.15T, is the average energy of the photon. Using Eq.
(17) for the cross section we obtain @ ~ 2.8 x 10°! erg/sec, when T, = 30 MeV is used.
Since the supernova explosion from 1987A lasted for about 10 seconds, the total energy
loss in o would be about 2.8 x 10°2 erg, which is to be compared with the total energy
loss of about 103 erg. This crude estimate suggests that energy loss in the new channel
is not excessive. We should note that the energy loss scales as the ninth power of core
temperature, so for larger values of T, this process could be significant. A more detailed

study of this problem would be desirable.

4.2 Dark matter self interaction

In our model dark matter self interaction, co — oo, occurs proportional to |\p|?. There
are rather severe constraints on self-interaction of dark matter from dense cores of galaxies
and galaxy clusters where the velocity distribution can be isotropized. Constraints from
such halo shapes, as well as from dynamics of bullet cluster merger have been used to infer

an upper limit on the dark matter self-interaction cross section [19]:

2 <1 barn/GeV . (31)

o

The self interaction cross section in the model is given by

A2
(oo — 00) = % (32)

13



where Xy = Ay — [ As + Ay + As|? (v2/m?), with the second term arising from integrating out

the SM Higgs field h. This leads to a limit on the coupling Ao given by

Mo )3/2 (33)

Ay < 5.4 1—6<
2 < 04X Ty

The one loop corrections to o self interaction strength is of order ¢g*/(167%) ~ 1073. So we
use the tree level Ay to cancel this to make the effective self interaction strength of order
107% as needed. Such a fine-tuning is unpleasant, but nevertheless can be done within the
model consistently. One can choose |A3 + Ay + X5| ~ 1073, so that the effective quartic

coupling Ao is positive.

4.3 The extra-galactic X-ray anomaly

Recently two independent groups have reported the observation of a peak in the extra-
galactic X-ray spectrum at 3.55 keV [20,21], which appear to be not understood in terms
of known physics and astrophysics. While these claims still have to be confirmed by other
observations, it is tempting to speculate that they arise from the decay of WDM into two
photons. If the Zs symmetry remains unbroken, o is absolutely stable in our model and will
not explain this anomaly. (The cross section for oo — 7 is orders of magnitude smaller
than required to be relevant for the X-ray anomaly.) However, extremely tiny breaking of
this symmetry via a soft term of the type m%ZQSJ{(bg + h.c. can generate the reported signal.
Such a soft breaking term would induce a nonzero vacuum expectation value for o which

we denote as u. Explicitly, the relevant potential for the o field will be

2

V(o) = %02 +V2m2v0 + .. (34)
which minimizes to o
2
u:<a>:—ﬂv. (35)

mg
Such an induced VEV is quite stable, since mis ~ 0.003 eV and v ~ 0.03 eV will be
needed, which are much smaller than m, ~ 7 keV. In order to explain the X-ray anomaly,
this VEV has to be in the range u = (0.03 — 0.09) eV. This comes about from the decay

rate, which is given by

[(o = y7) = (%)2 Fy (Z—i) gf/gf (36)

with Fy = 7, which is matched to a partial lifetime in the range T™!(c — ) = (4 X
10?7 — 4 x 10%®) sec [20,21]. Once o develops a vacuum expectation value, it also mixes

with SM Higgs field h, but this effect is subleading for the decay ¢ — 7. Such mixing
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was the main source of the two photon decay of WDM in the case of a singlet scalar WDM
of Ref. [11].

4.4 Effective number of neutrinos for BBN

Since the warm dark matter o is in thermal equilibrium down to temperatures of order 150
MeV, it can modify the number of neutrino species that affect big bang nucleosynthesis. A
fully thermalized real scalar would count as 4/7 of a neutrino species, but the abundance of
o is diluted via the late decay of N in our case. The dilution factor is about 1/36 (compare
Eq. (23) and (29)), which would mean that the effective number of neutrinos for BBN is
shifted from 3 only by a tiny amount of about 0.02.

4.5 Collider signals

The charged scalar H* of the model can be pair produced at the Large Hadron Collider via
the Drell-Yan process. H' will decay into a W™ and a . This signal has been analyzed
in Ref. [22] within the context of a similar model [23]. Sensitivity for these charged scalars
would require 300 fo~! of luminosity of LHC running at 14 TeV.

The pseudoscalar A can be produced in pair with a ¢ via Z boson exchange. A will
decay into a ¢ and a Z. The Z can be tagged by its leptonic decay. Thus the final states
will have two leptons and missing energy. The Standard Model ZZ background with the
same final states would be much larger. We can make use of the fact that in the signal
events, the Z boson which originates from the decay A — Zo with a heavy A and a
massless o will be boosted in comparison with the background Z events. This will reflect
in the pr distribution which would be different for the signal events compared to the SM
background Z’s. Studies to look for this kind of signals in this particular framework are in

order.

5 Conclusions

In this paper we have proposed a novel warm dark matter candidate in the context of two
Higgs doublet extensions of the Standard Model. We have shown that a neutral scalar
boson of these models can have a mass in the keV range. The abundance of such a thermal
dark matter is generally much higher than observations; we have proposed a way to dilute
this by the late decay of a heavy right-handed neutrino which takes part in the seesaw
mechanism. A consistent picture emerges where the mass of N is in the range 25 GeV to
20 TeV. The model has several testable consequences at colliders as well as in astrophysical

settings. The charged scalar and the pseudoscalar in the model cannot be much heavier
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than a few hundred GeV. It will be difficult to see such a warm dark matter candidate in
direct detection experiments. The cross sections for the processes ce — ge and N — o N
are of order 107 cm? and 1075 c¢m? respectively in the model (the expressions for these
cross sections are analogous to Eq. (16)). Since the warm dark matter has a velocity of
1073, the kinetic energy of o today is of order 1072 eV, which would mean that the recoil
energy will be well below the detection threshold in ongoing direct detection experiments.
Supernova dynamics may be significantly modified by the production of ¢ pairs in photon—
photon collisions. The model can also explain the anomalous X-ray signal reported by

different groups in the extra-galactic spectrum.
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