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We propose a new motivation for the stability of dark matter (DM). We suggest that the same non-

Abelian discrete flavor symmetry which accounts for the observed pattern of neutrino oscillations,

spontaneously breaks to a Z2 subgroup which renders DM stable. The simplest scheme leads to a scalar

doublet DM potentially detectable in nuclear recoil experiments, inverse neutrino mass hierarchy, hence a

neutrinoless double beta decay rate accessible to upcoming searches, while �13 ¼ 0 gives no CP violation

in neutrino oscillations.
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I. INTRODUCTION

The existence of dark matter (DM) plays a central role in
the modeling of structure formation and galaxy evolution,
affecting also the cosmic microwave background. Despite
the strong evidence in favor of DM, its detailed nature
remains rather elusive. Viable particle physics candidates
for dark matter must be electrically neutral and provide
the correct relic abundance. Therefore they must be stable
over cosmological time scales. A simple way to justify the
stability of the DM is by assuming some parity symmetry
Z2, which might arise from the spontaneous breaking of
an Abelian U(1) gauge symmetry [1–3],1 or from a non-
Abelian discrete symmetry, as might be the case in some
string models [4].

Non-Abelian discrete symmetries are motivated by
neutrino oscillation data [5,6]. Here we propose that the
same symmetry explaining neutrino mixing angles is also
responsible for the dark matter stability. In our simplest
type-I seesaw [7] realization the flavor symmetry A4 spon-
taneously breaks to Z2 providing a stable DM candidate.
We extend the scalar sector of the standard model by
adding three Higgs doublets transforming as a triplet of
A4. We show that there is a consistent pattern of vacuum
expectation values (VEVs) for which only one of the three
extra Higgs doublets takes a VEV, while the other two give
rise to the dark matter candidate. The model accounts for
the observed pattern of mixing angles [8] indicated by
current neutrino oscillation data, predicting �13 ¼ 0 and
inverted spectrum of neutrino masses. It will therefore be
tested in upcoming double beta and neutrino oscillation
searches [9], while the dark matter has potentially detect-
able rates within reach of nuclear recoil experiments.

II. MODEL

We assign matter fields to irreducible representations
of A4, the group of even permutations of four objects,
isomorphic to the symmetry group of the tetrahedron. All
elements are generated from two elements S and T with
S2 ¼ T3 ¼ ðSTÞ3 ¼ I . A4 has four irreducible representa-
tions, three singlets 1, 10, and 100, and one triplet. In the
basis where S is real diagonal,

S ¼
1 0 0
0 �1 0
0 0 �1

0
@

1
A; T ¼

0 1 0
0 0 1
1 0 0

0
@

1
A; (1)

one has the following triplet multiplication rules,

ðabÞ1 ¼ a1b1 þ a2b2 þ a3b3;

ðabÞ10 ¼ a1b1 þ!a2b2 þ!2a3b3;

ðabÞ100 ¼ a1b1 þ!2a2b2 þ!a3b3;

ðabÞ31 ¼ ða2b3; a3b1; a1b2Þ;
ðabÞ32 ¼ ða3b2; a1b3; a2b1Þ;

(2)

where !3 ¼ 1, a ¼ ða1; a2; a3Þ, and b ¼ ðb1; b2; b3Þ. We
assign the standard model Higgs doubletH, to the singlet 1,
and we assume three additional Higgs doublets transform-
ing as an A4 triplet, namely, � ¼ ð�1; �2; �3Þ � 3. We
have four right-handed neutrinos, three transforming as
an A4 triplet NT ¼ ðN1; N2; N3Þ, and one singlet N4. The
lepton and Higgs assignments of our model are given in
Table I. The resulting Yukawa Lagrangian is

TABLE I. Summary of relevant model quantum numbers.

Le L� L� lce lc� lc� NT N4 H �

SU(2) 2 2 2 1 1 1 1 1 2 2

A4 1 10 100 1 100 10 3 1 1 3
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1In supersymmetry a viable DM particle is the neutralino,

whose stability stems from the imposition of the so-called
R parity.
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L ¼ yeLel
c
eH þ y�L�l

c
�H þ y�L�l

c
�H þ y�1LeðNT�Þ1

þ y�2L�ðNT�Þ100 þ y�3L�ðNT�Þ10 þ y�4LeN4H

þM1NTNT þM2N4N4 þ H:c:

This way H is responsible for quark and charged lepton
masses, the latter automatically diagonal. Note that we do

not discuss the quark sector, assumed to be blind to A4,
namely, all left- and right-handed up- and down-type
quarks transform trivially under A4; their mass and mixing
hierarchies might arise from an extra family symmetry, for
example, Frogatt-Nielsen-like [10]. Neutrino masses arise
from H and �, see below. The relevant terms of the scalar
potential are of the form

V ¼ �2
��

y�þ�2
HH

yHþ �1½HyH�2 þ �2½�y��21 þ �3½�y��10 ½�y��100 þ �4½�y�y�10 ½���100 þ �0
4½�y�y�1½���1

þ �5

X
i

½�y��3i½�y��3i þ �0
5ð½�y��31½�y��32 þ H:c:Þ þ �6

�X
i;j

½�y�y�3i½���3j þ H:c:

�
þ �7½�y��1HyH

þ �0
7½�yH�Hy�þ �8ð½�y�y�1HH þ H:c:Þ þ �9ð½�y��31�yH þ H:c:Þ þ �0

9ð½�y��32�yH þ H:c:Þ
þ �10ð½�y�y�31�H þ H:c:Þ þ �0

10ð½�y�y�32�H þ H:c:Þ þ �11½�y�y�1½���1; (3)

where i, j ¼ 1, 2, and the product of two triplets contracted
into a triplet of A4, see Eq. (2); ½� � ��1 means the product
of two triplets contracted into a singlet of A4 and so on.
Note that ½�y��1;10;100 � ½��y�1;10;100 , ½���31 � ½���32 ,
and so on.

We have studied the minimization of the potential V
solving the equations @V=@vi ¼ 0, where vi are the VEVs
of the fields H, �1, �2, and �3. For simplicity we assume
real VEVs. We have checked that for suitable parameter
choices of the potential V, an allowed local minimum is

hH0i ¼ vh � 0; h�0
1i ¼ v� � 0 h�0

2;3i ¼ 0; (4)

with the eigenvalues of the Hessian @2V=@vi@vj all

positive.
Note that the alignment h�i � ð1; 0; 0Þ breaks spontane-

ously A4 to Z2 since ð1; 0; 0Þ is invariant under the S
generator in Eq. (1). The Z2 is defined as

N2 ! �N2; h2 ! �h2; A2 ! �A2;

N3 ! �N3; h3 ! �h3; A3 ! �A3:
(5)

This residual symmetry is responsible for the stability of
our DM candidate and the stability of the minimum. Note
that the potential cannot break spontaneously A4 into Z3

because in this case the alignment h�i � ð1; 1; 1Þ is not a
minimum unless a fine-tuning in the parameters �9 þ
�10 ¼ 0 is assumed. This attractive feature reminds one
of the inert doublet model [11], with the difference that
here it follows naturally from the underlying flavor sym-
metry which accounts for neutrino oscillations.

We have four Higgs doublets2 giving three physical
charged scalar bosons, plus four neutral scalars, and three
pseudoscalars. After electroweak symmetry breaking we
can write

H ¼ 0
vh þ h

� �
; �1 ¼ �þ

1

v� þ h1 þ iA1

 !
;

�2 ¼ �þ
2

h2 þ iA2

� �
; �3 ¼ �þ

3

h3 þ iA3

� �
:

(6)

There are 3 physical charged scalar bosons, 4 CP even and
3 CP odd neutral scalars. The mass of the neutral scalar
fields is block diagonal with the standard model Higgs h
mixed with h1, but not with the scalar fields with zero
VEVs h2;3.

III. DARK MATTER

The lightest combination of the stable scalar fields h2, h3
plays the role of our dark matter particle, which we will
denote generically by �DM. We list below all interactions
of �DM:
(1) Yukawa interactions:

�DM ��iN2;3; (7)

where i ¼ e, �, and �.
(2) Higgs-vector boson couplings:

�DM�DMZZ; �DM�DMWW;

�DM�
�
2;3W

�Z; �DM�
�
2;3W

�;

�DMA2;3Z:

(8)

(3) Scalar interactions from the Higgs potential:

�DMA1A2h; �DMA1A3h1; �DMA1A2h1;

�DMA1A3h; �DMA2A3h3; �DMh1h3h;

�DM�DMhh; �DM�DMh1h1:

(9)

After electroweak symmetry breaking, the VEVs vh and
v� are generated, so that additional terms are obtained

from those in Eq. (9) by replacing h ! vh and h1 ! v�.

The flavor symmetry A4 is broken down to the residual Z2

2Lepton flavor violating processes are suppressed by the large
right-handed neutrino scale.
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symmetry in Eq. (5), implying the stability of our dark
matter candidate. As we will see, despite the many mass
and coupling parameters appearing in the potential, Eq. (3),
for M� � Mz, only two determine the relic dark matter

abundance and its direct detection rates.

IV. RELIC DENSITY

Assuming that our DM candidate arises as thermal relic
in the early universe, one of the most important require-
ments one must check is its relic abundance. For definite-
ness we require that �DM makes up all the observed DM.
For M� � Mz the most important annihilation and coani-

hilation processes are those with vector bosons, though for
large � * g2, where 16�2 ¼ ð�7 þ �0

7 þ 2�8Þ2 þ ð2�2 �
�3 � 2�4 þ �0

4 þ 2�5 þ �0
5 þ �6Þ2, annihilation into

Higgs bosons plays an important role; see Eq. (11). The
DM abundance can be approximated as [12]

nDMðTÞ
sðTÞ �

ffiffiffiffiffiffiffiffiffi
180

�g	

s
1

MPlTfh�Avi ; (10)

where
M�

Tf
� 26 and g	 ¼ 106:75þ n is the number of

standard model (SM) degrees of freedom plus 1 
 n 

12 degrees of freedom arising from the extra scalars, and
MPl ¼ 1:22� 1019 GeV is the Planck scale. The cross
section for �DM�DM ! VV, where V are vector bosons
in the limit of massless final states, is given by [12]

h�Avi ’ 3g42 þ g4Y þ 6g22g
2
YY

2 þ 4�2

256�M2
�

; (11)

where Y ¼ 1=2 is the weak hypercharge, g2 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�	=ð1�M2

W=M
2
ZÞ

q
, and gY ¼ ffiffiffiffiffiffiffiffiffiffi

4�	
p

MZ=MW . From

these equations it follows that, in order to provide the
correct relic abundance �DMh

2 ¼ 0:110� 0:006, i.e.,
nDM=s ¼ ð0:40� 0:02Þ eV=M� [13], a correlation be-

tween the mass of the dark matter M� and the quartic

coupling constant � is required. For simplicity if we take
the limit of small � we obtain a mass for the DM candidate
of M� � 0:51 TeV. For large � values we have that the

DM mass M� scales as �.

V. DIRECT DETECTION

The quartic couplings �y�HyH and �y�yHH give an
interaction of the DM candidate with the nucleon through
the interchange of the SM Higgs boson. Hence our DM
candidate can be detected through the elastic scattering
with a nucleus �DMN ! �DMN via the exchange of a
Higgs, or through inelastic scattering with a nucleus
�DMN ! AN with the exchange of a Z boson, see Fig. 1,
where A is the lightest pseudoscalar, in general a mixture
of A2 and A3.

Barring fine-tuned choices of parameters for which the
threshold for inelastic scattering opens up, the detection

will be dominated by the elastic process, whose cross
section is given by [14]

�elðnucleonÞ � �2 1

1þ ðtan
Þ2
�
100 GeV

Mh

�
4

�
�
50 GeV

M�

�
2ð5� 10�42 cm2Þ; (12)

where tan
 ¼ vh=v�. Note that all uncertainties associ-

ated with the nuclear form factor in Eq. (12) have been
neglected. From the requirement of correctly reproducing
the relic density, Eqs. (10) and (11), one can find an
expression for � as function of the DM mass, M�. Using

this relation and Eq. (12) one can plot the estimated cross
section for the direct detection for each value of tan
 and
mass of the Higgs, Mh, as illustrated in Fig. 2.3 The figure
has been generated using [15] and compares the experi-

FIG. 1. Feynman diagrams relevant for direct DM detection.
Elastic scattering (left panel) is generically more important than
inelastic (right panel).
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FIG. 2 (color online). Elastic DM scattering cross section with
a nucleon versus DM mass. We compare present [20,21] and
future [22,23] sensitivities with our model expectations, for
mH ¼ 120 GeV and tan
 ¼ 0:5, 1, 5 (gray solid lines).

3Here we focus on the region M� � Mz. The interesting case
of light DM will be treated elsewhere.
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mental sensitivities with our model expectations, fixing
mH ¼ 120 GeV and three tan
 values. This choice of
Higgs mass is motivated by the LEP bounds mH >
114 GeV, which however is not strictly valid in our model
due to the additional Higgs doublets.

VI. NEUTRINO PHENOMENOLOGY

Our model has four heavy right-handed neutrinos, and is
a special case, called (3,4), of the general type-I seesaw
mechanism [16]. After electroweak symmetry breaking,
it is characterized by Dirac and Majorana mass terms
given as

mD ¼
x1 0 0 y1
x2 0 0 0
x3 0 0 0

0
@

1
A;

MR ¼ diagðM1;M1;M1;M2Þ;
(13)

so that the light neutrinos get Majorana mass by means
of the type-I seesaw relationm� ¼ �mD3�4

M�1
R4�4

mT
D3�4

, the

light-neutrinos mass matrix M� being given as

x2
1

M1
þ y2

1

M2

x1x2
M1

x1x3
M1

x1x2
M1

x22
M1

x2x3
M1

x1x3
M1

x2x3
M1

x2
3

M1

0
BBBB@

1
CCCCA ¼

y2 ab ac
ab b2 bc
ac bc c2

0
B@

1
CA: (14)

It falls within the class of scaling matrices introduced in
Ref. [17]. This form of the light neutrino mass matrix has
an inverse hierarchical neutrino mass spectrum and a zero
eigenvalue with m3 ¼ 0 and corresponding eigenvector
ð0;�c=b; 1ÞT implying a vanishing reactor mixing angle
�13 ¼ 0. One can see explicitly that the solar and atmos-
pheric square mass differences and mixing angles indi-
cated by neutrino oscillation data [8] can indeed be fitted
by taking, as an example, the tribimaximal (TBM) ansatz
[18]. When b ¼ c and y2 ¼ 2c2 � ac the neutrino mass
matrix Eq. (14) is �� � invariant yielding maximal at-

mospheric mixing, sin2�23 ¼ 1=2 and M�;11 þM�;13 ¼
M�;22 þM�;23, which gives the TBM value of the solar

angle, sin�212 ¼ 1=3, in good agreement with experimental
data within 1�. The eigenvalues are fm1; m2; m3g ¼
f2acþ 2c2; 2c2 � ac; 0g, which can fit the two mass-
squared differences required to account for the observed
pattern of neutrino oscillations. By relaxing the condition
b ¼ c and y2 ¼ 2c2 � ac one generates deviations from
the TBM limit, while keeping �13 ¼ 0. Note that the above
implies a neutrinoless double beta decay effective mass
parameter in the range 0.03 to 0.05 eV at 3�, within reach
of upcoming experiments [19].

VII. CONCLUSIONS

In summary we have suggested that DM stability follows
from the same non-Abelian discrete flavor symmetry which
accounts for the observed pattern of neutrino oscillations.
In the realization we have given we have an A4 symmetry
which spontaneously breaks to a Z2 parity that stabilizes a
scalar doublet dark matter, potentially detectable in nuclear
recoil experiments, as well as accelerators. Despite the
complexity of the scalar potential, in the heavy dark matter
limit both the relic dark matter abundance and its direct
detection cross section depend just on the DM mass and a
single coupling strength parameter. The model is also
manifestly unifiable and agrees with electroweak searches
as well as precision tests, as will be shown elsewhere. Our
simple example gives 0�

 rates accessible to upcoming
experiments and no CP violation in neutrino oscillations.

ACKNOWLEDGMENTS

We thankMarco Taoso for useful discussions. This work
was supported by the Spanish MICINN under Grants
No. FPA2008-00319/FPA and MULTIDARK Consolider
No. CSD2009-00064, by Prometeo/2009/091, and by the
EU Grant No. UNILHC PITN-GA-2009-237920. S.M. is
supported by a Juan de la Cierva contract.

[1] M. Frigerio and T. Hambye, Phys. Rev. D 81, 075002
(2010).

[2] M. Kadastik, K. Kannike, and M. Raidal, Phys. Rev. D 81,
015002 (2010).

[3] B. Batell, arXiv:1007.0045.
[4] M. Dine, Supersymmetry and String Theory: Beyond the

Standard Model (Cambridge University Press, Cambridge,
England, 2007).

[5] K. S. Babu, E. Ma, and J.W. F. Valle, Phys. Lett. B 552,
207 (2003).

[6] G. Altarelli and F. Feruglio, Nucl. Phys. B720, 64 (2005).
[7] J.W. F. Valle, J. Phys. Conf. Ser. 53, 473 (2006), review

lectures at Corfu, arXiv:0206292.

[8] T. Schwetz, M. Tortola, and J.W. F. Valle, New J. Phys.
10, 113011 (2008).

[9] H. Nunokawa, S. J. Parke, and J.W. F. Valle, Prog. Part.
Nucl. Phys. 60, 338 (2008).

[10] C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B147, 277
(1979).

[11] R. Barbieri, L. Hall, and V. Rychkov, Phys. Rev. D 74,
015007 (2006).

[12] M. Cirelli, N. Fornengo, and A. Strumia, Nucl. Phys.
B753, 178 (2006).

[13] E. Komatsu et al. (WMAP Collaboration), Astrophys. J.
Suppl. Ser. 180, 330 (2009).

M. HIRSCH et al. PHYSICAL REVIEW D 82, 116003 (2010)

116003-4

http://dx.doi.org/10.1103/PhysRevD.81.075002
http://dx.doi.org/10.1103/PhysRevD.81.075002
http://dx.doi.org/10.1103/PhysRevD.81.015002
http://dx.doi.org/10.1103/PhysRevD.81.015002
http://arXiv.org/abs/1007.0045
http://dx.doi.org/10.1016/S0370-2693(02)03153-2
http://dx.doi.org/10.1016/S0370-2693(02)03153-2
http://dx.doi.org/10.1016/j.nuclphysb.2005.05.005
http://dx.doi.org/10.1088/1742-6596/53/1/031
http://arXiv.org/abs/0206292
http://dx.doi.org/10.1088/1367-2630/10/11/113011
http://dx.doi.org/10.1088/1367-2630/10/11/113011
http://dx.doi.org/10.1016/j.ppnp.2007.10.001
http://dx.doi.org/10.1016/j.ppnp.2007.10.001
http://dx.doi.org/10.1016/0550-3213(79)90316-X
http://dx.doi.org/10.1016/0550-3213(79)90316-X
http://dx.doi.org/10.1103/PhysRevD.74.015007
http://dx.doi.org/10.1103/PhysRevD.74.015007
http://dx.doi.org/10.1016/j.nuclphysb.2006.07.012
http://dx.doi.org/10.1016/j.nuclphysb.2006.07.012
http://dx.doi.org/10.1088/0067-0049/180/2/330
http://dx.doi.org/10.1088/0067-0049/180/2/330


[14] C. P. Burgess, M. Pospelov, and T. ter Veldhuis, Nucl.
Phys. B619, 709 (2001).

[15] R. Gaitskell and J. Filippini, http://dmtools.berkeley.edu/
limitplots/.

[16] J. Schechter and J.W. F. Valle, Phys. Rev. D 22, 2227
(1980); 25, 774 (1982).

[17] R. N. Mohapatra and W. Rodejohann, Phys. Lett. B 644,
59 (2007).

[18] P. F. Harrison, D.H. Perkins, and W.G. Scott, Phys. Lett.
B 530, 167 (2002).

[19] I. Avignone, T. Frank, S. R. Elliott, and J. Engel, Rev.
Mod. Phys. 80, 481 (2008).

[20] J. Angle et al. (XENON Collaboration), Phys. Rev. Lett.
100, 021303 (2008).

[21] Z. Ahmed et al. (CDMS-II Collaboration), Science 327,
1619 (2010).

[22] E. Aprile et al. (XENON100 Collaboration), Phys. Rev.
Lett. 105, 131302 (2010).

[23] E. Aprile, L. Baudis, and f. t. X. Collaboration, Proc. Sci.,
IDM2008 (2008) 018 [arXiv:0902.4253].

DISCRETE DARK MATTER PHYSICAL REVIEW D 82, 116003 (2010)

116003-5

http://dx.doi.org/10.1016/S0550-3213(01)00513-2
http://dx.doi.org/10.1016/S0550-3213(01)00513-2
http://dmtools.berkeley.edu/limitplots/
http://dmtools.berkeley.edu/limitplots/
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1103/PhysRevD.25.774
http://dx.doi.org/10.1016/j.physletb.2006.11.024
http://dx.doi.org/10.1016/j.physletb.2006.11.024
http://dx.doi.org/10.1016/S0370-2693(02)01336-9
http://dx.doi.org/10.1016/S0370-2693(02)01336-9
http://dx.doi.org/10.1103/RevModPhys.80.481
http://dx.doi.org/10.1103/RevModPhys.80.481
http://dx.doi.org/10.1103/PhysRevLett.100.021303
http://dx.doi.org/10.1103/PhysRevLett.100.021303
http://dx.doi.org/10.1126/science.1186112
http://dx.doi.org/10.1126/science.1186112
http://dx.doi.org/10.1103/PhysRevLett.105.131302
http://dx.doi.org/10.1103/PhysRevLett.105.131302
http://arXiv.org/abs/0902.4253

