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Naturality in TC is “trivial”

No fundamental light scalar:  TC-breaking scale ⇤TC ⇠ O(TeV)

Fundamental DOF’s
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THE Model Free from Gauge and global anomalies

SU(3)c SU(2)L U(1)Y SU(NTC) Z2

LL 1 2 -1/2 1 -1
Ec

R 1 1 1 1 -1
! 1 adj. 0 1 -1
� 1 1 0 1 -1
g̃ adj. 1 0 1 -1

QL 1 2 1/6 3 1
U c
R 1 1 -2/3 3 1

Dc
R 1 1 1/3 3 1

⌘1 1 1 0 3 -1
⌘2 1 1 0 3 -1
G̃ 1 1 0 adj. -1

Table 1. The table shows the new states added to SM, and their charge assignments under the SM
gauge group and the technicolor gauge group which we will consider to be SU(3). Also shown is the
discrete matter parity which is even for the SM matter fields.

We set NTC=3. These elementary fermions form composite fields similar to the mesons and
hadrons in QCD. We assume that only one doublet of the technifermions is gauged under the
electroweak symmetry, while the remaining two Weyl fermions (⌘1 and ⌘2) are singlet under
all SM charges. We assume that similarly to other SM-singlet fermions also ⌘1 and ⌘2 are odd
under the ”matter parity” Z2. Finally, there are two Weyl fermions, g̃ and G̃, transforming
in the adjoint representation of SU(3) of QCD and TC, respectively1. Both of these fields
are assumed to be heavy and decoupled from low energy particle spectrum. These field are
relevant neither for the dynamical symmetry breaking nor for the dark matter. However, as
we will discuss in the next section, when g̃ and G̃ are included, along with the SU(2)-adjoint
field !, the model also gives rise to excellent gauge coupling unification.

At high energies the technicolor sector is described by the Lagrangian

LTC = �1

4
F a
µ⌫F

aµ⌫ �QLiD
�
L
QL � URiD

�
R
UR �DRiD

�
R
DR � ⌘̄ iD̃

�
⌘, (2.19)

where Fµ⌫ is the field strength of the technicolor gauge field and Q = (U,D)T . The covariant
derivative D̃ contains only the technicolor gauge field while the covariant derivatives DL,R

contain also the electroweak gauge fields. At low energies the strong dynamics is described
by an e↵ective Lagrangian for composite mesons. Due to the di↵erent Z2 parities of the
techniquarks, the low energy composites are ⌃ ⇠ Q̄Q and � ⇠ ⌘̄⌘. The former is the e↵ective
Higgs doublet which in our case is a composite field, and hence the model does not su↵er
from hierarchy problem. The field � ⇠ S + i⇡s is another composite complex scalar, singlet
under all SM charges.

The low energy e↵ective Lagrangian is

LTC, e↵ = TrDµ⌃
†Dµ⌃+ @µ�

†@µ� � V (⌃,�), (2.20)

where ⌃ = (⇣ + i~⇡ · ~⌧)/p2 is charged under the electroweak interactions (⌧i are the SU(2)
generators) and

V (⌃,�) = m2trM †M + �tr(M †M)2 + µ2
s⇡

2
s , (2.21)

1For concreteness we have assigned the value Z2 = �1 for these fields.

– 6 –
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Table 1. The table shows the new states added to SM, and their charge assignments under the SM
gauge group and the technicolor gauge group which we will consider to be SU(3). Also shown is the
discrete matter parity which is even for the SM matter fields.

We set NTC=3. These elementary fermions form composite fields similar to the mesons and
hadrons in QCD. We assume that only one doublet of the technifermions is gauged under the
electroweak symmetry, while the remaining two Weyl fermions (⌘1 and ⌘2) are singlet under
all SM charges. We assume that similarly to other SM-singlet fermions also ⌘1 and ⌘2 are odd
under the ”matter parity” Z2. Finally, there are two Weyl fermions, g̃ and G̃, transforming
in the adjoint representation of SU(3) of QCD and TC, respectively1. Both of these fields
are assumed to be heavy and decoupled from low energy particle spectrum. These field are
relevant neither for the dynamical symmetry breaking nor for the dark matter. However, as
we will discuss in the next section, when g̃ and G̃ are included, along with the SU(2)-adjoint
field !, the model also gives rise to excellent gauge coupling unification.

At high energies the technicolor sector is described by the Lagrangian
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where Fµ⌫ is the field strength of the technicolor gauge field and Q = (U,D)T . The covariant
derivative D̃ contains only the technicolor gauge field while the covariant derivatives DL,R

contain also the electroweak gauge fields. At low energies the strong dynamics is described
by an e↵ective Lagrangian for composite mesons. Due to the di↵erent Z2 parities of the
techniquarks, the low energy composites are ⌃ ⇠ Q̄Q and � ⇠ ⌘̄⌘. The former is the e↵ective
Higgs doublet which in our case is a composite field, and hence the model does not su↵er
from hierarchy problem. The field � ⇠ S + i⇡s is another composite complex scalar, singlet
under all SM charges.

The low energy e↵ective Lagrangian is

LTC, e↵ = TrDµ⌃
†Dµ⌃+ @µ�

†@µ� � V (⌃,�), (2.20)

where ⌃ = (⇣ + i~⇡ · ~⌧)/p2 is charged under the electroweak interactions (⌧i are the SU(2)
generators) and

V (⌃,�) = m2trM †M + �tr(M †M)2 + µ2
s⇡

2
s , (2.21)

1For concreteness we have assigned the value Z2 = �1 for these fields.
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where M = ⌃ � �. The real part, S, is identified with the field introduced in Eq. (2.9)
to provide mass to the fermion field �, while for the pseudoscalar component ⇡s we have
included an explicit mass term in Eq. (2.21). Even if the field ⇡s is light with respect to the
intrinsic scale ⇤TC, it can be heavy with respect to the masses in the dark matter sector. If
µs was comparable to, or smaller than the fermionic DM mass, the dark sector of the model
would be more complicated, containing both fermionic and bosonic components. While this
is an interesting possiblity, we shall here assume that ⇡s is heavy and consequently the DM
is purely fermionic. A mass term for ⇡s is expected to arise from the flavor physics providing
the masses of SM matter fermions, and their origin can be accounted for gauge dynamics
(as in extended TC models) or scalars decoupled at high energies (as in SUSY models). The
latter choice fits well in with the gauge coupling unification considered in the next subsection.

As a final remark, we note that with the above particle content the TC sector might be
close to conformality [30]. However, coupling between the TC sector and the SM fields via
the gauge and Yukawa interactions will move the theory away from the conformal window
[31–33]. Therefore, we will assume the properties of the TC sector to be QCD-like.

3 Unification

3.1 Unification of the SM coupling constants

For completeness we will first briefly review the argument for the unification of the SM
coupling constants. More details can be found in ref. [15]. At one-loop the coupling constant
↵n of an SU(n) gauge theory is given by

↵�1
n (µ) = ↵�1

n (MZ)� bn
2⇡

ln

✓
µ

MZ

◆
. (3.1)

The beta function coe�cient bn is:

bn =
2

3
T (R)Nwf +

1

3
T (R0)Ncb � 11

3
C2(G) , (3.2)

where T (R) and and T (R0) are the Casimirs of the representation R for Nwf Weyl fermions
and of the representation R0 for Ncb complex scalars and C2(G) is the quadratic Casimir
of the adjoint representation of the gauge group. For SM we have three coupling constants
corresponding to n = 3, 2, 1. Requiring that SM coupling constants unify means that the
three couplings are all equal at some scale MU: ↵3(MU) = ↵2(MU) = ↵1(MU) with ↵1 =
↵/(c2 cos2 ✓W ) and ↵2 = ↵/ sin2 ✓W , where c is a normalization constant that depends on the
choice of the unifying group. Here we shall use c =

p
3/5, corresponding to the SM matter

unified into SU(5).
Using Eq. (3.13) we can now derive the following relation:

B ⌘ b3 � b2
b2 � b1

=
↵/↵3 � sin2 ✓W

(1 + c2) sin2 ✓W � c2
= 0.721± 0.004 , (3.3)

where the Weinberg angle ✓W and weak and strong coupling constants were evaluated at
the Z-mass scale, using values from ref. [34]: sin2 ✓W (MZ) = 0.23126± 0.00005, ↵�1(MZ) =
127.940± 0.014, ↵3(MZ) = 0.1193± 0.0016 and MZ = 91.1876± 0.0021 GeV.

The hypercharge assignment of our model renders the Technicolor sector identical to
one extra SM generation from the electroweak interaction viewpoint. In addition we have one
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Figure 1. Left: the running of the gauge couplings in the SM. Note the logarithmic scale. Left: the
running of all four couplings in the MWTC-DM model under consideration, including the TC-coupling
↵
4

. The ellipses show the 1- and 2-� contours on unification scale and the unified coupling derived
from the �2-distribution (3.5). For the TC-coupling ↵

4

we took 331 GeV < ⇤1�loop

TC

< 351 GeV. Note
the linear scale on the latter plot.

We plot the running couplings in figure 1 for the SM (left panel) and for the current
model (right). The latter plot was created with linear MU scale and zoomed to the unifi-
cation coupling to reveal the almost perfect one-loop unification in our model. The tight
error bars on the unification mass and the unified coupling can be used to make a formally
accurate prediction for the value of the QCD-coupling at electroweak scale. Running the
QCD-coupling backwards from the unification scale gives:

↵3(MZ) = 0.1120± 0.0003 , (3.9)

which is consistent with but much tighter than the current observational limits2.

3.2 Unification of all couplings including ↵4 ⌘ ↵TC

Above we considered only the unification of the SM coupling constants. In our model we
have an additional gauge coupling related to the strong Technicolor interactions and it would
be more satisfying to have a unification of all four coupling constants. We now show that
this indeed quite naturally takes place in our model.3

With the current particle content, shown in Table 1 we have:

b4 = (4 + 2)⇥ 1

3
+ 2� 11 = �7 . (3.10)

Let us now require that ↵2 and ↵4 unify at MU. This implies that:

C ⌘ sin2 ✓W � ↵/↵4

c2 � (1 + c2) sin2 ✓W
=

b4 � b2
b2 � b1

. (3.11)

2Note that the running of the SM couplings will be a↵ected by the strongly coupled TC sector at the scales
below O(TeV): the composite spectrum of technihadrons charged under the electroweak interactions will feed
into the evolution and may a↵ect the precision of the above result.

3The results are dependent on the normalization of the hypercharge, i.e. the factor c. In principle its value
is determined by the particle content and the structure of the unifying algebra; we assume the value c =

p
3/5

throughout here.
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strongly interacting adjoint Weyl fermion, which a↵ects the running of the QCD coupling
and one weak triplet a↵ecting the running of ↵2. The group factors are T (R) = 1/2 for
the fundamental representation, T (G) = n for the adjoint SU(N)-representation and T (R) =
c2Y 2 = (3/5)Y 2 for the U(1)Y hypercharge gauge group. With Ng generations of ordinary
fermions we then find:

b1 =
4

3
Ng +

4

3
= bSM1 +

37

30

b2 =
4

3
Ng � 14

3
= bSM3 +

5

2

b3 =
4

3
Ng � 9 = bSM3 + 2 . (3.4)

Note that the di↵erences bi � bj are independent of Ng, because they can not be a↵ected by
states forming complete representations of the unifying gauge group [35]. It is now clear that
the SM does not unify since BSM

theory ' 0.53. However in our model BTC
theory ' 0.722, which is

generously within one sigma of the extremely tight constraint (3.3). In fact the unification
mass and coupling are very precisely determined by the coupling constant unification. If we
define a chi-squared function

�2(MU,↵U) ⌘
3X

i=1

(↵i(MU)� ↵U)2

�↵2
i

, (3.5)

where �↵i are the observational errors for each coupling given above in the text (these errors
propagate essentially as such to the unification scale), we find that at 1�-level:

MU = (2.20± 0.03)⇥ 1015GeV, and ↵U = 0.03042± 0.00002 . (3.6)

In any grand unified theory nucleons are expected to decay via the exchange of gauge
bosons with GUT scale masses. Schematically the partial decay width of the proton into a
generic channel containing a meson and a lepton is

� = �QCD�GUT, (3.7)

where �GUT contains the details of the underlying unified theory and �QCD contains the QCD
parameters and the e↵ective low energy constants parametrizing the hadronic matrix element
relevant for the decay in question. For example, for a simple decay mode via a massive gauge
boson exchange, assuming M ⇡ MU, �GUT ⇠ ↵2

U/M
4
U. The precise details of course depend

on the particular GUT model. We do not pursue such model building here; see e.g. [36, 37].
To obtain a parametric estimate, consider

⌧N =
1

�
⇠ f2

⇡

mN

M4
U

↵2
U↵

2
N

, (3.8)

where f⇡ = 0.131 GeV, mN is the mass of the nucleon and ↵N the hadronic low energy
constant. This must be determined from the lattice [38] and is subject to relatively large
uncertainties [39, 40]; for p ! e+⇡0 the estimates for the value of ↵N range from 0.003 fm3 to
0.0112 fm3 [39]. Using the value 0.01 fm3 and numbers from Eq. (3.6) results in ⌧N ⇠ 1034 y,
which is of the same order of magnitude as the current bounds from the Super-Kamiokande
[34].
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Figure 1. Left: the running of the gauge couplings in the SM. Note the logarithmic scale. Left: the
running of all four couplings in the MWTC-DM model under consideration, including the TC-coupling
↵
4

. The ellipses show the 1- and 2-� contours on unification scale and the unified coupling derived
from the �2-distribution (3.5). For the TC-coupling ↵

4

we took 331 GeV < ⇤1�loop

TC

< 351 GeV. Note
the linear scale on the latter plot.

We plot the running couplings in figure 1 for the SM (left panel) and for the current
model (right). The latter plot was created with linear MU scale and zoomed to the unifi-
cation coupling to reveal the almost perfect one-loop unification in our model. The tight
error bars on the unification mass and the unified coupling can be used to make a formally
accurate prediction for the value of the QCD-coupling at electroweak scale. Running the
QCD-coupling backwards from the unification scale gives:

↵3(MZ) = 0.1120± 0.0003 , (3.9)

which is consistent with but much tighter than the current observational limits2.

3.2 Unification of all couplings including ↵4 ⌘ ↵TC

Above we considered only the unification of the SM coupling constants. In our model we
have an additional gauge coupling related to the strong Technicolor interactions and it would
be more satisfying to have a unification of all four coupling constants. We now show that
this indeed quite naturally takes place in our model.3

With the current particle content, shown in Table 1 we have:

b4 = (4 + 2)⇥ 1

3
+ 2� 11 = �7 . (3.10)

Let us now require that ↵2 and ↵4 unify at MU. This implies that:

C ⌘ sin2 ✓W � ↵/↵4

c2 � (1 + c2) sin2 ✓W
=

b4 � b2
b2 � b1

. (3.11)

2Note that the running of the SM couplings will be a↵ected by the strongly coupled TC sector at the scales
below O(TeV): the composite spectrum of technihadrons charged under the electroweak interactions will feed
into the evolution and may a↵ect the precision of the above result.

3The results are dependent on the normalization of the hypercharge, i.e. the factor c. In principle its value
is determined by the particle content and the structure of the unifying algebra; we assume the value c =

p
3/5

throughout here.
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strongly interacting adjoint Weyl fermion, which a↵ects the running of the QCD coupling
and one weak triplet a↵ecting the running of ↵2. The group factors are T (R) = 1/2 for
the fundamental representation, T (G) = n for the adjoint SU(N)-representation and T (R) =
c2Y 2 = (3/5)Y 2 for the U(1)Y hypercharge gauge group. With Ng generations of ordinary
fermions we then find:

b1 =
4

3
Ng +

4

3
= bSM1 +

37

30

b2 =
4

3
Ng � 14

3
= bSM3 +

5

2

b3 =
4

3
Ng � 9 = bSM3 + 2 . (3.4)

Note that the di↵erences bi � bj are independent of Ng, because they can not be a↵ected by
states forming complete representations of the unifying gauge group [35]. It is now clear that
the SM does not unify since BSM

theory ' 0.53. However in our model BTC
theory ' 0.722, which is

generously within one sigma of the extremely tight constraint (3.3). In fact the unification
mass and coupling are very precisely determined by the coupling constant unification. If we
define a chi-squared function

�2(MU,↵U) ⌘
3X

i=1

(↵i(MU)� ↵U)2

�↵2
i

, (3.5)

where �↵i are the observational errors for each coupling given above in the text (these errors
propagate essentially as such to the unification scale), we find that at 1�-level:

MU = (2.20± 0.03)⇥ 1015GeV, and ↵U = 0.03042± 0.00002 . (3.6)

In any grand unified theory nucleons are expected to decay via the exchange of gauge
bosons with GUT scale masses. Schematically the partial decay width of the proton into a
generic channel containing a meson and a lepton is

� = �QCD�GUT, (3.7)

where �GUT contains the details of the underlying unified theory and �QCD contains the QCD
parameters and the e↵ective low energy constants parametrizing the hadronic matrix element
relevant for the decay in question. For example, for a simple decay mode via a massive gauge
boson exchange, assuming M ⇡ MU, �GUT ⇠ ↵2

U/M
4
U. The precise details of course depend

on the particular GUT model. We do not pursue such model building here; see e.g. [36, 37].
To obtain a parametric estimate, consider

⌧N =
1

�
⇠ f2

⇡

mN

M4
U

↵2
U↵

2
N

, (3.8)

where f⇡ = 0.131 GeV, mN is the mass of the nucleon and ↵N the hadronic low energy
constant. This must be determined from the lattice [38] and is subject to relatively large
uncertainties [39, 40]; for p ! e+⇡0 the estimates for the value of ↵N range from 0.003 fm3 to
0.0112 fm3 [39]. Using the value 0.01 fm3 and numbers from Eq. (3.6) results in ⌧N ⇠ 1034 y,
which is of the same order of magnitude as the current bounds from the Super-Kamiokande
[34].
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Figure 1. Left: the running of the gauge couplings in the SM. Note the logarithmic scale. Left: the
running of all four couplings in the MWTC-DM model under consideration, including the TC-coupling
↵
4

. The ellipses show the 1- and 2-� contours on unification scale and the unified coupling derived
from the �2-distribution (3.5). For the TC-coupling ↵

4

we took 331 GeV < ⇤1�loop

TC

< 351 GeV. Note
the linear scale on the latter plot.

We plot the running couplings in figure 1 for the SM (left panel) and for the current
model (right). The latter plot was created with linear MU scale and zoomed to the unifi-
cation coupling to reveal the almost perfect one-loop unification in our model. The tight
error bars on the unification mass and the unified coupling can be used to make a formally
accurate prediction for the value of the QCD-coupling at electroweak scale. Running the
QCD-coupling backwards from the unification scale gives:

↵3(MZ) = 0.1120± 0.0003 , (3.9)

which is consistent with but much tighter than the current observational limits2.

3.2 Unification of all couplings including ↵4 ⌘ ↵TC

Above we considered only the unification of the SM coupling constants. In our model we
have an additional gauge coupling related to the strong Technicolor interactions and it would
be more satisfying to have a unification of all four coupling constants. We now show that
this indeed quite naturally takes place in our model.3

With the current particle content, shown in Table 1 we have:

b4 = (4 + 2)⇥ 1

3
+ 2� 11 = �7 . (3.10)

Let us now require that ↵2 and ↵4 unify at MU. This implies that:

C ⌘ sin2 ✓W � ↵/↵4

c2 � (1 + c2) sin2 ✓W
=

b4 � b2
b2 � b1

. (3.11)

2Note that the running of the SM couplings will be a↵ected by the strongly coupled TC sector at the scales
below O(TeV): the composite spectrum of technihadrons charged under the electroweak interactions will feed
into the evolution and may a↵ect the precision of the above result.

3The results are dependent on the normalization of the hypercharge, i.e. the factor c. In principle its value
is determined by the particle content and the structure of the unifying algebra; we assume the value c =

p
3/5

throughout here.
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strongly interacting adjoint Weyl fermion, which a↵ects the running of the QCD coupling
and one weak triplet a↵ecting the running of ↵2. The group factors are T (R) = 1/2 for
the fundamental representation, T (G) = n for the adjoint SU(N)-representation and T (R) =
c2Y 2 = (3/5)Y 2 for the U(1)Y hypercharge gauge group. With Ng generations of ordinary
fermions we then find:

b1 =
4

3
Ng +

4

3
= bSM1 +

37

30

b2 =
4

3
Ng � 14

3
= bSM3 +

5

2

b3 =
4

3
Ng � 9 = bSM3 + 2 . (3.4)

Note that the di↵erences bi � bj are independent of Ng, because they can not be a↵ected by
states forming complete representations of the unifying gauge group [35]. It is now clear that
the SM does not unify since BSM

theory ' 0.53. However in our model BTC
theory ' 0.722, which is

generously within one sigma of the extremely tight constraint (3.3). In fact the unification
mass and coupling are very precisely determined by the coupling constant unification. If we
define a chi-squared function

�2(MU,↵U) ⌘
3X

i=1

(↵i(MU)� ↵U)2

�↵2
i

, (3.5)

where �↵i are the observational errors for each coupling given above in the text (these errors
propagate essentially as such to the unification scale), we find that at 1�-level:

MU = (2.20± 0.03)⇥ 1015GeV, and ↵U = 0.03042± 0.00002 . (3.6)

In any grand unified theory nucleons are expected to decay via the exchange of gauge
bosons with GUT scale masses. Schematically the partial decay width of the proton into a
generic channel containing a meson and a lepton is

� = �QCD�GUT, (3.7)

where �GUT contains the details of the underlying unified theory and �QCD contains the QCD
parameters and the e↵ective low energy constants parametrizing the hadronic matrix element
relevant for the decay in question. For example, for a simple decay mode via a massive gauge
boson exchange, assuming M ⇡ MU, �GUT ⇠ ↵2

U/M
4
U. The precise details of course depend

on the particular GUT model. We do not pursue such model building here; see e.g. [36, 37].
To obtain a parametric estimate, consider

⌧N =
1

�
⇠ f2

⇡

mN

M4
U

↵2
U↵

2
N

, (3.8)

where f⇡ = 0.131 GeV, mN is the mass of the nucleon and ↵N the hadronic low energy
constant. This must be determined from the lattice [38] and is subject to relatively large
uncertainties [39, 40]; for p ! e+⇡0 the estimates for the value of ↵N range from 0.003 fm3 to
0.0112 fm3 [39]. Using the value 0.01 fm3 and numbers from Eq. (3.6) results in ⌧N ⇠ 1034 y,
which is of the same order of magnitude as the current bounds from the Super-Kamiokande
[34].
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Figure 1. Left: the running of the gauge couplings in the SM. Note the logarithmic scale. Left: the
running of all four couplings in the MWTC-DM model under consideration, including the TC-coupling
↵
4

. The ellipses show the 1- and 2-� contours on unification scale and the unified coupling derived
from the �2-distribution (3.5). For the TC-coupling ↵

4

we took 331 GeV < ⇤1�loop

TC

< 351 GeV. Note
the linear scale on the latter plot.

We plot the running couplings in figure 1 for the SM (left panel) and for the current
model (right). The latter plot was created with linear MU scale and zoomed to the unifi-
cation coupling to reveal the almost perfect one-loop unification in our model. The tight
error bars on the unification mass and the unified coupling can be used to make a formally
accurate prediction for the value of the QCD-coupling at electroweak scale. Running the
QCD-coupling backwards from the unification scale gives:

↵3(MZ) = 0.1120± 0.0003 , (3.9)

which is consistent with but much tighter than the current observational limits2.
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is determined by the particle content and the structure of the unifying algebra; we assume the value c =

p
3/5

throughout here.
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(as in extended TC models) or scalars decoupled at high energies (as in SUSY models). The
latter choice fits well in with the gauge coupling unification considered in the next subsection.

As a final remark, we note that with the above particle content the TC sector might be
close to conformality [30]. However, coupling between the TC sector and the SM fields via
the gauge and Yukawa interactions will move the theory away from the conformal window
[31–33]. Therefore, we will assume the properties of the TC sector to be QCD-like.

3 Unification

3.1 Unification of the SM coupling constants

For completeness we will first briefly review the argument for the unification of the SM
coupling constants. More details can be found in ref. [15]. At one-loop the coupling constant
↵n of an SU(n) gauge theory is given by

↵�1
n (µ) = ↵�1

n (MZ)� bn
2⇡

ln

✓
µ

MZ

◆
. (3.1)

The beta function coe�cient bn is:

bn =
2

3
T (R)Nwf +

1

3
T (R0)Ncb � 11

3
C2(G) , (3.2)

where T (R) and and T (R0) are the Casimirs of the representation R for Nwf Weyl fermions
and of the representation R0 for Ncb complex scalars and C2(G) is the quadratic Casimir
of the adjoint representation of the gauge group. For SM we have three coupling constants
corresponding to n = 3, 2, 1. Requiring that SM coupling constants unify means that the
three couplings are all equal at some scale MU: ↵3(MU) = ↵2(MU) = ↵1(MU) with ↵1 =
↵/(c2 cos2 ✓W ) and ↵2 = ↵/ sin2 ✓W , where c is a normalization constant that depends on the
choice of the unifying group. Here we shall use c =

p
3/5, corresponding to the SM matter

unified into SU(5).
Using Eq. (3.13) we can now derive the following relation:

B ⌘ b3 � b2
b2 � b1

=
↵/↵3 � sin2 ✓W

(1 + c2) sin2 ✓W � c2
= 0.721± 0.004 , (3.3)

where the Weinberg angle ✓W and weak and strong coupling constants were evaluated at
the Z-mass scale, using values from ref. [34]: sin2 ✓W (MZ) = 0.23126± 0.00005, ↵�1(MZ) =
127.940± 0.014, ↵3(MZ) = 0.1193± 0.0016 and MZ = 91.1876± 0.0021 GeV.

The hypercharge assignment of our model renders the Technicolor sector identical to
one extra SM generation from the electroweak interaction viewpoint. In addition we have one
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strongly interacting adjoint Weyl fermion, which a↵ects the running of the QCD coupling
and one weak triplet a↵ecting the running of ↵2. The group factors are T (R) = 1/2 for
the fundamental representation, T (G) = n for the adjoint SU(N)-representation and T (R) =
c2Y 2 = (3/5)Y 2 for the U(1)Y hypercharge gauge group. With Ng generations of ordinary
fermions we then find:

b1 =
4

3
Ng +

4

3
= bSM1 +

37

30

b2 =
4

3
Ng � 14

3
= bSM3 +

5

2

b3 =
4

3
Ng � 9 = bSM3 + 2 . (3.4)

Note that the di↵erences bi � bj are independent of Ng, because they can not be a↵ected by
states forming complete representations of the unifying gauge group [35]. It is now clear that
the SM does not unify since BSM

theory ' 0.53. However in our model BTC
theory ' 0.722, which is

generously within one sigma of the extremely tight constraint (3.3). In fact the unification
mass and coupling are very precisely determined by the coupling constant unification. If we
define a chi-squared function

�2(MU,↵U) ⌘
3X

i=1

(↵i(MU)� ↵U)2

�↵2
i

, (3.5)

where �↵i are the observational errors for each coupling given above in the text (these errors
propagate essentially as such to the unification scale), we find that at 1�-level:

MU = (2.20± 0.03)⇥ 1015GeV, and ↵U = 0.03042± 0.00002 . (3.6)

In any grand unified theory nucleons are expected to decay via the exchange of gauge
bosons with GUT scale masses. Schematically the partial decay width of the proton into a
generic channel containing a meson and a lepton is

� = �QCD�GUT, (3.7)

where �GUT contains the details of the underlying unified theory and �QCD contains the QCD
parameters and the e↵ective low energy constants parametrizing the hadronic matrix element
relevant for the decay in question. For example, for a simple decay mode via a massive gauge
boson exchange, assuming M ⇡ MU, �GUT ⇠ ↵2

U/M
4
U. The precise details of course depend

on the particular GUT model. We do not pursue such model building here; see e.g. [36, 37].
To obtain a parametric estimate, consider

⌧N =
1

�
⇠ f2

⇡

mN

M4
U

↵2
U↵

2
N

, (3.8)

where f⇡ = 0.131 GeV, mN is the mass of the nucleon and ↵N the hadronic low energy
constant. This must be determined from the lattice [38] and is subject to relatively large
uncertainties [39, 40]; for p ! e+⇡0 the estimates for the value of ↵N range from 0.003 fm3 to
0.0112 fm3 [39]. Using the value 0.01 fm3 and numbers from Eq. (3.6) results in ⌧N ⇠ 1034 y,
which is of the same order of magnitude as the current bounds from the Super-Kamiokande
[34].
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Figure 1. Left: the running of the gauge couplings in the SM. Note the logarithmic scale. Left: the
running of all four couplings in the MWTC-DM model under consideration, including the TC-coupling
↵
4

. The ellipses show the 1- and 2-� contours on unification scale and the unified coupling derived
from the �2-distribution (3.5). For the TC-coupling ↵

4

we took 331 GeV < ⇤1�loop

TC

< 351 GeV. Note
the linear scale on the latter plot.

We plot the running couplings in figure 1 for the SM (left panel) and for the current
model (right). The latter plot was created with linear MU scale and zoomed to the unifi-
cation coupling to reveal the almost perfect one-loop unification in our model. The tight
error bars on the unification mass and the unified coupling can be used to make a formally
accurate prediction for the value of the QCD-coupling at electroweak scale. Running the
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3
+ 2� 11 = �7 . (3.10)
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. (3.11)

2Note that the running of the SM couplings will be a↵ected by the strongly coupled TC sector at the scales
below O(TeV): the composite spectrum of technihadrons charged under the electroweak interactions will feed
into the evolution and may a↵ect the precision of the above result.

3The results are dependent on the normalization of the hypercharge, i.e. the factor c. In principle its value
is determined by the particle content and the structure of the unifying algebra; we assume the value c =

p
3/5

throughout here.
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strongly interacting adjoint Weyl fermion, which a↵ects the running of the QCD coupling
and one weak triplet a↵ecting the running of ↵2. The group factors are T (R) = 1/2 for
the fundamental representation, T (G) = n for the adjoint SU(N)-representation and T (R) =
c2Y 2 = (3/5)Y 2 for the U(1)Y hypercharge gauge group. With Ng generations of ordinary
fermions we then find:

b1 =
4

3
Ng +

4

3
= bSM1 +

37

30

b2 =
4

3
Ng � 14

3
= bSM3 +

5

2

b3 =
4

3
Ng � 9 = bSM3 + 2 . (3.4)

Note that the di↵erences bi � bj are independent of Ng, because they can not be a↵ected by
states forming complete representations of the unifying gauge group [35]. It is now clear that
the SM does not unify since BSM

theory ' 0.53. However in our model BTC
theory ' 0.722, which is

generously within one sigma of the extremely tight constraint (3.3). In fact the unification
mass and coupling are very precisely determined by the coupling constant unification. If we
define a chi-squared function

�2(MU,↵U) ⌘
3X

i=1

(↵i(MU)� ↵U)2

�↵2
i

, (3.5)

where �↵i are the observational errors for each coupling given above in the text (these errors
propagate essentially as such to the unification scale), we find that at 1�-level:

MU = (2.20± 0.03)⇥ 1015GeV, and ↵U = 0.03042± 0.00002 . (3.6)

In any grand unified theory nucleons are expected to decay via the exchange of gauge
bosons with GUT scale masses. Schematically the partial decay width of the proton into a
generic channel containing a meson and a lepton is

� = �QCD�GUT, (3.7)

where �GUT contains the details of the underlying unified theory and �QCD contains the QCD
parameters and the e↵ective low energy constants parametrizing the hadronic matrix element
relevant for the decay in question. For example, for a simple decay mode via a massive gauge
boson exchange, assuming M ⇡ MU, �GUT ⇠ ↵2

U/M
4
U. The precise details of course depend

on the particular GUT model. We do not pursue such model building here; see e.g. [36, 37].
To obtain a parametric estimate, consider

⌧N =
1

�
⇠ f2

⇡

mN

M4
U

↵2
U↵

2
N

, (3.8)

where f⇡ = 0.131 GeV, mN is the mass of the nucleon and ↵N the hadronic low energy
constant. This must be determined from the lattice [38] and is subject to relatively large
uncertainties [39, 40]; for p ! e+⇡0 the estimates for the value of ↵N range from 0.003 fm3 to
0.0112 fm3 [39]. Using the value 0.01 fm3 and numbers from Eq. (3.6) results in ⌧N ⇠ 1034 y,
which is of the same order of magnitude as the current bounds from the Super-Kamiokande
[34].
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boson exchange, assuming M ⇡ MU, �GUT ⇠ ↵2
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4
U. The precise details of course depend

on the particular GUT model. We do not pursue such model building here; see e.g. [36, 37].
To obtain a parametric estimate, consider
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where f⇡ = 0.131 GeV, mN is the mass of the nucleon and ↵N the hadronic low energy
constant. This must be determined from the lattice [38] and is subject to relatively large
uncertainties [39, 40]; for p ! e+⇡0 the estimates for the value of ↵N range from 0.003 fm3 to
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Figure 1. Left: the running of the gauge couplings in the SM. Note the logarithmic scale. Left: the
running of all four couplings in the MWTC-DM model under consideration, including the TC-coupling
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. The ellipses show the 1- and 2-� contours on unification scale and the unified coupling derived
from the �2-distribution (3.5). For the TC-coupling ↵
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the linear scale on the latter plot.

We plot the running couplings in figure 1 for the SM (left panel) and for the current
model (right). The latter plot was created with linear MU scale and zoomed to the unifi-
cation coupling to reveal the almost perfect one-loop unification in our model. The tight
error bars on the unification mass and the unified coupling can be used to make a formally
accurate prediction for the value of the QCD-coupling at electroweak scale. Running the
QCD-coupling backwards from the unification scale gives:

↵3(MZ) = 0.1120± 0.0003 , (3.9)

which is consistent with but much tighter than the current observational limits2.

3.2 Unification of all couplings including ↵4 ⌘ ↵TC

Above we considered only the unification of the SM coupling constants. In our model we
have an additional gauge coupling related to the strong Technicolor interactions and it would
be more satisfying to have a unification of all four coupling constants. We now show that
this indeed quite naturally takes place in our model.3

With the current particle content, shown in Table 1 we have:

b4 = (4 + 2)⇥ 1

3
+ 2� 11 = �7 . (3.10)

Let us now require that ↵2 and ↵4 unify at MU. This implies that:

C ⌘ sin2 ✓W � ↵/↵4

c2 � (1 + c2) sin2 ✓W
=

b4 � b2
b2 � b1

. (3.11)

2Note that the running of the SM couplings will be a↵ected by the strongly coupled TC sector at the scales
below O(TeV): the composite spectrum of technihadrons charged under the electroweak interactions will feed
into the evolution and may a↵ect the precision of the above result.

3The results are dependent on the normalization of the hypercharge, i.e. the factor c. In principle its value
is determined by the particle content and the structure of the unifying algebra; we assume the value c =

p
3/5

throughout here.
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error bars on the unification mass and the unified coupling can be used to make a formally
accurate prediction for the value of the QCD-coupling at electroweak scale. Running the
QCD-coupling backwards from the unification scale gives:

↵3(MZ) = 0.1120± 0.0003 , (3.9)

which is consistent with but much tighter than the current observational limits2.
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Above we considered only the unification of the SM coupling constants. In our model we
have an additional gauge coupling related to the strong Technicolor interactions and it would
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b4 = (4 + 2)⇥ 1

3
+ 2� 11 = �7 . (3.10)

Let us now require that ↵2 and ↵4 unify at MU. This implies that:
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2Note that the running of the SM couplings will be a↵ected by the strongly coupled TC sector at the scales
below O(TeV): the composite spectrum of technihadrons charged under the electroweak interactions will feed
into the evolution and may a↵ect the precision of the above result.

3The results are dependent on the normalization of the hypercharge, i.e. the factor c. In principle its value
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We plot the running couplings in figure 1 for the SM (left panel) and for the current
model (right). The latter plot was created with linear MU scale and zoomed to the unifi-
cation coupling to reveal the almost perfect one-loop unification in our model. The tight
error bars on the unification mass and the unified coupling can be used to make a formally
accurate prediction for the value of the QCD-coupling at electroweak scale. Running the
QCD-coupling backwards from the unification scale gives:

↵3(MZ) = 0.1120± 0.0003 , (3.9)

which is consistent with but much tighter than the current observational limits2.

3.2 Unification of all couplings including ↵4 ⌘ ↵TC

Above we considered only the unification of the SM coupling constants. In our model we
have an additional gauge coupling related to the strong Technicolor interactions and it would
be more satisfying to have a unification of all four coupling constants. We now show that
this indeed quite naturally takes place in our model.3

With the current particle content, shown in Table 1 we have:

b4 = (4 + 2)⇥ 1

3
+ 2� 11 = �7 . (3.10)

Let us now require that ↵2 and ↵4 unify at MU. This implies that:

C ⌘ sin2 ✓W � ↵/↵4

c2 � (1 + c2) sin2 ✓W
=
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. (3.11)

2Note that the running of the SM couplings will be a↵ected by the strongly coupled TC sector at the scales
below O(TeV): the composite spectrum of technihadrons charged under the electroweak interactions will feed
into the evolution and may a↵ect the precision of the above result.

3The results are dependent on the normalization of the hypercharge, i.e. the factor c. In principle its value
is determined by the particle content and the structure of the unifying algebra; we assume the value c =
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We plot the running couplings in figure 1 for the SM (left panel) and for the current
model (right). The latter plot was created with linear MU scale and zoomed to the unifi-
cation coupling to reveal the almost perfect one-loop unification in our model. The tight
error bars on the unification mass and the unified coupling can be used to make a formally
accurate prediction for the value of the QCD-coupling at electroweak scale. Running the
QCD-coupling backwards from the unification scale gives:

↵3(MZ) = 0.1120± 0.0003 , (3.9)

which is consistent with but much tighter than the current observational limits2.

3.2 Unification of all couplings including ↵4 ⌘ ↵TC

Above we considered only the unification of the SM coupling constants. In our model we
have an additional gauge coupling related to the strong Technicolor interactions and it would
be more satisfying to have a unification of all four coupling constants. We now show that
this indeed quite naturally takes place in our model.3

With the current particle content, shown in Table 1 we have:

b4 = (4 + 2)⇥ 1
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Let us now require that ↵2 and ↵4 unify at MU. This implies that:

C ⌘ sin2 ✓W � ↵/↵4
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=
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2Note that the running of the SM couplings will be a↵ected by the strongly coupled TC sector at the scales
below O(TeV): the composite spectrum of technihadrons charged under the electroweak interactions will feed
into the evolution and may a↵ect the precision of the above result.

3The results are dependent on the normalization of the hypercharge, i.e. the factor c. In principle its value
is determined by the particle content and the structure of the unifying algebra; we assume the value c =
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accurate prediction for the value of the QCD-coupling at electroweak scale. Running the
QCD-coupling backwards from the unification scale gives:
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Above we considered only the unification of the SM coupling constants. In our model we
have an additional gauge coupling related to the strong Technicolor interactions and it would
be more satisfying to have a unification of all four coupling constants. We now show that
this indeed quite naturally takes place in our model.3

With the current particle content, shown in Table 1 we have:
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Let us now require that ↵2 and ↵4 unify at MU. This implies that:
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below O(TeV): the composite spectrum of technihadrons charged under the electroweak interactions will feed
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3The results are dependent on the normalization of the hypercharge, i.e. the factor c. In principle its value
is determined by the particle content and the structure of the unifying algebra; we assume the value c =
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Dark sector

where ⌃ ⇥ ⌃a⌅a and ⌅a = ⇤a/2 in terms of the Pauli matrices. The scale � is the same we
introduced in Eq. (2.14). When

⌃
2H ⌅ (0, v + h)T , Eq. (2.17), written in the 4-component

notation, becomes

LAd,H
SSB⌅ mNw

2
(w̄0

RNL + w̄0
LNR)

�
1 +

h

v

⇥
+ h.c.

+
mw�

2
(�̄Rw

0
L + �̄Lw

0
R)

�
1 +

h

v

⇥2
+ h.c.

+ (Mwww̄DwD +
Mww

2
w̄0
Mw0

M )
�
1 +

h

v

⇥2
. (2.18)

Here Mww ⇥ ⇥wwv2/4� is both the mass of the charged adjoint field wD and the Majorana
mass of the neutral adjoint state w0

M . The two Dirac mixing masses are defined as mNw ⇥
ywv/2

⌃
2 and mw� ⇥ ⇥w�v2/2�.

Finally, we can provide a Majorana mass for the singlet field �M either via a dimension
five interaction with the Higgs, (⇥��/�)H†��H, or through a VEV of a new weak SU(2)
singlet field S, which can plausibly emerge from a more complete extended technicolor theory.
In the former case the WIMP is very strongly coupled to Higgs, and hence heavily constrained
by the direct DM searches [36]. We therefore choose the latter option and include the following
gauge- and Z2 symmetric interaction Lagrangian:

L�S = yRS�� + h.c.
SSB⌅ M��

2
�M�M

�
1 +

s

vs

⇥
. (2.19)

The right handed Majorana mass now is MR ⇥
⌃
2yRvs where vs is the VEV of the singlet

field S.

2.3 Mass mixing and couplings

The general 3� 3 mass matrix of the new neutral Majorana particles NM , w0
M and �M can

now be formed by collecting all mass terms from the equations (2.16), (2.18) and (2.19). The
resulting matrix in the four component notation reads

Lmass =
1

2

�
NR, w0

R, �R

⇥
⇤

⇧
MNN mNw mN�

mNw Mww mw�

mN� mw� M��

⌅

⌃

⇤

⇧
NL

w0
L

�L

⌅

⌃+ h.c. (2.20)

This mass matrix induces a mixing pattern analogous to that described by the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix in the usual 3� 3 light neutrino mixing. Note that
here the mixing matrix appearing in charged weak currents is actually a 2� 3-matrix, since
there are only two charged Dirac fields (in contrast with the three charged leptons present in
the usual neutrino mixing case), coupled to our three neutral fields. However the mass matrix
diagonalizing proceeds in a similar way as in the case of 3�3 light neutrino mixing. We shall
not use the PMNS parameterization for the mixing matrix here. Instead, we use the Dirac and
Majorana masses as the primary parameters and diagonalize the mass matrix numerically to
obtain the weak currents and the e⇤ective Higgs interactions in the mass eigenbasis. Indeed,
the symmetric mass matrix M appearing in Eq. (2.20) can be diagonalized with a unitary
transformation UTMU = m, where the mass eigenvalues are mi ⇤ 0 and U is an unitary
matrix. Using the notation ⇥L ⇥ (NL, w0

L, �L)
T and the relation U †U = 1, Eq. (2.20) can

be written in the form

Lmass =
1

2
⇥RM⇥L +

1

2
⇥LM

†⇥R =
1

2
⇧m⇧ . (2.21)
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2.2 E�ective mass terms

We will now introduce an e⇥ective Higgs doublet H into the low energy realization of our
model. In the dynamical EW symmetry breaking this will generate the mass terms and
e⇥ective Higgs couplings for the fourth family leptons, SU(2) adjoint particles and for the
EW singlet. First, we introduce interaction terms between H, the 4th family heavy leptons
and the neutral singlet field �M . The gauge invariant e⇥ective interactions, up to dimension
five operators, which we include, are

L4f,H = yEL̄LHER + y⇥L̄LH̃�R +
⇥NN

�
(L̄cH̃)(H̃TL) + h.c. , (2.14)

where H̃ = i⌅2H�, and yE , y⇥ and ⇥NN are some dimensionless coupling constants. The first
two terms in Eq. (2.14) are the usual SM-like Yukawa couplings. The first one generates
Dirac mass terms for the charged lepton E and the second for a Dirac neutrino, whose right
handed component is the sterile state �. The last term in Eq. (2.14) is a non-renormalizable
dimension five operator, which produces a left handed Majorana mass for the neutrino N .

Note that the interactions in Eq. (2.14), as well as the other terms in Eqs. (2.2) and
(2.12), are invariant under Z2 symmetry transformation, in which E ⌅ �E, N ⌅ �N ,
� ⌅ �� and w ⌅ �w. On the other hand, gauge invariance would allow to write following
Yukawa couplings:

ywiH
T (i⌅2)⇧Li + y⇥iH

T (i⌅2)�Li + h.c.

= �v + h⌃
2

[ywi(
⌃
2w+ei + w0⇤i) + y⇥i�⇤i] + h.c. , (2.15)

where the Li is generation i SM lepton doublet. These terms couple the SM fields to the
new adjoint and singlet fields and so a WIMP containing a non-negligible mixture of these
states would become unstable against decay into light SM particles. However, if SM field are
singlets under the Z2 symmetry introduced above, then these interactions are forbidden and
the stability of the DM candidate is guaranteed by a symmetry principle. We note that this
symmetry, as well as the non-renormalizable interactions in Eq. (2.14), may originate from a
UV complete theory responsible for the generation of the full flavor structure of the model
above the scale � ⇤ vw, but we shall not elaborate on such details here.

After the spontaneous symmetry breaking (SSB) where H ⌅ (0, v+h)T /
⌃
2, Eq. (2.14)

becomes

L4f,H
SSB⌅ mEĒE

�
1 +

h

v

⇥

+
mN�

2
(�RNL + �LNR)

�
1 +

h

v

⇥
+ h.c.

+
MNN

2
N̄MNM

�
1 +

h

v

⇥2
, (2.16)

where the masses are mE ⇥ yEv/
⌃
2, mN� ⇥ y⇥v/

⌃
2 and MNN ⇥ ⇥NNv2/�, and v is the

vacuum expectation value (VEV) of the composite Higgs field h. Note that (NM )c = NM .
Here and in the following the shorthand 4-component notations NL ⇥ NML = (N�, 0)T ,
NR ⇥ NMR = (0, N †�̇)T , w0

L ⇥ w0
ML = (w0

�, 0)
T and �R ⇥ �MR = (0,�†�̇)T are used.

Next we consider the Higgs couplings to the SU(2) adjoint fields, consistent with the
Z2-symmetry, again including operators up to dimension five:

LAd,H = ywH̃
T⇧LL +

⇥w�

�
�H†⇧H +

⇥ww

�
H†⇧⇧H + h.c. , (2.17)
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new adjoint and singlet fields and so a WIMP containing a non-negligible mixture of these
states would become unstable against decay into light SM particles. However, if SM field are
singlets under the Z2 symmetry introduced above, then these interactions are forbidden and
the stability of the DM candidate is guaranteed by a symmetry principle. We note that this
symmetry, as well as the non-renormalizable interactions in Eq. (2.14), may originate from a
UV complete theory responsible for the generation of the full flavor structure of the model
above the scale � ⇤ vw, but we shall not elaborate on such details here.

After the spontaneous symmetry breaking (SSB) where H ⌅ (0, v+h)T /
⌃
2, Eq. (2.14)

becomes

L4f,H
SSB⌅ mEĒE

�
1 +

h

v

⇥

+
mN�

2
(�RNL + �LNR)

�
1 +

h

v

⇥
+ h.c.

+
MNN

2
N̄MNM

�
1 +

h

v

⇥2
, (2.16)

where the masses are mE ⇥ yEv/
⌃
2, mN� ⇥ y⇥v/

⌃
2 and MNN ⇥ ⇥NNv2/�, and v is the

vacuum expectation value (VEV) of the composite Higgs field h. Note that (NM )c = NM .
Here and in the following the shorthand 4-component notations NL ⇥ NML = (N�, 0)T ,
NR ⇥ NMR = (0, N †�̇)T , w0

L ⇥ w0
ML = (w0

�, 0)
T and �R ⇥ �MR = (0,�†�̇)T are used.

Next we consider the Higgs couplings to the SU(2) adjoint fields, consistent with the
Z2-symmetry, again including operators up to dimension five:

LAd,H = ywH̃
T⇧LL +

⇥w�

�
�H†⇧H +

⇥ww

�
H†⇧⇧H + h.c. , (2.17)
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where ⌃ ⇥ ⌃a⌅a and ⌅a = ⇤a/2 in terms of the Pauli matrices. The scale � is the same we
introduced in Eq. (2.14). When

⌃
2H ⌅ (0, v + h)T , Eq. (2.17), written in the 4-component

notation, becomes

LAd,H
SSB⌅ mNw

2
(w̄0

RNL + w̄0
LNR)

�
1 +

h

v

⇥
+ h.c.

+
mw�

2
(�̄Rw

0
L + �̄Lw

0
R)

�
1 +

h

v

⇥2
+ h.c.

+ (Mwww̄DwD +
Mww

2
w̄0
Mw0

M )
�
1 +

h

v

⇥2
. (2.18)

Here Mww ⇥ ⇥wwv2/4� is both the mass of the charged adjoint field wD and the Majorana
mass of the neutral adjoint state w0

M . The two Dirac mixing masses are defined as mNw ⇥
ywv/2

⌃
2 and mw� ⇥ ⇥w�v2/2�.

Finally, we can provide a Majorana mass for the singlet field �M either via a dimension
five interaction with the Higgs, (⇥��/�)H†��H, or through a VEV of a new weak SU(2)
singlet field S, which can plausibly emerge from a more complete extended technicolor theory.
In the former case the WIMP is very strongly coupled to Higgs, and hence heavily constrained
by the direct DM searches [36]. We therefore choose the latter option and include the following
gauge- and Z2 symmetric interaction Lagrangian:

L�S = yRS�� + h.c.
SSB⌅ M��

2
�M�M

�
1 +

s

vs

⇥
. (2.19)

The right handed Majorana mass now is MR ⇥
⌃
2yRvs where vs is the VEV of the singlet

field S.

2.3 Mass mixing and couplings

The general 3� 3 mass matrix of the new neutral Majorana particles NM , w0
M and �M can

now be formed by collecting all mass terms from the equations (2.16), (2.18) and (2.19). The
resulting matrix in the four component notation reads

Lmass =
1

2

�
NR, w0

R, �R

⇥
⇤

⇧
MNN mNw mN�

mNw Mww mw�

mN� mw� M��

⌅

⌃

⇤

⇧
NL

w0
L

�L

⌅

⌃+ h.c. (2.20)

This mass matrix induces a mixing pattern analogous to that described by the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix in the usual 3� 3 light neutrino mixing. Note that
here the mixing matrix appearing in charged weak currents is actually a 2� 3-matrix, since
there are only two charged Dirac fields (in contrast with the three charged leptons present in
the usual neutrino mixing case), coupled to our three neutral fields. However the mass matrix
diagonalizing proceeds in a similar way as in the case of 3�3 light neutrino mixing. We shall
not use the PMNS parameterization for the mixing matrix here. Instead, we use the Dirac and
Majorana masses as the primary parameters and diagonalize the mass matrix numerically to
obtain the weak currents and the e⇤ective Higgs interactions in the mass eigenbasis. Indeed,
the symmetric mass matrix M appearing in Eq. (2.20) can be diagonalized with a unitary
transformation UTMU = m, where the mass eigenvalues are mi ⇤ 0 and U is an unitary
matrix. Using the notation ⇥L ⇥ (NL, w0

L, �L)
T and the relation U †U = 1, Eq. (2.20) can

be written in the form

Lmass =
1

2
⇥RM⇥L +

1

2
⇥LM

†⇥R =
1

2
⇧m⇧ . (2.21)
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• 3x3-mixing neutral mass lagrangian in 4D-notation:
where ⌃ ⇥ ⌃a⌅a and ⌅a = ⇤a/2 in terms of the Pauli matrices. The scale � is the same we
introduced in Eq. (2.14). When

⌃
2H ⌅ (0, v + h)T , Eq. (2.17), written in the 4-component

notation, becomes

LAd,H
SSB⌅ mNw

2
(w̄0

RNL + w̄0
LNR)

�
1 +

h

v

⇥
+ h.c.

+
mw�

2
(�̄Rw

0
L + �̄Lw

0
R)

�
1 +

h

v

⇥2
+ h.c.

+ (Mwww̄DwD +
Mww

2
w̄0
Mw0

M )
�
1 +

h

v

⇥2
. (2.18)

Here Mww ⇥ ⇥wwv2/4� is both the mass of the charged adjoint field wD and the Majorana
mass of the neutral adjoint state w0

M . The two Dirac mixing masses are defined as mNw ⇥
ywv/2

⌃
2 and mw� ⇥ ⇥w�v2/2�.

Finally, we can provide a Majorana mass for the singlet field �M either via a dimension
five interaction with the Higgs, (⇥��/�)H†��H, or through a VEV of a new weak SU(2)
singlet field S, which can plausibly emerge from a more complete extended technicolor theory.
In the former case the WIMP is very strongly coupled to Higgs, and hence heavily constrained
by the direct DM searches [47]. We therefore choose the latter option and include the following
gauge- and Z2 symmetric interaction Lagrangian:

L�S = yRS�� + h.c.
SSB⌅ M��

2
�M�M

�
1 +

s

vs

⇥
. (2.19)

The right handed Majorana mass now is MR ⇥
⌃
2yRvs where vs is the VEV of the singlet

field S.

2.3 Mass mixing and couplings

The general 3� 3 mass matrix of the new neutral Majorana particles NM , w0
M and �M can

now be formed by collecting all mass terms from the equations (2.16), (2.18) and (2.19). The
resulting matrix in the four component notation reads

Lmass =
1

2

�
NR, w0

R, �R

⇥
⇤

⇧
MNN mNw mN�

mNw Mww mw�

mN� mw� M��

⌅

⌃

⇤

⇧
NL

w0
L

�L

⌅

⌃+ h.c. (2.20)

This mass matrix induces a mixing pattern analogous to that described by the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix in the usual 3� 3 light neutrino mixing. Note that
here the mixing matrix appearing in charged weak currents is actually a 2� 3-matrix, since
there are only two charged Dirac fields (in contrast with the three charged leptons present in
the usual neutrino mixing case), coupled to our three neutral fields. However the mass matrix
diagonalizing proceeds in a similar way as in the case of 3�3 light neutrino mixing. We shall
not use the PMNS parameterization for the mixing matrix here. Instead, we use the Dirac and
Majorana masses as the primary parameters and diagonalize the mass matrix numerically to
obtain the weak currents and the e⇤ective Higgs interactions in the mass eigenbasis. Indeed,
the symmetric mass matrix M appearing in Eq. (2.20) can be diagonalized with a unitary
transformation UTMU = m, where the mass eigenvalues are mi ⇤ 0 and U is an unitary
matrix. Using the notation ⇥L ⇥ (NL, w0

L, �L)
T and the relation U †U = 1, Eq. (2.20) can

be written in the form

Lmass =
1

2
⇥RM⇥L +

1

2
⇥LM

†⇥R =
1

2
⇧m⇧ . (2.21)
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2.2 E�ective mass terms

We will now introduce an e⇥ective Higgs doublet H into the low energy realization of our
model. In the dynamical EW symmetry breaking this will generate the mass terms and
e⇥ective Higgs couplings for the fourth family leptons, SU(2) adjoint particles and for the
EW singlet. First, we introduce interaction terms between H, the 4th family heavy leptons
and the neutral singlet field �M . The gauge invariant e⇥ective interactions, up to dimension
five operators, which we include, are

L4f,H = yEL̄LHER + y⇥L̄LH̃�R +
⇥NN

�
(L̄cH̃)(H̃TL) + h.c. , (2.14)

where H̃ = i⌅2H�, and yE , y⇥ and ⇥NN are some dimensionless coupling constants. The first
two terms in Eq. (2.14) are the usual SM-like Yukawa couplings. The first one generates
Dirac mass terms for the charged lepton E and the second for a Dirac neutrino, whose right
handed component is the sterile state �. The last term in Eq. (2.14) is a non-renormalizable
dimension five operator, which produces a left handed Majorana mass for the neutrino N .

Note that the interactions in Eq. (2.14), as well as the other terms in Eqs. (2.2) and
(2.12), are invariant under Z2 symmetry transformation, in which E ⌅ �E, N ⌅ �N ,
� ⌅ �� and w ⌅ �w. On the other hand, gauge invariance would allow to write following
Yukawa couplings:

ywiH
T (i⌅2)⇧Li + y⇥iH

T (i⌅2)�Li + h.c.

= �v + h⌃
2

[ywi(
⌃
2w+ei + w0⇤i) + y⇥i�⇤i] + h.c. , (2.15)

where the Li is generation i SM lepton doublet. These terms couple the SM fields to the
new adjoint and singlet fields and so a WIMP containing a non-negligible mixture of these
states would become unstable against decay into light SM particles. However, if SM field are
singlets under the Z2 symmetry introduced above, then these interactions are forbidden and
the stability of the DM candidate is guaranteed by a symmetry principle. We note that this
symmetry, as well as the non-renormalizable interactions in Eq. (2.14), may originate from a
UV complete theory responsible for the generation of the full flavor structure of the model
above the scale � ⇤ vw, but we shall not elaborate on such details here.

After the spontaneous symmetry breaking (SSB) where H ⌅ (0, v+h)T /
⌃
2, Eq. (2.14)

becomes

L4f,H
SSB⌅ mEĒE

�
1 +

h

v

⇥

+
mN�

2
(�RNL + �LNR)

�
1 +

h

v

⇥
+ h.c.

+
MNN

2
N̄MNM

�
1 +

h

v

⇥2
, (2.16)

where the masses are mE ⇥ yEv/
⌃
2, mN� ⇥ y⇥v/

⌃
2 and MNN ⇥ ⇥NNv2/�, and v is the

vacuum expectation value (VEV) of the composite Higgs field h. Note that (NM )c = NM .
Here and in the following the shorthand 4-component notations NL ⇥ NML = (N�, 0)T ,
NR ⇥ NMR = (0, N †�̇)T , w0

L ⇥ w0
ML = (w0

�, 0)
T and �R ⇥ �MR = (0,�†�̇)T are used.

Next we consider the Higgs couplings to the SU(2) adjoint fields, consistent with the
Z2-symmetry, again including operators up to dimension five:

LAd,H = ywH̃
T⇧LL +

⇥w�

�
�H†⇧H +

⇥ww

�
H†⇧⇧H + h.c. , (2.17)

– 6 –

2.2 E�ective mass terms

We will now introduce an e⇥ective Higgs doublet H into the low energy realization of our
model. In the dynamical EW symmetry breaking this will generate the mass terms and
e⇥ective Higgs couplings for the fourth family leptons, SU(2) adjoint particles and for the
EW singlet. First, we introduce interaction terms between H, the 4th family heavy leptons
and the neutral singlet field �M . The gauge invariant e⇥ective interactions, up to dimension
five operators, which we include, are

L4f,H = yEL̄LHER + y⇥L̄LH̃�R +
⇥NN

�
(L̄cH̃)(H̃TL) + h.c. , (2.14)

where H̃ = i⌅2H�, and yE , y⇥ and ⇥NN are some dimensionless coupling constants. The first
two terms in Eq. (2.14) are the usual SM-like Yukawa couplings. The first one generates
Dirac mass terms for the charged lepton E and the second for a Dirac neutrino, whose right
handed component is the sterile state �. The last term in Eq. (2.14) is a non-renormalizable
dimension five operator, which produces a left handed Majorana mass for the neutrino N .

Note that the interactions in Eq. (2.14), as well as the other terms in Eqs. (2.2) and
(2.12), are invariant under Z2 symmetry transformation, in which E ⌅ �E, N ⌅ �N ,
� ⌅ �� and w ⌅ �w. On the other hand, gauge invariance would allow to write following
Yukawa couplings:

ywiH
T (i⌅2)⇧Li + y⇥iH

T (i⌅2)�Li + h.c.

= �v + h⌃
2

[ywi(
⌃
2w+ei + w0⇤i) + y⇥i�⇤i] + h.c. , (2.15)

where the Li is generation i SM lepton doublet. These terms couple the SM fields to the
new adjoint and singlet fields and so a WIMP containing a non-negligible mixture of these
states would become unstable against decay into light SM particles. However, if SM field are
singlets under the Z2 symmetry introduced above, then these interactions are forbidden and
the stability of the DM candidate is guaranteed by a symmetry principle. We note that this
symmetry, as well as the non-renormalizable interactions in Eq. (2.14), may originate from a
UV complete theory responsible for the generation of the full flavor structure of the model
above the scale � ⇤ vw, but we shall not elaborate on such details here.

After the spontaneous symmetry breaking (SSB) where H ⌅ (0, v+h)T /
⌃
2, Eq. (2.14)

becomes

L4f,H
SSB⌅ mEĒE

�
1 +

h

v

⇥

+
mN�

2
(�RNL + �LNR)

�
1 +

h

v

⇥
+ h.c.

+
MNN

2
N̄MNM

�
1 +

h

v

⇥2
, (2.16)

where the masses are mE ⇥ yEv/
⌃
2, mN� ⇥ y⇥v/

⌃
2 and MNN ⇥ ⇥NNv2/�, and v is the

vacuum expectation value (VEV) of the composite Higgs field h. Note that (NM )c = NM .
Here and in the following the shorthand 4-component notations NL ⇥ NML = (N�, 0)T ,
NR ⇥ NMR = (0, N †�̇)T , w0

L ⇥ w0
ML = (w0

�, 0)
T and �R ⇥ �MR = (0,�†�̇)T are used.

Next we consider the Higgs couplings to the SU(2) adjoint fields, consistent with the
Z2-symmetry, again including operators up to dimension five:

LAd,H = ywH̃
T⇧LL +

⇥w�

�
�H†⇧H +

⇥ww

�
H†⇧⇧H + h.c. , (2.17)
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• Lightest eigenstate is the DM
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where ⌃ ⇥ ⌃a⌅a and ⌅a = ⇤a/2 in terms of the Pauli matrices. The scale � is the same we
introduced in Eq. (2.14). When

⌃
2H ⌅ (0, v + h)T , Eq. (2.17), written in the 4-component

notation, becomes

LAd,H
SSB⌅ mNw

2
(w̄0

RNL + w̄0
LNR)

�
1 +

h

v

⇥
+ h.c.

+
mw�

2
(�̄Rw

0
L + �̄Lw

0
R)

�
1 +

h

v

⇥2
+ h.c.

+ (Mwww̄DwD +
Mww

2
w̄0
Mw0

M )
�
1 +

h

v

⇥2
. (2.18)

Here Mww ⇥ ⇥wwv2/4� is both the mass of the charged adjoint field wD and the Majorana
mass of the neutral adjoint state w0

M . The two Dirac mixing masses are defined as mNw ⇥
ywv/2

⌃
2 and mw� ⇥ ⇥w�v2/2�.

Finally, we can provide a Majorana mass for the singlet field �M either via a dimension
five interaction with the Higgs, (⇥��/�)H†��H, or through a VEV of a new weak SU(2)
singlet field S, which can plausibly emerge from a more complete extended technicolor theory.
In the former case the WIMP is very strongly coupled to Higgs, and hence heavily constrained
by the direct DM searches [36]. We therefore choose the latter option and include the following
gauge- and Z2 symmetric interaction Lagrangian:

L�S = yRS�� + h.c.
SSB⌅ M��

2
�M�M

�
1 +

s

vs

⇥
. (2.19)

The right handed Majorana mass now is MR ⇥
⌃
2yRvs where vs is the VEV of the singlet

field S.

2.3 Mass mixing and couplings

The general 3� 3 mass matrix of the new neutral Majorana particles NM , w0
M and �M can

now be formed by collecting all mass terms from the equations (2.16), (2.18) and (2.19). The
resulting matrix in the four component notation reads

Lmass =
1

2

�
NR, w0

R, �R

⇥
⇤

⇧
MNN mNw mN�

mNw Mww mw�

mN� mw� M��

⌅

⌃

⇤

⇧
NL

w0
L

�L

⌅

⌃+ h.c. (2.20)

This mass matrix induces a mixing pattern analogous to that described by the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix in the usual 3� 3 light neutrino mixing. Note that
here the mixing matrix appearing in charged weak currents is actually a 2� 3-matrix, since
there are only two charged Dirac fields (in contrast with the three charged leptons present in
the usual neutrino mixing case), coupled to our three neutral fields. However the mass matrix
diagonalizing proceeds in a similar way as in the case of 3�3 light neutrino mixing. We shall
not use the PMNS parameterization for the mixing matrix here. Instead, we use the Dirac and
Majorana masses as the primary parameters and diagonalize the mass matrix numerically to
obtain the weak currents and the e⇤ective Higgs interactions in the mass eigenbasis. Indeed,
the symmetric mass matrix M appearing in Eq. (2.20) can be diagonalized with a unitary
transformation UTMU = m, where the mass eigenvalues are mi ⇤ 0 and U is an unitary
matrix. Using the notation ⇥L ⇥ (NL, w0

L, �L)
T and the relation U †U = 1, Eq. (2.20) can

be written in the form

Lmass =
1

2
⇥RM⇥L +

1

2
⇥LM

†⇥R =
1

2
⇧m⇧ . (2.21)
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• 3x3-mixing neutral mass lagrangian in 4D-notation:
where ⌃ ⇥ ⌃a⌅a and ⌅a = ⇤a/2 in terms of the Pauli matrices. The scale � is the same we
introduced in Eq. (2.14). When

⌃
2H ⌅ (0, v + h)T , Eq. (2.17), written in the 4-component

notation, becomes

LAd,H
SSB⌅ mNw

2
(w̄0

RNL + w̄0
LNR)

�
1 +

h

v

⇥
+ h.c.

+
mw�

2
(�̄Rw

0
L + �̄Lw

0
R)

�
1 +

h

v

⇥2
+ h.c.

+ (Mwww̄DwD +
Mww

2
w̄0
Mw0

M )
�
1 +

h

v

⇥2
. (2.18)

Here Mww ⇥ ⇥wwv2/4� is both the mass of the charged adjoint field wD and the Majorana
mass of the neutral adjoint state w0

M . The two Dirac mixing masses are defined as mNw ⇥
ywv/2

⌃
2 and mw� ⇥ ⇥w�v2/2�.

Finally, we can provide a Majorana mass for the singlet field �M either via a dimension
five interaction with the Higgs, (⇥��/�)H†��H, or through a VEV of a new weak SU(2)
singlet field S, which can plausibly emerge from a more complete extended technicolor theory.
In the former case the WIMP is very strongly coupled to Higgs, and hence heavily constrained
by the direct DM searches [47]. We therefore choose the latter option and include the following
gauge- and Z2 symmetric interaction Lagrangian:

L�S = yRS�� + h.c.
SSB⌅ M��

2
�M�M

�
1 +

s

vs

⇥
. (2.19)

The right handed Majorana mass now is MR ⇥
⌃
2yRvs where vs is the VEV of the singlet

field S.

2.3 Mass mixing and couplings

The general 3� 3 mass matrix of the new neutral Majorana particles NM , w0
M and �M can

now be formed by collecting all mass terms from the equations (2.16), (2.18) and (2.19). The
resulting matrix in the four component notation reads

Lmass =
1

2

�
NR, w0

R, �R

⇥
⇤

⇧
MNN mNw mN�

mNw Mww mw�

mN� mw� M��

⌅

⌃

⇤

⇧
NL

w0
L

�L

⌅

⌃+ h.c. (2.20)

This mass matrix induces a mixing pattern analogous to that described by the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix in the usual 3� 3 light neutrino mixing. Note that
here the mixing matrix appearing in charged weak currents is actually a 2� 3-matrix, since
there are only two charged Dirac fields (in contrast with the three charged leptons present in
the usual neutrino mixing case), coupled to our three neutral fields. However the mass matrix
diagonalizing proceeds in a similar way as in the case of 3�3 light neutrino mixing. We shall
not use the PMNS parameterization for the mixing matrix here. Instead, we use the Dirac and
Majorana masses as the primary parameters and diagonalize the mass matrix numerically to
obtain the weak currents and the e⇤ective Higgs interactions in the mass eigenbasis. Indeed,
the symmetric mass matrix M appearing in Eq. (2.20) can be diagonalized with a unitary
transformation UTMU = m, where the mass eigenvalues are mi ⇤ 0 and U is an unitary
matrix. Using the notation ⇥L ⇥ (NL, w0

L, �L)
T and the relation U †U = 1, Eq. (2.20) can

be written in the form

Lmass =
1

2
⇥RM⇥L +

1

2
⇥LM

†⇥R =
1

2
⇧m⇧ . (2.21)
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2.2 E�ective mass terms

We will now introduce an e⇥ective Higgs doublet H into the low energy realization of our
model. In the dynamical EW symmetry breaking this will generate the mass terms and
e⇥ective Higgs couplings for the fourth family leptons, SU(2) adjoint particles and for the
EW singlet. First, we introduce interaction terms between H, the 4th family heavy leptons
and the neutral singlet field �M . The gauge invariant e⇥ective interactions, up to dimension
five operators, which we include, are

L4f,H = yEL̄LHER + y⇥L̄LH̃�R +
⇥NN

�
(L̄cH̃)(H̃TL) + h.c. , (2.14)

where H̃ = i⌅2H�, and yE , y⇥ and ⇥NN are some dimensionless coupling constants. The first
two terms in Eq. (2.14) are the usual SM-like Yukawa couplings. The first one generates
Dirac mass terms for the charged lepton E and the second for a Dirac neutrino, whose right
handed component is the sterile state �. The last term in Eq. (2.14) is a non-renormalizable
dimension five operator, which produces a left handed Majorana mass for the neutrino N .

Note that the interactions in Eq. (2.14), as well as the other terms in Eqs. (2.2) and
(2.12), are invariant under Z2 symmetry transformation, in which E ⌅ �E, N ⌅ �N ,
� ⌅ �� and w ⌅ �w. On the other hand, gauge invariance would allow to write following
Yukawa couplings:

ywiH
T (i⌅2)⇧Li + y⇥iH

T (i⌅2)�Li + h.c.

= �v + h⌃
2

[ywi(
⌃
2w+ei + w0⇤i) + y⇥i�⇤i] + h.c. , (2.15)

where the Li is generation i SM lepton doublet. These terms couple the SM fields to the
new adjoint and singlet fields and so a WIMP containing a non-negligible mixture of these
states would become unstable against decay into light SM particles. However, if SM field are
singlets under the Z2 symmetry introduced above, then these interactions are forbidden and
the stability of the DM candidate is guaranteed by a symmetry principle. We note that this
symmetry, as well as the non-renormalizable interactions in Eq. (2.14), may originate from a
UV complete theory responsible for the generation of the full flavor structure of the model
above the scale � ⇤ vw, but we shall not elaborate on such details here.

After the spontaneous symmetry breaking (SSB) where H ⌅ (0, v+h)T /
⌃
2, Eq. (2.14)

becomes
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Here and in the following the shorthand 4-component notations NL ⇥ NML = (N�, 0)T ,
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Next we consider the Higgs couplings to the SU(2) adjoint fields, consistent with the
Z2-symmetry, again including operators up to dimension five:
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• Lightest eigenstate is the DM

• All interactions of eigenstates with Z, W, H etc. completely set
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where ⌃ ⇥ ⌃a⌅a and ⌅a = ⇤a/2 in terms of the Pauli matrices. The scale � is the same we
introduced in Eq. (2.14). When

⌃
2H ⌅ (0, v + h)T , Eq. (2.17), written in the 4-component

notation, becomes

LAd,H
SSB⌅ mNw
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(w̄0

RNL + w̄0
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1 +

h

v

⇥
+ h.c.

+
mw�
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(�̄Rw

0
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0
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⇥2
+ h.c.

+ (Mwww̄DwD +
Mww
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w̄0
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�
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v

⇥2
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Here Mww ⇥ ⇥wwv2/4� is both the mass of the charged adjoint field wD and the Majorana
mass of the neutral adjoint state w0

M . The two Dirac mixing masses are defined as mNw ⇥
ywv/2

⌃
2 and mw� ⇥ ⇥w�v2/2�.

Finally, we can provide a Majorana mass for the singlet field �M either via a dimension
five interaction with the Higgs, (⇥��/�)H†��H, or through a VEV of a new weak SU(2)
singlet field S, which can plausibly emerge from a more complete extended technicolor theory.
In the former case the WIMP is very strongly coupled to Higgs, and hence heavily constrained
by the direct DM searches [36]. We therefore choose the latter option and include the following
gauge- and Z2 symmetric interaction Lagrangian:

L�S = yRS�� + h.c.
SSB⌅ M��

2
�M�M

�
1 +

s

vs

⇥
. (2.19)

The right handed Majorana mass now is MR ⇥
⌃
2yRvs where vs is the VEV of the singlet

field S.

2.3 Mass mixing and couplings

The general 3� 3 mass matrix of the new neutral Majorana particles NM , w0
M and �M can

now be formed by collecting all mass terms from the equations (2.16), (2.18) and (2.19). The
resulting matrix in the four component notation reads

Lmass =
1

2

�
NR, w0

R, �R

⇥
⇤

⇧
MNN mNw mN�

mNw Mww mw�

mN� mw� M��

⌅

⌃

⇤

⇧
NL

w0
L

�L

⌅

⌃+ h.c. (2.20)

This mass matrix induces a mixing pattern analogous to that described by the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix in the usual 3� 3 light neutrino mixing. Note that
here the mixing matrix appearing in charged weak currents is actually a 2� 3-matrix, since
there are only two charged Dirac fields (in contrast with the three charged leptons present in
the usual neutrino mixing case), coupled to our three neutral fields. However the mass matrix
diagonalizing proceeds in a similar way as in the case of 3�3 light neutrino mixing. We shall
not use the PMNS parameterization for the mixing matrix here. Instead, we use the Dirac and
Majorana masses as the primary parameters and diagonalize the mass matrix numerically to
obtain the weak currents and the e⇤ective Higgs interactions in the mass eigenbasis. Indeed,
the symmetric mass matrix M appearing in Eq. (2.20) can be diagonalized with a unitary
transformation UTMU = m, where the mass eigenvalues are mi ⇤ 0 and U is an unitary
matrix. Using the notation ⇥L ⇥ (NL, w0

L, �L)
T and the relation U †U = 1, Eq. (2.20) can

be written in the form

Lmass =
1

2
⇥RM⇥L +

1

2
⇥LM

†⇥R =
1

2
⇧m⇧ . (2.21)
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2.2 E�ective mass terms

We will now introduce an e⇥ective Higgs doublet H into the low energy realization of our
model. In the dynamical EW symmetry breaking this will generate the mass terms and
e⇥ective Higgs couplings for the fourth family leptons, SU(2) adjoint particles and for the
EW singlet. First, we introduce interaction terms between H, the 4th family heavy leptons
and the neutral singlet field �M . The gauge invariant e⇥ective interactions, up to dimension
five operators, which we include, are

L4f,H = yEL̄LHER + y⇥L̄LH̃�R +
⇥NN

�
(L̄cH̃)(H̃TL) + h.c. , (2.14)

where H̃ = i⌅2H�, and yE , y⇥ and ⇥NN are some dimensionless coupling constants. The first
two terms in Eq. (2.14) are the usual SM-like Yukawa couplings. The first one generates
Dirac mass terms for the charged lepton E and the second for a Dirac neutrino, whose right
handed component is the sterile state �. The last term in Eq. (2.14) is a non-renormalizable
dimension five operator, which produces a left handed Majorana mass for the neutrino N .

Note that the interactions in Eq. (2.14), as well as the other terms in Eqs. (2.2) and
(2.12), are invariant under Z2 symmetry transformation, in which E ⌅ �E, N ⌅ �N ,
� ⌅ �� and w ⌅ �w. On the other hand, gauge invariance would allow to write following
Yukawa couplings:

ywiH
T (i⌅2)⇧Li + y⇥iH

T (i⌅2)�Li + h.c.

= �v + h⌃
2

[ywi(
⌃
2w+ei + w0⇤i) + y⇥i�⇤i] + h.c. , (2.15)

where the Li is generation i SM lepton doublet. These terms couple the SM fields to the
new adjoint and singlet fields and so a WIMP containing a non-negligible mixture of these
states would become unstable against decay into light SM particles. However, if SM field are
singlets under the Z2 symmetry introduced above, then these interactions are forbidden and
the stability of the DM candidate is guaranteed by a symmetry principle. We note that this
symmetry, as well as the non-renormalizable interactions in Eq. (2.14), may originate from a
UV complete theory responsible for the generation of the full flavor structure of the model
above the scale � ⇤ vw, but we shall not elaborate on such details here.

After the spontaneous symmetry breaking (SSB) where H ⌅ (0, v+h)T /
⌃
2, Eq. (2.14)

becomes
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where the masses are mE ⇥ yEv/
⌃
2, mN� ⇥ y⇥v/

⌃
2 and MNN ⇥ ⇥NNv2/�, and v is the

vacuum expectation value (VEV) of the composite Higgs field h. Note that (NM )c = NM .
Here and in the following the shorthand 4-component notations NL ⇥ NML = (N�, 0)T ,
NR ⇥ NMR = (0, N †�̇)T , w0

L ⇥ w0
ML = (w0

�, 0)
T and �R ⇥ �MR = (0,�†�̇)T are used.

Next we consider the Higgs couplings to the SU(2) adjoint fields, consistent with the
Z2-symmetry, again including operators up to dimension five:

LAd,H = ywH̃
T⇧LL +
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⇥ww
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etc.

• Lightest eigenstate is the DM

• All interactions of eigenstates with Z, W, H etc. completely set

3 Model analysis

At low energies the parameter space of our model is entirely spanned by the three Majorana
masses Mii and the three Dirac masses mij , with i, j = N,�, w, entering the 3 ⇥ 3 mixing
matrix of neutral states in Eq. (2.20), and by the Dirac mass mE of the new charged state
E. For us it is more sensible to use these Lagrangian parameters, rather than the physical
masses and mixings, as input. Since Lagrangian masses can be directly linked to the e⇥ective
couplings yE , y� , yw, yR, ⇥NN, ⇥ww, ⇥w� and the scales v, vs and �, we can more easily
infer reasonable prior ranges for them. Naive dimensional analysis implies that yi < 4⇤ and
⇥ij < (4⇤)2. Then, assuming � to be in the TeV scale, we find it reasonable to adopt the
following ranges:

|Mij | ⌅ 3000 GeV; |mij | ⌅ 2000 GeV and 200GeV ⌅ mE ⌅ 2000 GeV , (3.1)

although our results are not particularly sensitive to the precise values of the upper limits
for these masses. We scan the parameter range defined in Eq. (3.1) using Monte Carlo
Markov Chain (MCMC) methods to find parameter values that pass all the experimental
and observational constraints.

Given a random realization of the seven mass parameters we first diagonalize the neutral
DM mass matrix numerically to find the mass eigenvalues mi and the diagonalizing matrix
elements Uij . From these we identify the lightest neutral eigenstate as the WIMP and con-
struct the necessary WIMP-Higgs and the WIMP-gauge boson couplings. We then subject
the parameter set to the oblique electroweak parameter test and the Z-boson invisible decay
width constraint. If the set passes these constraints, we solve the relic density using a fast
but accurate approximative method [48], and compare it with the DM density range that
is consistent with the most recent observational data [49]. If the set passes also this test,
we successively check it against the constraints on invisible Higgs branching ratio, spin inde-
pendent and spin dependent XENON100 cross section limits and similar IceCube, COUPP
and Super Kamiokande constraints. If the parameter set under consideration passes also
these tests, we re-calculate the relic density using accurate numerical methods and save the
parameter set and the results.

After each successful step, a new Monte Carlo step is taken by randomly varying param-
eters around the successful solution using gaussian distribution with variance (⌅R,I/GeV)2 =
2000 for complex valued variables, and (⌅/GeV)2 = 2000 for real valued variables within the
prior bound-areas. However, if at some point during the test chain the parameter set fails, a
Monte Carlo Markov Chain step is taken: with a 15 % probability this unsuccessful set is still
selected as a new starting point and otherwise the previous set is taken as a starting point for
the next Monte Carlo step. This procedure is run until the whole prior restricted parameter
space is scanned e⇥ectively. Because of the high dimensionality of the parameter space, and
because many of the constraints are fulfilled only in small and often orthogonal subspaces of
parameters, finding acceptable points takes very long MCMC calculation chains.

3.1 Relic density

The relic density of thermal WIMPs can be solved from the Lee - Weinberg equation [50, 51]:

 Y⇥
 x

=
⇧v⌅⌃m3x2

H
(Y 2

⇥ � Y 2
eq) . (3.2)

Here Y⇥ ⇤ n⇥/sE is the ratio of the WIMP number density n⇥ and the entropy density
sE . The integration variable encoding the adiabatic expansion law is x ⇤ s1/3

E /m and the
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• MCMC scan with priors 
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region: DAMA/NaI/LIBRA [89–92], CoGeNT [93–95], CRESST [96] and CDMSII [97]. Some
of these observations contradict other existing bounds, but the discrepancies can be alleviated
e.g. by isospin violation or a long range forces in DM-nucleus interactions. However, small
masses are not favored in our model and we shall not discuss these signals here.

4.3 Direct collider constraints

LEP limits. In addition to constraining the oblique parameters, the LEP results impose two
further constraints on our model: first, there is a bound coming from the Z-boson decay
width measurement and second, LEP imposes lower bounds on the masses of new heavy
charged particles. However, the latter bound, roughly equal to the maximum CM-frame
collision energy in LEPII i.e. m ⇤ 104.5, is by now superseded by LHC-constraints to be
discussed below. The Z-boson decay constraints are still relevant however. As Z-width into
invisible channels is already saturated by light SM neutrinos, new physics contributions to
the Z-width are highly constrained. This constraint is usually expressed in terms of a number
of light neutrino species and the present experimental value is [58]:

N� =
�(Z ⇧ inv.)

�(Z ⇧ ⇥̄⇥)
= 2.984± 0.008 . (4.7)

The best fit value is already 2⇤ below the SM prediction and any new physics would increase
the tension. We choose to constrain our model by allowing at most one standard deviation
from new physics, which in our case implies a bound

|U1i|4
�
1� 4m2

i

m2
Z

⇥3/2
< 0.008 . (4.8)

This limit essentially rules out any light WIMPs with mDM < mZ/2 if the WIMP has a sig-
nificant NL component. From figures 2,3 and 4 we see that there is a narrow set of allowed
points clustering just below the limit mDM = mZ/2. However if the WIMP is an almost
pure �⌅0-mixture, the Z-decay width does not impose a strong constraint because ⌅0 does
not couple to the Z-boson (in this limit U12 ⌅ U13 ⌅ 0). Instead, in this case a stringent
constraint is provided due to the absence of invisible decay channel of the Higgs as will be
discussed in the next subsection. The points falling to this category in our analysis are shown
as grey points in figure 2.

LHC limits. LHC already provides strong limits on new charged particles. In our model
these bounds a⇥ect the two charged Dirac particles: the fourth heavy electron E, and the
charged adjoint state ⌅±

D. Although the LHC limits are not as straightforward to implement
as those from LEP, they should in all cases be much stronger than the corresponding LEP
limits. In our analysis we have used conservative bounds

mE , m⇥D > 500GeV. (4.9)

The heavy electron, mE ⌅ 1 TeV, should easily avoid these limits and, moreover, mE is
not directly related to the rest of the model parameters. Similarly to what was observed in
ref. [51] however, mE in fact is correlated with other mass parameters through the oblique
constraints. Yet, this correlation turns out to be fairly weak and so the current lower bound
on mE is not very essential. The situation is somewhat di⇥erent for the ⌅±

D state, which
belongs to the ⌅-triplet and whose mass therefore appears also as one of the entries of the
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region: DAMA/NaI/LIBRA [89–92], CoGeNT [93–95], CRESST [96] and CDMSII [97]. Some
of these observations contradict other existing bounds, but the discrepancies can be alleviated
e.g. by isospin violation or a long range forces in DM-nucleus interactions. However, small
masses are not favored in our model and we shall not discuss these signals here.

4.3 Direct collider constraints

LEP limits. In addition to constraining the oblique parameters, the LEP results impose two
further constraints on our model: first, there is a bound coming from the Z-boson decay
width measurement and second, LEP imposes lower bounds on the masses of new heavy
charged particles. However, the latter bound, roughly equal to the maximum CM-frame
collision energy in LEPII i.e. m ⇤ 104.5, is by now superseded by LHC-constraints to be
discussed below. The Z-boson decay constraints are still relevant however. As Z-width into
invisible channels is already saturated by light SM neutrinos, new physics contributions to
the Z-width are highly constrained. This constraint is usually expressed in terms of a number
of light neutrino species and the present experimental value is [58]:

N� =
�(Z ⇧ inv.)

�(Z ⇧ ⇥̄⇥)
= 2.984± 0.008 . (4.7)

The best fit value is already 2⇤ below the SM prediction and any new physics would increase
the tension. We choose to constrain our model by allowing at most one standard deviation
from new physics, which in our case implies a bound

|U1i|4
�
1� 4m2

i

m2
Z

⇥3/2
< 0.008 . (4.8)

This limit essentially rules out any light WIMPs with mDM < mZ/2 if the WIMP has a sig-
nificant NL component. From figures 2,3 and 4 we see that there is a narrow set of allowed
points clustering just below the limit mDM = mZ/2. However if the WIMP is an almost
pure �⌅0-mixture, the Z-decay width does not impose a strong constraint because ⌅0 does
not couple to the Z-boson (in this limit U12 ⌅ U13 ⌅ 0). Instead, in this case a stringent
constraint is provided due to the absence of invisible decay channel of the Higgs as will be
discussed in the next subsection. The points falling to this category in our analysis are shown
as grey points in figure 2.

LHC limits. LHC already provides strong limits on new charged particles. In our model
these bounds a⇥ect the two charged Dirac particles: the fourth heavy electron E, and the
charged adjoint state ⌅±

D. Although the LHC limits are not as straightforward to implement
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mass eigenvalues mi and the diagonalizing matrix Uij and identify the lightest eigenstate as
the WIMP. We then check that the WIMP is stable, i.e. that it is the lightest of all states
transforming nontrivially under the Z2 symmetry.

The data shown in our result figures is compatible with the experimental and obser-
vational constraints from oblique electroweak precision data, the Z-boson and Higgs bo-
son invisible decay width limits, cross section constraints from DM direct detection LUX,
XENON100 and PICO experiments as well as DM indirect detection constraints from Ice-
Cube, Super-Kamiokande and FERMI-LAT telescopes and from the AMS-02 experiment.
For the data passing these tests, the DM relic density is calculated numerically and checked
to be consistent with the most recent observations [41].

We do not require that our model provides the total observed abundance of the DM,
inferred from the most recent CMB observations: ⌦DMh

2 = 0.1193 (±0.0014) [41]. Instead,
we impose this as an upper bound and compute how large a fraction of the total DM-density
each parameter set is able to produce, defined as frel ⌘ ⌦�h

2/⌦DMh
2. We accept models also

with subleading DM in the interval:

0.05  frel  1.01 . (4.2)

This criterion a↵ects the direct and indirect DM search constraints on WIMP-nucleon cross
sections, which usually are given assuming that frel = 1. However, as long as di↵erent
DM-components are weakly interacting, they all cluster roughly the same way, and a given
subleading DM should make up only a fraction frel of the DM density in all cosmological
substructures. We then constrain such subleading WIMPs using a scaled e↵ective cross
section [8, 9]:

�e↵
SD,SI ⌘ frel �SD,SI < �bnd , (4.3)

where �SD refers to spin-dependent and �SI to spin-independent channel and �bnd is the
bound from a given experiment. We imposed direct search bounds from XENON100 [42],
LUX [43] and PICO [44], as well as the indirect search bounds from IceCube [45, 46] and
Super-Kamiokande [47, 48]. For explicit expressions for cross sections and for more detailed
discussion of the implementation of these constraints see [16]4. Both SI- and SD-constraints
are relevant for our model in di↵erent regions of the parameter space. However, the SI-
constraint is typically the stronger one. There are particular cases where our DM particle
has essentially but a dominantly pseudo-scalar coupling to the Higgs boson. In such case
the WIMP-nucleus interaction is momentum transfer dependent and strongly suppressed.
These solutions may avoid detection by any of the DM search programs currently under
construction.

The new doublet and adjoint SU(2) states in our model, as well as the new states in the
TC sector are charged under SU(2) and hence contribute to oblique S and T -parameters [49].
Explicit expressions of these contributions can be found in the appendix of ref. [16]. Here we
use the experimental constraints [34]:

S = 0.00± 0.08, and T = 0.05± 0.07 . (4.4)

which include a 90% correlation between S and T as given by [34]. There are many other
bounds coming from collider experiments. First, there is a direct LEPII-bound on any

4Here we have improved our analysis related to IceCube and Super-Kamiokande limits by taking the DM
annihilation branching fractions to di↵erent channels into account when imposing the constraints. We use
W+W� limits for annihilation channels W+W�,ZZ and Zh, and ⌧+⌧� and bb̄ limits as they are, including
proper branching fractions in all channels.
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Figure 2. Scatter plot of the models passing all existing constraints as a function of the DM-mass
and the predicted WIMP-nucleon SI-cross section. Colors represent the value of f

rel

for each model
as indicated by the bar on the right. Also shown are the current XENON100 [42], and LUX [43]
limits as well as the predicted reach of the XENON1T experiment [50]. Large red dots show our five
benchmark models.

charged particle i coupling to Z-boson: mi � 104.5 GeV. LHC mass limits, while not as
straightforward to implement, are typically much stronger. In our analysis we have used
conservative bounds

mE , m!D > 500GeV. (4.5)

The Z-boson invisible decay width imposes a constraint on any particle withm < MZ/2.
The current bound from LEPII is �(Z ! inv.) = (2.984±0.008)�(Z ! ⌫̄⌫) [51]. As the best
fit value is already 2� below the SM prediction, we allow at most one standard deviation
from new physics, which implies a bound

�Z ⌘ |U1i|4
⇣
1� 4m2

i

m2
Z

⌘3/2
< 0.008 . (4.6)

This rules out any WIMP with mDM < mZ/2 and a significant NL component. Furthermore,
if the WIMP is lighter than mH/2, then also Higgs could decay to a pair of WIMPs. The
invisible Higgs branching fraction RI is constrained to be [52–54]:

RI ⌘ �H,DM

�H,DM + �SM,tot

<⇠ 0.17 , (4.7)

where �SM,tot is the total Higgs decay width in the SM and �H,DM = (GFmH/2
p
2⇡)( |Sii|2�3

i +
|Pii|2�i), where �i ⌘ (1 � 4m2

i /m
2
H)1/2 and the index i refers to the WIMP as the lightest

of the mass eigenstates. The bound (4.7) assumes SM-like Higgs-gauge and Higgs-fermion
couplings. It would be relaxed to RI < 0.26, if one allows Higgs and SM gauge fields to have
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region: DAMA/NaI/LIBRA [89–92], CoGeNT [93–95], CRESST [96] and CDMSII [97]. Some
of these observations contradict other existing bounds, but the discrepancies can be alleviated
e.g. by isospin violation or a long range forces in DM-nucleus interactions. However, small
masses are not favored in our model and we shall not discuss these signals here.

4.3 Direct collider constraints

LEP limits. In addition to constraining the oblique parameters, the LEP results impose two
further constraints on our model: first, there is a bound coming from the Z-boson decay
width measurement and second, LEP imposes lower bounds on the masses of new heavy
charged particles. However, the latter bound, roughly equal to the maximum CM-frame
collision energy in LEPII i.e. m ⇤ 104.5, is by now superseded by LHC-constraints to be
discussed below. The Z-boson decay constraints are still relevant however. As Z-width into
invisible channels is already saturated by light SM neutrinos, new physics contributions to
the Z-width are highly constrained. This constraint is usually expressed in terms of a number
of light neutrino species and the present experimental value is [58]:

N� =
�(Z ⇧ inv.)

�(Z ⇧ ⇥̄⇥)
= 2.984± 0.008 . (4.7)

The best fit value is already 2⇤ below the SM prediction and any new physics would increase
the tension. We choose to constrain our model by allowing at most one standard deviation
from new physics, which in our case implies a bound

|U1i|4
�
1� 4m2

i

m2
Z

⇥3/2
< 0.008 . (4.8)

This limit essentially rules out any light WIMPs with mDM < mZ/2 if the WIMP has a sig-
nificant NL component. From figures 2,3 and 4 we see that there is a narrow set of allowed
points clustering just below the limit mDM = mZ/2. However if the WIMP is an almost
pure �⌅0-mixture, the Z-decay width does not impose a strong constraint because ⌅0 does
not couple to the Z-boson (in this limit U12 ⌅ U13 ⌅ 0). Instead, in this case a stringent
constraint is provided due to the absence of invisible decay channel of the Higgs as will be
discussed in the next subsection. The points falling to this category in our analysis are shown
as grey points in figure 2.

LHC limits. LHC already provides strong limits on new charged particles. In our model
these bounds a⇥ect the two charged Dirac particles: the fourth heavy electron E, and the
charged adjoint state ⌅±

D. Although the LHC limits are not as straightforward to implement
as those from LEP, they should in all cases be much stronger than the corresponding LEP
limits. In our analysis we have used conservative bounds

mE , m⇥D > 500GeV. (4.9)

The heavy electron, mE ⌅ 1 TeV, should easily avoid these limits and, moreover, mE is
not directly related to the rest of the model parameters. Similarly to what was observed in
ref. [51] however, mE in fact is correlated with other mass parameters through the oblique
constraints. Yet, this correlation turns out to be fairly weak and so the current lower bound
on mE is not very essential. The situation is somewhat di⇥erent for the ⌅±

D state, which
belongs to the ⌅-triplet and whose mass therefore appears also as one of the entries of the
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mass eigenvalues mi and the diagonalizing matrix Uij and identify the lightest eigenstate as
the WIMP. We then check that the WIMP is stable, i.e. that it is the lightest of all states
transforming nontrivially under the Z2 symmetry.

The data shown in our result figures is compatible with the experimental and obser-
vational constraints from oblique electroweak precision data, the Z-boson and Higgs bo-
son invisible decay width limits, cross section constraints from DM direct detection LUX,
XENON100 and PICO experiments as well as DM indirect detection constraints from Ice-
Cube, Super-Kamiokande and FERMI-LAT telescopes and from the AMS-02 experiment.
For the data passing these tests, the DM relic density is calculated numerically and checked
to be consistent with the most recent observations [41].

We do not require that our model provides the total observed abundance of the DM,
inferred from the most recent CMB observations: ⌦DMh

2 = 0.1193 (±0.0014) [41]. Instead,
we impose this as an upper bound and compute how large a fraction of the total DM-density
each parameter set is able to produce, defined as frel ⌘ ⌦�h

2/⌦DMh
2. We accept models also

with subleading DM in the interval:

0.05  frel  1.01 . (4.2)

This criterion a↵ects the direct and indirect DM search constraints on WIMP-nucleon cross
sections, which usually are given assuming that frel = 1. However, as long as di↵erent
DM-components are weakly interacting, they all cluster roughly the same way, and a given
subleading DM should make up only a fraction frel of the DM density in all cosmological
substructures. We then constrain such subleading WIMPs using a scaled e↵ective cross
section [8, 9]:

�e↵
SD,SI ⌘ frel �SD,SI < �bnd , (4.3)

where �SD refers to spin-dependent and �SI to spin-independent channel and �bnd is the
bound from a given experiment. We imposed direct search bounds from XENON100 [42],
LUX [43] and PICO [44], as well as the indirect search bounds from IceCube [45, 46] and
Super-Kamiokande [47, 48]. For explicit expressions for cross sections and for more detailed
discussion of the implementation of these constraints see [16]4. Both SI- and SD-constraints
are relevant for our model in di↵erent regions of the parameter space. However, the SI-
constraint is typically the stronger one. There are particular cases where our DM particle
has essentially but a dominantly pseudo-scalar coupling to the Higgs boson. In such case
the WIMP-nucleus interaction is momentum transfer dependent and strongly suppressed.
These solutions may avoid detection by any of the DM search programs currently under
construction.

The new doublet and adjoint SU(2) states in our model, as well as the new states in the
TC sector are charged under SU(2) and hence contribute to oblique S and T -parameters [49].
Explicit expressions of these contributions can be found in the appendix of ref. [16]. Here we
use the experimental constraints [34]:

S = 0.00± 0.08, and T = 0.05± 0.07 . (4.4)

which include a 90% correlation between S and T as given by [34]. There are many other
bounds coming from collider experiments. First, there is a direct LEPII-bound on any

4Here we have improved our analysis related to IceCube and Super-Kamiokande limits by taking the DM
annihilation branching fractions to di↵erent channels into account when imposing the constraints. We use
W+W� limits for annihilation channels W+W�,ZZ and Zh, and ⌧+⌧� and bb̄ limits as they are, including
proper branching fractions in all channels.
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Figure 2. Scatter plot of the models passing all existing constraints as a function of the DM-mass
and the predicted WIMP-nucleon SI-cross section. Colors represent the value of f

rel

for each model
as indicated by the bar on the right. Also shown are the current XENON100 [42], and LUX [43]
limits as well as the predicted reach of the XENON1T experiment [50]. Large red dots show our five
benchmark models.

charged particle i coupling to Z-boson: mi � 104.5 GeV. LHC mass limits, while not as
straightforward to implement, are typically much stronger. In our analysis we have used
conservative bounds

mE , m!D > 500GeV. (4.5)

The Z-boson invisible decay width imposes a constraint on any particle withm < MZ/2.
The current bound from LEPII is �(Z ! inv.) = (2.984±0.008)�(Z ! ⌫̄⌫) [51]. As the best
fit value is already 2� below the SM prediction, we allow at most one standard deviation
from new physics, which implies a bound

�Z ⌘ |U1i|4
⇣
1� 4m2

i

m2
Z

⌘3/2
< 0.008 . (4.6)

This rules out any WIMP with mDM < mZ/2 and a significant NL component. Furthermore,
if the WIMP is lighter than mH/2, then also Higgs could decay to a pair of WIMPs. The
invisible Higgs branching fraction RI is constrained to be [52–54]:

RI ⌘ �H,DM

�H,DM + �SM,tot

<⇠ 0.17 , (4.7)

where �SM,tot is the total Higgs decay width in the SM and �H,DM = (GFmH/2
p
2⇡)( |Sii|2�3

i +
|Pii|2�i), where �i ⌘ (1 � 4m2

i /m
2
H)1/2 and the index i refers to the WIMP as the lightest

of the mass eigenstates. The bound (4.7) assumes SM-like Higgs-gauge and Higgs-fermion
couplings. It would be relaxed to RI < 0.26, if one allows Higgs and SM gauge fields to have
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mass eigenvalues mi and the diagonalizing matrix Uij and identify the lightest eigenstate as
the WIMP. We then check that the WIMP is stable, i.e. that it is the lightest of all states
transforming nontrivially under the Z2 symmetry.

The data shown in our result figures is compatible with the experimental and obser-
vational constraints from oblique electroweak precision data, the Z-boson and Higgs bo-
son invisible decay width limits, cross section constraints from DM direct detection LUX,
XENON100 and PICO experiments as well as DM indirect detection constraints from Ice-
Cube, Super-Kamiokande and FERMI-LAT telescopes and from the AMS-02 experiment.
For the data passing these tests, the DM relic density is calculated numerically and checked
to be consistent with the most recent observations [41].

We do not require that our model provides the total observed abundance of the DM,
inferred from the most recent CMB observations: ⌦DMh

2 = 0.1193 (±0.0014) [41]. Instead,
we impose this as an upper bound and compute how large a fraction of the total DM-density
each parameter set is able to produce, defined as frel ⌘ ⌦�h

2/⌦DMh
2. We accept models also

with subleading DM in the interval:

0.05  frel  1.01 . (4.2)

This criterion a↵ects the direct and indirect DM search constraints on WIMP-nucleon cross
sections, which usually are given assuming that frel = 1. However, as long as di↵erent
DM-components are weakly interacting, they all cluster roughly the same way, and a given
subleading DM should make up only a fraction frel of the DM density in all cosmological
substructures. We then constrain such subleading WIMPs using a scaled e↵ective cross
section [8, 9]:

�e↵
SD,SI ⌘ frel �SD,SI < �bnd , (4.3)

where �SD refers to spin-dependent and �SI to spin-independent channel and �bnd is the
bound from a given experiment. We imposed direct search bounds from XENON100 [42],
LUX [43] and PICO [44], as well as the indirect search bounds from IceCube [45, 46] and
Super-Kamiokande [47, 48]. For explicit expressions for cross sections and for more detailed
discussion of the implementation of these constraints see [16]4. Both SI- and SD-constraints
are relevant for our model in di↵erent regions of the parameter space. However, the SI-
constraint is typically the stronger one. There are particular cases where our DM particle
has essentially but a dominantly pseudo-scalar coupling to the Higgs boson. In such case
the WIMP-nucleus interaction is momentum transfer dependent and strongly suppressed.
These solutions may avoid detection by any of the DM search programs currently under
construction.

The new doublet and adjoint SU(2) states in our model, as well as the new states in the
TC sector are charged under SU(2) and hence contribute to oblique S and T -parameters [49].
Explicit expressions of these contributions can be found in the appendix of ref. [16]. Here we
use the experimental constraints [34]:

S = 0.00± 0.08, and T = 0.05± 0.07 . (4.4)

which include a 90% correlation between S and T as given by [34]. There are many other
bounds coming from collider experiments. First, there is a direct LEPII-bound on any

4Here we have improved our analysis related to IceCube and Super-Kamiokande limits by taking the DM
annihilation branching fractions to di↵erent channels into account when imposing the constraints. We use
W+W� limits for annihilation channels W+W�,ZZ and Zh, and ⌧+⌧� and bb̄ limits as they are, including
proper branching fractions in all channels.
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which include a 90% correlation between S and T as given by [34]. There are many other
bounds coming from collider experiments. First, there is a direct LEPII-bound on any

4Here we have improved our analysis related to IceCube and Super-Kamiokande limits by taking the DM
annihilation branching fractions to di↵erent channels into account when imposing the constraints. We use
W+W� limits for annihilation channels W+W�,ZZ and Zh, and ⌧+⌧� and bb̄ limits as they are, including
proper branching fractions in all channels.
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Figure 2. Scatter plot of the models passing all existing constraints as a function of the DM-mass
and the predicted WIMP-nucleon SI-cross section. Colors represent the value of f

rel

for each model
as indicated by the bar on the right. Also shown are the current XENON100 [42], and LUX [43]
limits as well as the predicted reach of the XENON1T experiment [50]. Large red dots show our five
benchmark models.

charged particle i coupling to Z-boson: mi � 104.5 GeV. LHC mass limits, while not as
straightforward to implement, are typically much stronger. In our analysis we have used
conservative bounds

mE , m!D > 500GeV. (4.5)

The Z-boson invisible decay width imposes a constraint on any particle withm < MZ/2.
The current bound from LEPII is �(Z ! inv.) = (2.984±0.008)�(Z ! ⌫̄⌫) [51]. As the best
fit value is already 2� below the SM prediction, we allow at most one standard deviation
from new physics, which implies a bound

�Z ⌘ |U1i|4
⇣
1� 4m2

i

m2
Z

⌘3/2
< 0.008 . (4.6)

This rules out any WIMP with mDM < mZ/2 and a significant NL component. Furthermore,
if the WIMP is lighter than mH/2, then also Higgs could decay to a pair of WIMPs. The
invisible Higgs branching fraction RI is constrained to be [52–54]:

RI ⌘ �H,DM

�H,DM + �SM,tot

<⇠ 0.17 , (4.7)

where �SM,tot is the total Higgs decay width in the SM and �H,DM = (GFmH/2
p
2⇡)( |Sii|2�3

i +
|Pii|2�i), where �i ⌘ (1 � 4m2

i /m
2
H)1/2 and the index i refers to the WIMP as the lightest

of the mass eigenstates. The bound (4.7) assumes SM-like Higgs-gauge and Higgs-fermion
couplings. It would be relaxed to RI < 0.26, if one allows Higgs and SM gauge fields to have
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mass eigenvalues mi and the diagonalizing matrix Uij and identify the lightest eigenstate as
the WIMP. We then check that the WIMP is stable, i.e. that it is the lightest of all states
transforming nontrivially under the Z2 symmetry.

The data shown in our result figures is compatible with the experimental and obser-
vational constraints from oblique electroweak precision data, the Z-boson and Higgs bo-
son invisible decay width limits, cross section constraints from DM direct detection LUX,
XENON100 and PICO experiments as well as DM indirect detection constraints from Ice-
Cube, Super-Kamiokande and FERMI-LAT telescopes and from the AMS-02 experiment.
For the data passing these tests, the DM relic density is calculated numerically and checked
to be consistent with the most recent observations [41].

We do not require that our model provides the total observed abundance of the DM,
inferred from the most recent CMB observations: ⌦DMh

2 = 0.1193 (±0.0014) [41]. Instead,
we impose this as an upper bound and compute how large a fraction of the total DM-density
each parameter set is able to produce, defined as frel ⌘ ⌦�h

2/⌦DMh
2. We accept models also

with subleading DM in the interval:

0.05  frel  1.01 . (4.2)

This criterion a↵ects the direct and indirect DM search constraints on WIMP-nucleon cross
sections, which usually are given assuming that frel = 1. However, as long as di↵erent
DM-components are weakly interacting, they all cluster roughly the same way, and a given
subleading DM should make up only a fraction frel of the DM density in all cosmological
substructures. We then constrain such subleading WIMPs using a scaled e↵ective cross
section [8, 9]:

�e↵
SD,SI ⌘ frel �SD,SI < �bnd , (4.3)

where �SD refers to spin-dependent and �SI to spin-independent channel and �bnd is the
bound from a given experiment. We imposed direct search bounds from XENON100 [42],
LUX [43] and PICO [44], as well as the indirect search bounds from IceCube [45, 46] and
Super-Kamiokande [47, 48]. For explicit expressions for cross sections and for more detailed
discussion of the implementation of these constraints see [16]4. Both SI- and SD-constraints
are relevant for our model in di↵erent regions of the parameter space. However, the SI-
constraint is typically the stronger one. There are particular cases where our DM particle
has essentially but a dominantly pseudo-scalar coupling to the Higgs boson. In such case
the WIMP-nucleus interaction is momentum transfer dependent and strongly suppressed.
These solutions may avoid detection by any of the DM search programs currently under
construction.

The new doublet and adjoint SU(2) states in our model, as well as the new states in the
TC sector are charged under SU(2) and hence contribute to oblique S and T -parameters [49].
Explicit expressions of these contributions can be found in the appendix of ref. [16]. Here we
use the experimental constraints [34]:

S = 0.00± 0.08, and T = 0.05± 0.07 . (4.4)

which include a 90% correlation between S and T as given by [34]. There are many other
bounds coming from collider experiments. First, there is a direct LEPII-bound on any

4Here we have improved our analysis related to IceCube and Super-Kamiokande limits by taking the DM
annihilation branching fractions to di↵erent channels into account when imposing the constraints. We use
W+W� limits for annihilation channels W+W�,ZZ and Zh, and ⌧+⌧� and bb̄ limits as they are, including
proper branching fractions in all channels.
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Figure 2. Scatter plot of the models passing all existing constraints as a function of the DM-mass
and the predicted WIMP-nucleon SI-cross section. Colors represent the value of f

rel

for each model
as indicated by the bar on the right. Also shown are the current XENON100 [42], and LUX [43]
limits as well as the predicted reach of the XENON1T experiment [50]. Large red dots show our five
benchmark models.

charged particle i coupling to Z-boson: mi � 104.5 GeV. LHC mass limits, while not as
straightforward to implement, are typically much stronger. In our analysis we have used
conservative bounds

mE , m!D > 500GeV. (4.5)

The Z-boson invisible decay width imposes a constraint on any particle withm < MZ/2.
The current bound from LEPII is �(Z ! inv.) = (2.984±0.008)�(Z ! ⌫̄⌫) [51]. As the best
fit value is already 2� below the SM prediction, we allow at most one standard deviation
from new physics, which implies a bound
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1� 4m2
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Z

⌘3/2
< 0.008 . (4.6)

This rules out any WIMP with mDM < mZ/2 and a significant NL component. Furthermore,
if the WIMP is lighter than mH/2, then also Higgs could decay to a pair of WIMPs. The
invisible Higgs branching fraction RI is constrained to be [52–54]:

RI ⌘ �H,DM

�H,DM + �SM,tot

<⇠ 0.17 , (4.7)

where �SM,tot is the total Higgs decay width in the SM and �H,DM = (GFmH/2
p
2⇡)( |Sii|2�3

i +
|Pii|2�i), where �i ⌘ (1 � 4m2

i /m
2
H)1/2 and the index i refers to the WIMP as the lightest

of the mass eigenstates. The bound (4.7) assumes SM-like Higgs-gauge and Higgs-fermion
couplings. It would be relaxed to RI < 0.26, if one allows Higgs and SM gauge fields to have
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Figure 5. Left: shown is the result of a restricted MCMC-scan in the complex mass parameter m!�

around the benchmark point M1 in Table 2. Light gray dots show the projections of the points to the
complex mass plane. Right: the projection of these points in (m

DM

,�e↵

SI

)-plane.

However, we expect that the strongest bound comes from the Z-decay width in this region.

In the left panel of figure 5 we show a scan of parameters around the benchmark Model
1. We fixed all parameters as given in table 2 except Mw� , which was allowed to vary freely
in an MCMC scan starting from the benchmark value. This scan reveals a continuous, but
constrained domain of parameters giving a right, or very closely right DM abundance. In the
right panel we show how these points are all tightly concentrated in the the DM mass-e↵ective
SI-cross section diagram. This example shows that the apparent deficit of points with frel ⇡ 1
in Figs. 2-4 may give a too pessimistic idea of the density of acceptable models. Figure 6
shows a result of an MCMC-run around the benchmark model 3, fixing all parameters but
the complex mass MNN. First, we observe that frel is almost independent of MNN. This is
because DM is always mostly �-like and so its mass and couplings do not depend much on
the NN-entry of the mass matrix. Second, only a thin line of acceptable solutions are found.
The reason for this is the T -parameter, which gets a large contribution from the doublet-
like states, and the contribution from the N -like neutral state must accurately cancel the
contribution from the charged E-state [22]. For a fixed mE this works only for a very narrow
range in the mass of the N -like state, which is essentially set by MNN. This explains why
points with frel ⇡ 1 are relatively sparsely distributed in the generic MCMC plots: our full
parameter space has many dimensions (thirteen) and good models are forced to lie on narrow
low-dimensional strips, which are hard to locate in a full parameter space scan. However,
when good solutions are found, one in general finds continuous sheets of acceptable solutions
in their immediate neigborhood.

5 Additional bounds: Higgs to �� and a light composite scalar

As already emphasized, our generic DM setting provides a very attractive solution for the
particle dark matter problem, the hierarchy problem and the gauge unification. However,
before concluding, we still need to discuss two additional constraints. First, the bound on
higgs decay to two photons and second, the lightness of the higgs mass in the e↵ective field
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Figure 3. Scatter plot of the models passing all existing constraints as a function of the DM-mass and
the WIMP-proton SD-cross section. Shown are also the best current constraints direct [44] (PICO)
and indirect searches [45, 46] (ICECUBE) and [47, 48](Super-Kamiokande). In models indicated with
dots WIMPs would have reached equilibrium between capture and annihilations in the sun and the
models indicated with crosses they have not. For more detailed treatment of the indirect observation
channels see [16].

ing SI-constraints are stronger than the SD-constraints. However, the IceCube and Super-
Kamiokande limits, that concern the WIMPs that accumulate in the core of the Sun and
then annihilate to W -bosons, have some constraining power in the mass region mDM . 200
GeV. At first sight it seems that the latest Super-Kamiokande results, concerning WIMPs
that annihilate into tau leptons, also have some constraining power. Note however, that the
points above the Super-Kamiokande ⌧+⌧�-line in Fig. 2 are not excluded. This is because
the Super-Kamiokande constraint assumes that WIMPs annihilate into taus with a branch-
ing ratio Br⌧⌧ = 1. Here in general, and in the accepted models falling above the Super-
Kamiokande constraint in particular, the branching ratio to taus is much less than one. For
DM masses below W+W� threshold our WIMPs annihilate dominantly to bb̄-channel, and
the ⌧+⌧� branching is only ⇠ 0.05 (for branching ratios in specific benchmark models see
table 3). Furthermore, this ratio only decreases once other annihilation channels open for
mDM � mW . Due to these small annihilation branching fractions, the Super-Kamiokande
limits are currently very little constraining.

4.2 Benchmark models

A generic MCMC scan over the entire prior range gives a good idea of the constraining power
of the di↵erent observations. However, because of the high-dimensionality of the parameter
space, such scans do not reveal the finer details of how acceptable models are distributed.
In particular it appears that there are but a few sets of parameters that give frel ⇡ 1. For
this reason we selected five benchmark points from the accepted MCMC data sets and made
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of the di↵erent observations. However, because of the high-dimensionality of the parameter
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for S and T [34]. Note that the benchmark model 2 is as good a fit to the data as is the SM.

mDM frel S T �e↵
SI Br⌧⌧ �Z RI

M1 38 1.00 - - 2.2⇥ 10�46 0.051 0.0008 0.12
M2 84 0.96 0.11 0.13 1.7⇥ 10�46 0.0012 - -
M3 137 1.01 0.18 0.14 1.3⇥ 10�45 7.7⇥ 10�5 - -
M4 246 1.01 0.16 0.15 9.1⇥ 10�46 1.3⇥ 10�5 - -
M5 806 0.87 0.22 0.19 3.7⇥ 10�45 9.9⇥ 10�7 - -

Table 3. Shown are the values of DM mass m
DM

, relative relic density f
rel

, precision S and T
parameters, the e↵ective cross section �e↵

SI

, the contribution to Z-width �Z and the invisible Higgs
decay fraction RI for the benchmark models. A dash indicates that the bound is not relevant for the
model in question.

new runs with restricted priors in their neigborhoods. The selected models are labelled as
M1-M5 and shown by large red dots in the scatter plots 2-6 and 8. The corresponding
central parameter values are given in the table 2. In table 3 we show the ensuing DM mass,
relative DM-abundance, precision electroweak parameters S and T , the e↵ective WIMP-
nucleon cross section �e↵

SI , the tau-branching ratio Br⌧⌧ , the contribution to Z-width and
the invisible Higgs decay fraction RI for these models. Note that models 2-5 have large and
positive S and T -parameters. This is a generic feature in our model, due to the fact that
the precision variables, and S in particular, get a large positive contribution from technicolor
fields (see table 1). As is evident from figure 4, a strict bound on the S-parameter S < 0.1
could rule the model out completely. However, the contributions from flavor extensions are
subtle and may quantitatively a↵ect the analysis [66, 67]. We give no values for S and T
for model 1, because our precision data analysis [16] is not applicable for mDM < MZ/2.
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mass eigenvalues mi and the diagonalizing matrix Uij and identify the lightest eigenstate as
the WIMP. We then check that the WIMP is stable, i.e. that it is the lightest of all states
transforming nontrivially under the Z2 symmetry.

The data shown in our result figures is compatible with the experimental and obser-
vational constraints from oblique electroweak precision data, the Z-boson and Higgs bo-
son invisible decay width limits, cross section constraints from DM direct detection LUX,
XENON100 and PICO experiments as well as DM indirect detection constraints from Ice-
Cube, Super-Kamiokande and FERMI-LAT telescopes and from the AMS-02 experiment.
For the data passing these tests, the DM relic density is calculated numerically and checked
to be consistent with the most recent observations [41].

We do not require that our model provides the total observed abundance of the DM,
inferred from the most recent CMB observations: ⌦DMh

2 = 0.1193 (±0.0014) [41]. Instead,
we impose this as an upper bound and compute how large a fraction of the total DM-density
each parameter set is able to produce, defined as frel ⌘ ⌦�h
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2. We accept models also

with subleading DM in the interval:

0.05  frel  1.01 . (4.2)

This criterion a↵ects the direct and indirect DM search constraints on WIMP-nucleon cross
sections, which usually are given assuming that frel = 1. However, as long as di↵erent
DM-components are weakly interacting, they all cluster roughly the same way, and a given
subleading DM should make up only a fraction frel of the DM density in all cosmological
substructures. We then constrain such subleading WIMPs using a scaled e↵ective cross
section [8, 9]:

�e↵
SD,SI ⌘ frel �SD,SI < �bnd , (4.3)

where �SD refers to spin-dependent and �SI to spin-independent channel and �bnd is the
bound from a given experiment. We imposed direct search bounds from XENON100 [42],
LUX [43] and PICO [44], as well as the indirect search bounds from IceCube [45, 46] and
Super-Kamiokande [47, 48]. For explicit expressions for cross sections and for more detailed
discussion of the implementation of these constraints see [16]4. Both SI- and SD-constraints
are relevant for our model in di↵erent regions of the parameter space. However, the SI-
constraint is typically the stronger one. There are particular cases where our DM particle
has essentially but a dominantly pseudo-scalar coupling to the Higgs boson. In such case
the WIMP-nucleus interaction is momentum transfer dependent and strongly suppressed.
These solutions may avoid detection by any of the DM search programs currently under
construction.

The new doublet and adjoint SU(2) states in our model, as well as the new states in the
TC sector are charged under SU(2) and hence contribute to oblique S and T -parameters [49].
Explicit expressions of these contributions can be found in the appendix of ref. [16]. Here we
use the experimental constraints [34]:

S = 0.00± 0.08, and T = 0.05± 0.07 . (4.4)

which include a 90% correlation between S and T as given by [34]. There are many other
bounds coming from collider experiments. First, there is a direct LEPII-bound on any

4Here we have improved our analysis related to IceCube and Super-Kamiokande limits by taking the DM
annihilation branching fractions to di↵erent channels into account when imposing the constraints. We use
W+W� limits for annihilation channels W+W�,ZZ and Zh, and ⌧+⌧� and bb̄ limits as they are, including
proper branching fractions in all channels.
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set of these relations for the most important weak-
interaction observables in Appendix B.
A bit of further care is required to make relations of

the form of (3.14) precise. The values of weak-interaction
observables in the standard model depend on the un-
known masses of the top quark and the Higgs boson. In
order to specify properly the standard model from which
S, T, and U parametrize the deviations, we must specify
the values of m, and mH used in the standard-model
computation. Thus, when we determine the constraints
on S and T from the experimental data, we will specify
that these refer to a specific set of reference values:
m, =150 GeV, mH =1 TeV, in our analysis. (If the true
values of m, and mH differ from these, the discrepancies
will be approximately parametrized by shifts of S and T;
we will see how this works in Sec. IX.) Predictions for S
and T from specific models of new physics may also de-
pend on the reference point chosen, and this must be tak-
en into account in comparing theory and experiment.
On the other hand, if the values of m, and mH were

known, relation (3.14) and the other relations tabulated in
Appendix B would be a set of direct relations between ob-
servable quantities in terms of the three parameters S, T,
and U. The re1ations among the various formulas in Ap-
pendix B are the observable consequences of the assump-
tion that new physics, beyond the standard model, is
heavy and contributes obliquely. The final formulas are
independent of any calculational scheme. It is this
feature that motivated us to add the S and T parameters
to the already lengthy and confusing list of notations for
weak-interaction radiative corrections. Once one has un-
derstood the standard part of the calculation in one's own
favorite notation, these parameters provide a representa-
tion of the discrepancies expected from nonstandard
physics in a manner independent of the calculational con-
ventions.

IV. S, T, AND U, IN PERTURBATION THEORY

The parameters S and T have one additional important
property: They partition the contribution of electroweak
radiative corrections into pieces with distinct physical
significance. This separation is most clear in models
where U=O, so that a two-parameter representation ap-
plies. The parameter T obtains contributions only from
effects which violate the custodial isospin symmetry. On
the other hand, S is an isospin symmetric observable
which measures the momentum dependence of II33 (or,
more properly, the ultraviolet-finite part of this depen-
dence). In this section, we will see in several examples
that S is a dimensionless measure of the size of the sector
which contributes to II33.
The simplest example of oblique electroweak correc-

tions are those due to new heavy fermions. As long as we
can ignore small elements of the quark or lepton mixing
matrices, the contributions of new fermions to elec-
troweak processes appear via the simple one-loop dia-
grams shown in Fig. 2(a). For concreteness, we consider
a fermion doublet (N, E) with the usual left-handed cou-
pling to SU(2), hypercharge Y, and masses m~, mE. It is
straightforward to evaluate the vacuum-polarization dia-
grams which contribute to (3.12). In the limit

(a)

(b)
W, Z

FIG. 2. Diagrams contributing to one-loop electroweak radi-
ative corrections (a) due to a heavy fermion, (b) due to the
standard-model Higgs boson.

mN, mE &&mz, we find the contributions

S= 1—Yln1
6m.

2mN
2mE

2 21
2 2 2 N E16ms c mz

2mNmE mN2 2 2

mN mE mE

U= 1
6m.

SmN —22mNmE+ SmE

3(mN —mE')'
3mNmE 3mNmE ™E

6 4 2 2 4 6

(m~~ mE )— 2mN
ln

mE

(4.1)

1

12~s c
(hm )

mz
(4.2)

2U=
15m

(hm)
2mN

This shows that S and U are also positive in the limit
where the isospin breaking in the doublet is small. Also,
as conjectured, U is suppressed compared to Tby a factor
of (mz/m~).
Note that each extra fermion doublet that we put into

the theory will contribute additively to S and T. There-
fore, S can be thought of as the measure of the total size
of the new sector while T is the measure of the total
weak-isospin breaking induced by it. The contributionS=1/6m is the origin of the additive effective of degen-
erate heavy generations on the 8'mass and the Z polar-
ization asymmetry, highlighted by Bertolini and Sirlin
[28] and in Ref. [6).
As another example of the evaluation of S, T, and U,

let us consider the contribution of the Higgs boson.
Though the Higgs boson does not exactly qualify as be-
longing to physics beyond the standard model, it is true
that the only one-loop diagrams which depend on the
Higgs-boson mass are the oblique corrections shown in
Fig. 2(b). When the mass of the Higgs boson is very large
compared to mz, these contributions should be well
represented by S, T, and U. Keeping only the leading

The above expression for T is positive semidefinite [27]
while those for S and U are not. However, if we assume
that b,m = lm~ mE I

&&m~—,mE, we find

1S=
6m

'

W,Z

E,L,Q,U,D,X,w,…
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Figure 4. Scatter plot of the models passing all existing constraints in the plane of precision elec-
troweak parameters S and T . The ellipses are the experimental 1�, 1.6� and 2.6� confidence contours
for S and T [34]. Note that the benchmark model 2 is as good a fit to the data as is the SM.

mDM frel S T �e↵
SI Br⌧⌧ �Z RI

M1 38 1.00 - - 2.2⇥ 10�46 0.051 0.0008 0.12
M2 84 0.96 0.11 0.13 1.7⇥ 10�46 0.0012 - -
M3 137 1.01 0.18 0.14 1.3⇥ 10�45 7.7⇥ 10�5 - -
M4 246 1.01 0.16 0.15 9.1⇥ 10�46 1.3⇥ 10�5 - -
M5 806 0.87 0.22 0.19 3.7⇥ 10�45 9.9⇥ 10�7 - -

Table 3. Shown are the values of DM mass m
DM

, relative relic density f
rel

, precision S and T
parameters, the e↵ective cross section �e↵

SI

, the contribution to Z-width �Z and the invisible Higgs
decay fraction RI for the benchmark models. A dash indicates that the bound is not relevant for the
model in question.

new runs with restricted priors in their neigborhoods. The selected models are labelled as
M1-M5 and shown by large red dots in the scatter plots 2-6 and 8. The corresponding
central parameter values are given in the table 2. In table 3 we show the ensuing DM mass,
relative DM-abundance, precision electroweak parameters S and T , the e↵ective WIMP-
nucleon cross section �e↵

SI , the tau-branching ratio Br⌧⌧ , the contribution to Z-width and
the invisible Higgs decay fraction RI for these models. Note that models 2-5 have large and
positive S and T -parameters. This is a generic feature in our model, due to the fact that
the precision variables, and S in particular, get a large positive contribution from technicolor
fields (see table 1). As is evident from figure 4, a strict bound on the S-parameter S < 0.1
could rule the model out completely. However, the contributions from flavor extensions are
subtle and may quantitatively a↵ect the analysis [66, 67]. We give no values for S and T
for model 1, because our precision data analysis [16] is not applicable for mDM < MZ/2.
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mass eigenvalues mi and the diagonalizing matrix Uij and identify the lightest eigenstate as
the WIMP. We then check that the WIMP is stable, i.e. that it is the lightest of all states
transforming nontrivially under the Z2 symmetry.

The data shown in our result figures is compatible with the experimental and obser-
vational constraints from oblique electroweak precision data, the Z-boson and Higgs bo-
son invisible decay width limits, cross section constraints from DM direct detection LUX,
XENON100 and PICO experiments as well as DM indirect detection constraints from Ice-
Cube, Super-Kamiokande and FERMI-LAT telescopes and from the AMS-02 experiment.
For the data passing these tests, the DM relic density is calculated numerically and checked
to be consistent with the most recent observations [41].

We do not require that our model provides the total observed abundance of the DM,
inferred from the most recent CMB observations: ⌦DMh

2 = 0.1193 (±0.0014) [41]. Instead,
we impose this as an upper bound and compute how large a fraction of the total DM-density
each parameter set is able to produce, defined as frel ⌘ ⌦�h

2/⌦DMh
2. We accept models also

with subleading DM in the interval:

0.05  frel  1.01 . (4.2)

This criterion a↵ects the direct and indirect DM search constraints on WIMP-nucleon cross
sections, which usually are given assuming that frel = 1. However, as long as di↵erent
DM-components are weakly interacting, they all cluster roughly the same way, and a given
subleading DM should make up only a fraction frel of the DM density in all cosmological
substructures. We then constrain such subleading WIMPs using a scaled e↵ective cross
section [8, 9]:

�e↵
SD,SI ⌘ frel �SD,SI < �bnd , (4.3)

where �SD refers to spin-dependent and �SI to spin-independent channel and �bnd is the
bound from a given experiment. We imposed direct search bounds from XENON100 [42],
LUX [43] and PICO [44], as well as the indirect search bounds from IceCube [45, 46] and
Super-Kamiokande [47, 48]. For explicit expressions for cross sections and for more detailed
discussion of the implementation of these constraints see [16]4. Both SI- and SD-constraints
are relevant for our model in di↵erent regions of the parameter space. However, the SI-
constraint is typically the stronger one. There are particular cases where our DM particle
has essentially but a dominantly pseudo-scalar coupling to the Higgs boson. In such case
the WIMP-nucleus interaction is momentum transfer dependent and strongly suppressed.
These solutions may avoid detection by any of the DM search programs currently under
construction.

The new doublet and adjoint SU(2) states in our model, as well as the new states in the
TC sector are charged under SU(2) and hence contribute to oblique S and T -parameters [49].
Explicit expressions of these contributions can be found in the appendix of ref. [16]. Here we
use the experimental constraints [34]:

S = 0.00± 0.08, and T = 0.05± 0.07 . (4.4)

which include a 90% correlation between S and T as given by [34]. There are many other
bounds coming from collider experiments. First, there is a direct LEPII-bound on any

4Here we have improved our analysis related to IceCube and Super-Kamiokande limits by taking the DM
annihilation branching fractions to di↵erent channels into account when imposing the constraints. We use
W+W� limits for annihilation channels W+W�,ZZ and Zh, and ⌧+⌧� and bb̄ limits as they are, including
proper branching fractions in all channels.
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set of these relations for the most important weak-
interaction observables in Appendix B.
A bit of further care is required to make relations of

the form of (3.14) precise. The values of weak-interaction
observables in the standard model depend on the un-
known masses of the top quark and the Higgs boson. In
order to specify properly the standard model from which
S, T, and U parametrize the deviations, we must specify
the values of m, and mH used in the standard-model
computation. Thus, when we determine the constraints
on S and T from the experimental data, we will specify
that these refer to a specific set of reference values:
m, =150 GeV, mH =1 TeV, in our analysis. (If the true
values of m, and mH differ from these, the discrepancies
will be approximately parametrized by shifts of S and T;
we will see how this works in Sec. IX.) Predictions for S
and T from specific models of new physics may also de-
pend on the reference point chosen, and this must be tak-
en into account in comparing theory and experiment.
On the other hand, if the values of m, and mH were

known, relation (3.14) and the other relations tabulated in
Appendix B would be a set of direct relations between ob-
servable quantities in terms of the three parameters S, T,
and U. The re1ations among the various formulas in Ap-
pendix B are the observable consequences of the assump-
tion that new physics, beyond the standard model, is
heavy and contributes obliquely. The final formulas are
independent of any calculational scheme. It is this
feature that motivated us to add the S and T parameters
to the already lengthy and confusing list of notations for
weak-interaction radiative corrections. Once one has un-
derstood the standard part of the calculation in one's own
favorite notation, these parameters provide a representa-
tion of the discrepancies expected from nonstandard
physics in a manner independent of the calculational con-
ventions.

IV. S, T, AND U, IN PERTURBATION THEORY

The parameters S and T have one additional important
property: They partition the contribution of electroweak
radiative corrections into pieces with distinct physical
significance. This separation is most clear in models
where U=O, so that a two-parameter representation ap-
plies. The parameter T obtains contributions only from
effects which violate the custodial isospin symmetry. On
the other hand, S is an isospin symmetric observable
which measures the momentum dependence of II33 (or,
more properly, the ultraviolet-finite part of this depen-
dence). In this section, we will see in several examples
that S is a dimensionless measure of the size of the sector
which contributes to II33.
The simplest example of oblique electroweak correc-

tions are those due to new heavy fermions. As long as we
can ignore small elements of the quark or lepton mixing
matrices, the contributions of new fermions to elec-
troweak processes appear via the simple one-loop dia-
grams shown in Fig. 2(a). For concreteness, we consider
a fermion doublet (N, E) with the usual left-handed cou-
pling to SU(2), hypercharge Y, and masses m~, mE. It is
straightforward to evaluate the vacuum-polarization dia-
grams which contribute to (3.12). In the limit

(a)

(b)
W, Z

FIG. 2. Diagrams contributing to one-loop electroweak radi-
ative corrections (a) due to a heavy fermion, (b) due to the
standard-model Higgs boson.

mN, mE &&mz, we find the contributions

S= 1—Yln1
6m.

2mN
2mE

2 21
2 2 2 N E16ms c mz

2mNmE mN2 2 2

mN mE mE

U= 1
6m.

SmN —22mNmE+ SmE
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This shows that S and U are also positive in the limit
where the isospin breaking in the doublet is small. Also,
as conjectured, U is suppressed compared to Tby a factor
of (mz/m~).
Note that each extra fermion doublet that we put into

the theory will contribute additively to S and T. There-
fore, S can be thought of as the measure of the total size
of the new sector while T is the measure of the total
weak-isospin breaking induced by it. The contributionS=1/6m is the origin of the additive effective of degen-
erate heavy generations on the 8'mass and the Z polar-
ization asymmetry, highlighted by Bertolini and Sirlin
[28] and in Ref. [6).
As another example of the evaluation of S, T, and U,

let us consider the contribution of the Higgs boson.
Though the Higgs boson does not exactly qualify as be-
longing to physics beyond the standard model, it is true
that the only one-loop diagrams which depend on the
Higgs-boson mass are the oblique corrections shown in
Fig. 2(b). When the mass of the Higgs boson is very large
compared to mz, these contributions should be well
represented by S, T, and U. Keeping only the leading

The above expression for T is positive semidefinite [27]
while those for S and U are not. However, if we assume
that b,m = lm~ mE I

&&m~—,mE, we find

1S=
6m
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• Thermal WIMP-DM, somewhat like a neutralino in the MSSM

• A dominant or subdominant DM evading all current bounds
• Most of the PM-space can be ruled out by XENON1t/LUX…

• Model can be completely ruled out by finding S < 0.1

MU = 2.2⇥ 1015 GeV and  (unification ==>) ⇤TC ⇠ O(TeV)

• Electroweak Baryogenesis is likely to work in the model

We have presented an anomaly free, UV-safe model with:
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