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ABSTRACT: We analyze a classically scale invariant extension of the Standard Model with
a dark gauge U(1)x broken by a doubly charge scalar ® leaving a remnant Z, symmetry.
Dark fermions are introduced as dark matter candidates and for anomaly reasons we in-
troduce two chiral fermions. Due to classical scale invariance, bare mass term that would
mix these two states is absent and they end up as stable Majorana fermions N1 and Ns.
We calculate cross sections for N,N, — ¢¢, NoN, — X*¢ and NoNy — N1Np annihila-
tion channels. We put constraints to the model from the Higgs searches at the LHC, dark
matter relic abundance and dark matter direct detection limits by LUX. The dark gauge
boson plays a crucial role in the Coleman-Weinberg mechanism and has to be heavier than
680 GeV. The viable mass region for dark matter is from 470 GeV up to a few TeV. In the
case when the two Majorana fermions have different masses, two dark matter signals at
direct detection experiments could provide a distinctive signature of this model.
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1 Introduction

With the recent discovery of the Higgs boson at the LHC [1, 2] comes the hierarchy prob-
lem. The null results in the first LHC run for supersymmetry, large extra dimensions and
other popular theoretical resolutions of the hierarchy problem invites us to think about al-
ternatives. One of the possible alternatives is the classical scale invariance, first discussed
by Bardeen [3]. In this scenario, all masses are generated through the quantum breaking
of scale invariance. Such a mechanism is already present in Nature: in the chiral limit the
QCD part of the Standard Model (SM) Lagrangian is scale invariant and the proton mass is
determined by quantum effects. Thus, the main idea is to promote classical scale invariance
to a general principle of Nature and apply it also to the electroweak (EW) theory.

In perturbation theory, radiative mass generation can be accomplished through the
Coleman-Weinberg (CW) mechanism [4] with the Higgs boson playing the role of the
scalon — the pseudo Goldstone boson of the broken scale invariance [5]. Since the CW
mechanism is not possible in the SM due to the large top quark contribution, a number of
classical scale invariant theories that go beyond the SM [6-9], in several directions [10-29]
were presented.

Nowadays, there is an ample astronomical and cosmological evidence that around
27% of the Universe is made of dark matter (DM). Its relic abundance points to the
annihilation cross section of cold DM around the EW scale, making the Weakly Interacting
Massive Particles (WIMPs) the leading DM candidates. This is another important hint for
the physics beyond the SM which stimulates tremendous present and future experimental
efforts in the direct, indirect and accelerator searches for DM.



In a scale invariant setup any dimensionfull quantity arises from a common scale. It
is then tempting to establish a connection between the EW scale and a priori unrelated
DM scale by generating both through the CW mechanism. This exciting possibility was
investigated in a number of papers [9, 30—42], and is the main motivation for our work.
The model used here is described by a dark U(1)x gauge group with a doubly charged
scalar ® coupled to the SM via the Higgs portal. In this construction the scale is generated
through quantum corrections in the dark sector and transmitted to the EW sector through
the Higgs portal. The dark sector contains two Majorana fermions N; and Na. Due to the
remnant Zy symmetry both of these particles are stable and are therefore DM candidates.

We extend the investigation of this model initiated in [38] in several directions. We take
into account that both Majorana fermions contribute to the DM relic abundance. Besides
the annihilation of V1 2 into the ¢¢ channel we also include the X#¢ channel. We use the
recent LUX constraints for spin independent direct detection [43]. Finally, we discuss two
cases for the ratio of the Majorana fermions masses. We find that the DM particle lies
within the range of 470 GeV up to a few TeV. The lower limit is set by the LHC constraints
on the mixing angle between the dark scalar and the SM scalar. The upper limit comes from
the estimated limitations set by perturbation theory. We find that the allowed parameter
region of the model is also constrained by the direct detection limits set by LUX. The
DM relic abundance is saturated by moderate values of the dark Yukawas and dark gauge
coupling. The values for the spin independent cross section that are presently allowed are
in the reach of future experiments. The sensitivity of the forthcoming XENONI1T [44] and
LZ [45] experiments offers excellent perspective for testing this model. In the case when the
two Majorana fermions have different masses, two signals at direct detection experiments
provide a distinctive signature for this model.

2 The model
The relevant part of the model Lagrangian is given as
L=iNL(§—igxX)NL — % (NLN§® +h. ¢
+iNR(P —igx X)Ng — % (NrN§® +h. c.) (2.1)
+ (0 — 2igx X,,)®|* — iXWX‘“’ — %sin B, X" —V(H,®) .

where Ny g are left and right chiral fields with the same charge gx as required by anomaly
cancellation, and Yukawa couplings y; 2 to the doubly U(1)x charged scalar ®. The dark
gauge X-boson couples to the U(1l)y SM gauge field via the kinetic mixing parameter
sin € [46]. This will lead to the coupling of the X-boson to a pair of SM particles with the
interactions suppressed by the mixing parameter sine [49]. After spontaneous symmetry
breaking in the dark sector we end up with two Majorana fields

Ny = N + N7, NQZNR—FN}%. (2.2)



The scalar potential is given as
A A
V(H,®) = TH(HTH)Z + 7‘1’(@@)2 + A p(H H)(9TD), (2.3)

where H is the SM Higgs field, and & is a singlet under the SM group.

The Lagrangian in (2.1)-(2.3) is classically scale invariant. Therefore all the masses
in the model will be generated dynamically. This will be accomplished by a CW mecha-
nism, which is a perturbative version of the QCD-like mass generation. The breaking of
scale symmetry is obtained by balancing the one-loop effective potential to its tree level
counterpart.

We assume vacuum expectation values (vevs) for both scalars

. Ht oo i o4
= %(vHﬁ—h’%—iG) , —E(v¢+¢+z). (2.4)

In this work we use the GW framework [5] which imposes that the potential at the classical
level is flat along a particular direction in field space. We first define a vector from scalar
fields with non-vanishing vevs given in the polar coordinates as

vg+h'\  [sinf
(vq, + qb’) - (cos 9) ’ (25)

The rewritten tree-level potential reads

A A A
V(r)=rt <§I cost 0 + % sin @ + IP sin? @ cos? 9) . (2.6)
The vanishing bracket defines the flat direction
A (Mo (A) = AB(A) = 0, (2.7)
given at some common scale A by the angle 6
A
) P
0=——"—. 2.
sin N Ap (2.8)
Minimizing the potential we can also obtain the following relation between the wvewvs
2
= 2.9
vé A H ( )

Scalar mass eigenstates are given by

h cosf —sin@\ (1
((Z)) - (sin@ cos 0 ) (¢’) ' (2.10)

where the mixing angle 6 is given in (2.8). At the tree level the particle masses are

mjy, = (Amr — Ap)viy (2.11)
mk = 49303, (2.12)
my. = 2% (2.13)

Vo,
a \/§¢'

while ¢ remains massless at the tree level.



The common scale in the theory is generated by radiative corrections. Then, the
splitting in the spectra is solely due to the different values of the dimensionless couplings
in the model. The quantum loop corrections are built on top of the flat direction [5]. The
one-loop scalar potential reads [5, 9]

5V (r) = Ar' 4+ Brilog (AZ) , (2.14)

where [9, 38]

m
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and v, is the vev of the field r. The mass for the scalar ¢, the so-called scalon, is generated
purely by radiative corrections. In the GW framework [5] this is
m2 = _
¢ 8m2v, sin? 0

Due to the quantum numbers of Ny, g a Dirac mass term mixing the two components

(mjlq + 6myy 4+ 3my + 3my — 12my — 2m‘}\71 — QmleQ) . (2.17)

would be possible. However, this would be in contradiction with the principle of classical
scale invariance. Thus, both Majorana fermions are stable due to the respective remnant
Z5 symmetry making them the DM candidates in this model. Related models of Majorana
DM have been discussed recently. In [47] the heavier Majorana fermion is unstable, while
in [48] the mixing between N, p was forbidden by a Z;. Due to the couplings to the SM
particles via the kinetic mixing term in (2.1) the dark X-boson is unstable. For it to decay
sufficiently quickly at the DM decoupling, the kinetic mixing parameter takes on the value
larger than roughly sine > 1078, For possible X-boson LHC phenomenology, including a
study of the constraints on sine, see [49]. LHC phenomenology of the scalar ¢ is similar to
the scalar singlet extensions of the SM [36, 40, 42].

3 Annihilation cross sections
In order to calculate the dark matter relic abundance we need to know the Ny 2 annihilation
cross sections. In this work we will assume mpy, > my, and consider the following channels
NaNa — ¢¢, ho, hh,
NyN, — X¢, Xh,
NyNy — NiNy,

as shown on figure 1.
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Figure 1. Annihilation processes of Majorana dark matter N7 and N» considered in this work.

The DM annihilation to SM particles is suppressed by a small portal coupling, the only
communication between the dark and the SM sector. We have checked that those channels
don’t play a numerically significant role. We expand the cross sections in powers of the
relative velocity v, and show only the dominant components, that is, the annihilation into
the dark sector.

The cross section for the N, N, — ¢¢ channel is given as

7(NaNa = ¢p¢)v = ob,, 0* + O(v*) (3.1)
where
) yhcostgmi, (Omk, —8mk,m3+2mb) [T md 3
Taade = " 96 (m2 — 2m%, ) - m3 (3.2)
1) Ng Ng

The cross section for the N,N, — X ¢ channel is given as
0(NalNa = X )0 = 05,4x + Ohgyx v + O(v?), (3.3)
where

s g%cosh , mi + (mi —4my, ) — 2m_2X(m35 +4my3, )
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aapX 160 2 m?vamg( (3.4)
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X 1
my.



and
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For simplicity and clarity we do not list the cross sections for annihilations to Higgs bosons,
but we include them in our numerical calculations. The cross section for the No Ny — N1 N,
channel is given as

0(NaNy — N1Np)v = 03911 + 0oy 0% + O(v?) (3.6)
where
4 2 2
_ gx My my
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4 Dark matter constraints

4.1 Freeze-out and relic abundance

In this model we have two DM candidates, N1 and No. If Ny is much lighter than No,
it could not annihilate to dark scalars and dark gauge bosons. It could only annihilate
directly to the SM particles, with too small cross sections to satisfy the DM relic abundance
constraint. Only possible solution would be for N; to decouple while it is relativistic which
would put strong bounds on its mass, around my, < leV. That would require a tiny



Yukawa coupling y; and it would not be in line with the idea that all new particle masses
are at the scale generated by quantum effects. That is why we take the masses of N; and
Ny of the same order of magnitude.

We will focus on two mass hierarchies, the degenerate mass case where my, = my, and
non-degenerate mass case with my, = 1.5my,. In the degenerate case the annihilation of
N7 and N» into each other is not important for the DM relic abundance. In principle, with
different masses, the channel NoNo — N1 N7 mixes the two coupled Boltzmann equations,
but if the mass splitting is large enough, the DM freeze-out is sequential so that the
decoupling of N; happens after the decoupling of Ns. Both particles leave the thermal
bath at respective temperatures T given by mn,/ T =% ~ 25. Lets set Az as the width
of the freeze-out region. Then the condition on No — N; mass ratio to have a sequential
freeze-out is

A
TN >4 =8 (4.1)
my, xf

With typical values of Az >~ 5 and z§ ~ 25 we have my, 2 1.2my;.
The number density over entropy density today, Y& = ny,/so is approximately given
by the formula [50, 51]

3. 79:6‘}
Ye = , (4.2)

V gxMmpImn, (UZaXd) + 00205911 + %(Uga@b +0haxs T 5a20§211))

where g, = 86.25 is the number of relativistic degrees of freedom at T} and mp; = 1.22 x

1019 GeV is the Planck mass. The observed dark matter relic abundance of the Universe is

PN, T PN, _ MmN, NN, + MN,TN,
pC'I‘ pC’/‘

Qpuh? =

(4.3)

4.2 Direct and indirect detection

It is possible that our DM candidates N1 and No are detected by elastic scattering of a
nucleus at the DM direct detection experiments. In our model the interaction with the
nucleon is governed by the t-channel exchange of scalars h and ¢ (see figure 2) The spin
independent cross section for direct detection is given by [53]

2
2m, 11
os1 = &Tpr sin*fcos®f | — — — | (4.4)
2T vy mg. o my

where m,, is the proton mass and f = 0.35 [54] parameterizes the nuclear matrix element.
We use the LUX published limits [43] on the direct detection cross section. We take
into account the fact that we have two DM particles contributing to the relic abundance
with different number densities and therefore different event rates. The modified LUX
constraint scales as the ratio of the number density of the particular DM component, n,,
and the number density for which this component would saturate the DM relic abundance.
DM annihilations in the high density regions of the Universe could lead to indirect
detection signals [55, 56]. In our case, N1 and N cannot annihilate directly into photons, so
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Figure 2. Scattering of Majorana dark matter N, of a nucleon.

they cannot produce gamma lines. If the positron excess measured by PAMELA and AMS-
02 comes from DM annihilations, the cross section for DM annihilations has to be larger
than in the usual WIMP scenario [56]. Thus, our model cannot explain the positron excess
measured by PAMELA or AMS-02. In principle, DM annihilations will produce fluxes
of SM particles, including the flux of continuum gamma rays and antiprotons. However,
searches for all such annihilations products are not yet sensitive enough to reach the typical
values of the WIMP cross section for DM masses above 1 TeV [56] as found in our model
(see the following section). Similar conclusions were reached in [14]. We conclude that at
the moment, our model is not constrained by present DM indirect searches.

5 Results

In the following we show the predictions of this model for several quantities of interest.
There are six new parameters in the model: the gauge coupling gx, the two Yukawa
couplings y; and y2, and the three quartic scalar couplings Ap, Ag and Ag. These are to
be constrained by the Higgs boson mass my, = 125 GeV and vev vy = 246 GeV and the
DM relic abundance Qpyh? = 0.1187(17) [52] leaving three undetermined parameters.

We will show our results by fixing the mass ratio of the Majorana fermions (or, equiva-
lently, the ratio of y,’s) and varying the scalon ¢ and the dark X-boson mass in a region set
as follows. A light scalon ¢ is excluded in our model by the LEP Higgs searches providing
a lower bound of 114 GeV. In addition to the large top quark contribution to the radia-
tively generated scalon mass mg in (2.17), there are also contributions from DM Majorana
fermions Vi and N» that need to be overcome by the dark X-boson contributions for the
CW mechanism to work. This sets a lower limit on dark X-boson mass. The parameter
space we will cover starts from the initial values mg = 114 GeV and mx = 600 GeV.

Our results also take into account the current LHC data providing an upper bound on
the scalar mixing angle sinf < 0.37 [36, 40, 42]. In our calculations we will also include
the direct detection constraint discussed in the previous section.

5.1 The case of degenerate masses

Here we focus on the scenario

mpy, = MpNy ,
where both Majorana fermions contribute equally to the observed DM relic abundance.
The main result is the Majorana DM mass shown on the left panel of figure 3 in the
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Figure 3. Left (right) panel: mass of the DM Majorana fermion my, (vev of the U(1)x charged
scalar vg) in the my —mx plane for the degenerate mass case. We impose the LHC bound on sin §
and the LUX experiment constraints.

mg — mx plane. The region of low masses (my, < 470GeV) is excluded by the current
LHC bound on the scalar mixing angle sin § < 0.37. This also sets the lower bound on the
dark X-boson to be 680 GeV. Due to its cardinal role in the CW mechanism, the dark gauge
boson is the heaviest particle in the dark sector. A substantial portion of the parameter
space has been excluded by the LUX experiment [43] as depicted by the gray scaled region
on the left panel of figure 3. The mass of the Majorana DM candidates N1 and Na, is from
470 GeV to a few TeV.

In general, we find moderate values of the dark gauge and the Yukawa couplings. The
Yukawa coupling y; can be deduced by combining the results from figure 3 with (2.13) to
lie in the region 1.0 < y1 < 2.0 covered by the corresponding mg and mx values. The
gauge coupling is shown on the left panel of figure 4. The behavior of gx can be understood
as follows: a small scalar mixing angle leads to a small portal coupling Ap. In order to
keep the Higgs mass fixed, this leads to a large vev vg of the scalon in (2.9), typically
by an order of magnitude larger than the EW scale. This vev, shown on right panel of
figure 3, sets the scale of the DM annihilation processes to the hidden sector. Therefore,
since we know that the DM cross section should be of the order of the EW scale, we
need appreciable dark gauge gx and Yukawa y, couplings to compensate the large vev. In
addition, the CW mechanism favors large gauge couplings, but, at the same time, disfavors
large Yukawa couplings, creating some tension between the two. This is the reason behind
the non-monotonous behavior of gx on the left panel of figure 4.

On figure 5 we show the direct detection cross section ogr as deduced from (4.4). The
direct detection proceeds through the Higgs portal and is therefore proportional to the
mixing angle sin? . However, the moderate values of the Yukawa coupling yield ogr already
within the range of the LUX experiment [43]. The obtained result is largely independent of
the X-boson mass. With the future XENONIT and LZ experiments there is an excellent
opportunity to sweep the entire parameter space of the model except around mg = my
where og1 drops to zero.
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Figure 4. Left (right) panel: the U(1l)x gauge coupling gx (scalar mixing angle sinf) in the
me — mx plane for the degenerate mass case. We impose the LHC bound on sinf and the LUX
experiment constraints.
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Figure 5. The direct detection cross section ogr in the mg — mx plane for the degenerate mass
case. We impose the LHC bound on sin§ and the LUX experiment constraints.

5.2 The case of non-degenerate masses

Here we consider the case where Majorana fermion masses differ, and for definiteness take
mp, = L.omp, ,

so that the DM Majorana fermions decouple sequentially from the heat bath. In this
calculation the appearance of the Ny Ny — N7 N; annihilation channel has been taken into
account. Our main results are summarized in figures 6 and 7. On the left panel of figure 6
we see that the lighter DM Majorana fermion mass mpy, spans a similar region as in the
case of the degenerate masses. In fact, the minimum mass of the lighter N; is roughly
the same as in the degenerate case, so that a fixed scalon mass requires a larger dark
X-boson mass.

~10 -
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Figure 6. Left (right )panel: mass of the DM Majorana fermion my, (number density ratio
nN,/nn, ) in the my — mx plane for my, = 1.5my,. We impose the LHC bound on sin# and the
LUX experiment constraints.

The main difference with respect to the degenerate mass scenario is that the DM
relic abundance is now mainly saturated by N;. The Na’s have an extra NoNo — N1 Ny
annihilation channel as well as a stronger Yukawa coupling both of which act to decrease
the freeze-out abundance Y2 according to (4.2). On the right panel of figure 6 we see that
the ratio of the number densities of the heavier Ny with respect to the lighter Ny Majorana
fermion is roughly 10%.

On figure 7 we plot the direct detection cross section of N (left panel) and Ny (right
panel). We have imposed the LUX constraint on cross sections for N1 and Ny, appropriately
modified to take into account the different number densities. As a direct consequence of
the number density dominance of the lighter Majorana fermions N; the LUX constraints
on Nj are more severe in the considered mg — mx space. Therefore, this is the constraint
imposed on both plots of figure 7. The attractive feature of this scenario is the two distinct
signals in the direct detection experiments. The numerical values on figure 7 indicate
that a large portion of the parameter space is testable at future DM searches, such as
XENONIT and LZ.

6 Conclusions

We have constructed a classically scale invariant model with a dark gauged U(1)x. The CW
mechanism is realized in the dark sector and the scale is transmitted to the SM through the
Higgs portal. We have introduced a pair of U(1)x-charged chiral fermions. Classical scale
invariance and gauge invariance leave a separate remnant Zo symmetry for both Majorana
fermions after spontaneous symmetry breaking making them the DM candidates in our
model. All the masses in the dark sector and the SM sector come from a scale generated
dynamically by the CW mechanism. This makes a connection between the DM mass and
the EW scale, accounting for the WIMP miracle.

- 11 -
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Figure 7. Left (right) panel: Majorana dark matter Ny (N3) direct detection cross section in the
mg — mx plane for my, = 1.5my,. We impose the LHC bound on sin# and the LUX experiment
constraints.

The model allows for six free parameters, the dark gauge coupling, three couplings in
the scalar potential, and two Yukawa couplings in the dark sector. We have constrained
the model by the Higgs mass and vev and the observed DM relic abundance. We have also
used LHC constraints on the scalar mixing angle and the LUX experiment results on the
direct detection of DM. The three undetermined parameters were chosen to be the dark
scalar and the dark gauge boson masses, and the ratio of Majorana fermion masses.

We have analyzed two possible cases for fixed ratio of the Majorana fermions masses,
the case of equal masses my, = my, and the case with the ratio my, = 1.5my,. In both
cases the mass of the Majorana DM can be from 470 GeV to a few TeV. The lower limit
is set by the LHC constraints on the mixing angle between the SM and the dark sector
scalars, while the upper limit is an estimate from applicability of perturbation theory. The
constraints on the model result in moderate values of the dark gauge and the dark Yukawa
couplings. In the degenerate mass case both Majorana fermions contribute equally to the
DM relic abundance, while in the second case the heavier Majorana fermion Ny accounts
only for ~ 10% of the number density of Nj.

At the LHC the dark sector can be reached through the Higgs portal. However, due to
the large masses in the dark sector the model does not allow for hidden decay channel of
the SM Higgs particle. The scalon ¢ couples to the SM particles through the scalar mixing
with a suppression factor given by the mixing angle sinf. LHC data excludes a region of
sinf > 0.37 ruling out the dark X-boson masses lower then 680 GeV and Majorana DM
masses lower then 470 GeV. The next LHC run will further test a part of the parameter
space of the model.

The direct detection experiments offer the best prospects to test this model. The
interaction with the nucleus proceeds through the Higgs portal, and the key role is played by
the dark scalar mass and the Yukawa couplings in the dark sector. Due to the considerable
values of the Yukawa couplings, the spin independent cross section with the nucleus is

- 12 —



of the order of 107%* cm? which has been reached in the LUX experiment for the DM
mass range obtained in this model. While the latest LUX constraints already exclude a
substantial region of the parameter space, the planned XENONI1T and LZ experiments
will be able to sweep a majority of the parameter space. A unique signature for this model
would be two distinctive signals in the direct detection experiments due to the presence of
two non-degenerate Majorana DM candidates.
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