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small Dirac neutrino masses through a mechanism first described in [9]. This contrasts with previous models of a
chiral DS, e.g. [10], where the Seesaw is still invoked.

Kinetic mixing between the SM and the U(1)⌫ gauge bosons [11] is unavoidable in this scenario. It leads to several
consequences, most importantly, the possibility of detecting the DM particles in the laboratory [12]. Barring the
possibility of fine tuning, the predicted DM cross section would be within reach for the next generation of DM direct
detection experiments.

In order to develop the scenario described above, an algorithm is necessary to write chiral models that are at least
anomaly-free under a U(1) gauge symmetry [13] – see also [14, 15]. A general technique to do so is described in Sec. VI,
towards the end of this manuscript. Indeed, following the steps detailed in Sec. VI, one can construct any number of
models that fit our requirements. The method also allows one to address several technical questions including what
are the “minimal” anomaly-free U(1) gauge theories with chiral fermions. This question is answered precisely, for two
di↵erent criteria for minimality: smallest highest charge and smallest number of fermion fields.

Before embarking in such general considerations, we describe in Section II a simple yet phenomenologically appealing
realization of our scenario and, in Section III, discuss in some detail some of the relevant features of this model, mostly
those related to the introduction of new gauge interactions. We discuss how small neutrino masses and dark matter
can be accommodated in this model in Sections IV and V. Finally, in Section VII, we briefly discuss other models,
potential research directions, and provide some concluding thoughts.

II. CHIRAL U(1)⌫ MODEL

In this section we construct a Lagrangian consisting of the SM, a U(1)⌫-charged, nonanomalous “dark sector (DS)”
and a “mediator sector”.

L = L
SM

+ L
DS

+ L
Mix

+ L
Med

, (1)

where L
SM

, L
DS

, and L
Med

represent the SM, DS, and Mediator Lagrangians, respectively. The term L
Mix

contains
renormalizable operators that “mix” the SM and DS degrees of freedom, including the kinetic mixing of U(1)⌫ with
the hypercharge U(1)Y and the scalar potential coupling between the Higgs field and the equivalent “dark Higgs”
scalar field. We discuss these term in detail in Sec. III.

In addition to the SM gauge group, L is also invariant under a gauged U(1)⌫ symmetry, which “lives” in the DS.
We assume the fermionic particle content, assuming all fermions to be chiral, is as follows, keeping in mind that all
fermions are left-handed Weyl fields:

• three fields with charge +1 – 10,1,2
+

;

• two fields with charge �2 – 21,2
�

;

• two fields with charge �3 – 31,2
�

;

• three fields with charge +4 – 40,1,2
+

;

• one field with charge �5 – 50

�

.

We adopt a normalization for the new gauge coupling g⌫ in which all U(1)⌫ charges are integers. The SM fields are
not charged under U(1)⌫ , while the new fermions defined above are not charged under the SM gauge symmetry.⇤
U(1)⌫ is assumed to be spontaneously broken in order to render most of the new fermions and the new gauge boson
massive. We achieve this by, similar to the SM, adding one scalar field � with charge +1 and a scalar potential such
that � has a nonzero vacuum expectation value v�.

Having defined the gauge symmetry and the particle content, the renormalizable Dark Sector Lagrangian is well-
defined:

L
DS

= L
DS-kin

+ L
DS-Yuk

+ V (�) (2)

where L
DS-kin

and L
DS-Yuk

represent the kinetic-energy and Yukawa terms respectively, while V (�) is the scalar
potential for the field �. The kinetic-energy terms are

L
DS�kin

= �1
4
B̃µ⌫B̃µ⌫ + i1̄i

+

�̄µDµ
+1

1i
+

+ i2̄k
�

�̄µDµ
�2

2k
�

+ i3̄k
�

�̄µDµ
�3

3k
�

+ i4̄i
+

�̄µDµ
+4

4i
+

+ i5̄0

�

�̄µDµ
�5

50

�

+ |Dµ
+1

�|2 (3)

⇤ From the point of view of the SM, all new fermions are gauge-singlet “neutrinos,” hence the name U(1)⌫ .

Plus minimal Higgs-like Sector

• One	scalar	field	ϕ with	charge	+1
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• DM  can be relatively heavy w.r.t. other Dark 
Sector states (like a proton in that sense)



Higher	dimensional	operators	made	out	of	the	DS	fields	and	the	SM	
fields?

Dirac	neutrino	mass
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Requirements:	Mediator	sector	that	ties	the	DS	and	the	SM.	It	must	
break	SM	accidental	LN	symmetries	and	the	3	accidental	DS	12-
symmetries.�LDS�Yuk = fik1
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X is	a	Dirac	particle	charged	under	both	SM	
SU(2)xU(1)	and	DS	U(1).

But	much	is	independent	of	the	precise	Lagrangian!
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Dirac neutrino mass
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SM	active	neutrino	mix	with	charge	2	states!
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It is easy to diagonalize M⌫§ in the limit M
1

, M
2

� mD
0

, mD
1

, mD
2

. M⌫ = URM⌫
diag

U†

L, where

UL =

0

@
1 mD

1

/M
1

mD
2

/M
2

�mD
1

/M
1

1 0
�mD

2

/M
2

0 1

1

A +O
⇣

mD
i

Mk

⌘
2

, (26)

UR =

0

@
1 0 0
0 1 0
0 0 1

1

A +O
⇣

mD
i

Mk

⌘
2

, (27)
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0

@
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1

0
0 0 M

2

1

A . (28)

In the case of M⌫
diag

, we also only keep the leading order mD
i /Mk terms. In the mass basis, the gauge interactions

will couple the heavy, sterile states N to the active ⌫ state. In more detail, the following interactions appear after
diagonalization of M⌫ :

�mD
1

M
1

⌫̄L

✓
g

2cW

/Z � 2g⌫ /̃Z

◆
N

1L �
mD

2

M
2

⌫̄L

✓
g

2cW

/Z � 2g⌫ /̃Z

◆
N

2L + h.c. , (29)

describing the potential decays Nk ! Z⌫, B̃⌫. Moreover, from the standard weak couplings to the W -boson, we find

gp
2

✓
�mD

1

M
1

¯̀
L /W

�

N
1L �

m
2

MD
2

¯̀
L /W

�

N
2L

◆
+ h.c. , (30)

which allow for the interesting decays of the DS N particles into charged leptons, Nk ! `W (⇤). The strength of the
coupling of Ns to the SM gauge bosons, proportional to the ratio between the neutrino masses and the masses of the
sterile neutrinos, is a generic feature of these models.

In the case in which the N particles are heavier than the weak bosons, the decay rate of, say, N
1

! `W is given by

�N1!`W =
GF (mD

1

)2M
1

8⇡
p

2
+O

✓
M2

W

M2

1

◆
(31)

from which we obtain �N1!`W ⇠ 0.4 s�1 for mD
1

= 0.1 eV, M
1

= 1 TeV. On the other hand, if the SM gauge
bosons are heavier than the Ni fields, these decay to SM fields via o↵-shell W -bosons and Z-bosons. In this case, the
decay width of N ! SM scales like M3

i – a factor of M5

i from kinematics times the “mixing parameter” squared,
proportional to (mD

i /Mi)2. For very light sterile neutrino masses – masses below 1 MeV – at the tree-level, only the
N ! ⌫⌫̄⌫ decays are kinematically available, and the one-loop suppressed decay N ! ⌫� also becomes relevant. The
couplings associated to these decays are again proportional to mD/M . In summary, assuming all mD

i are of order
the active neutrino masses, the sterile neutrino lifetimes range between tenths of milliseconds for MN ⇠ 1 10 TeV to
order 105 years for MN ⇠ 100 MeV and much longer than the age of the universe for lighter sterile neutrinos.

It is intriguing that for sterile neutrino masses of order 10 keV, the active-sterile mixing angle squared (mD/M)2
is of order 10�10, in agreement with the recent “sterile-neutrino-as-dark-matter” interpretations of the 3.5 keV line
[18]. Here, however, one needs to revisit the issue with some care since, in the early universe, the sterile neutrinos are
kept in thermal equilibrium with the photons via flavor-diagonal Z and Z̃ interactions, discussed in some detail in the
previous section. These interactions determine their relic abundance, as opposed to the standard Dodelson-Widrow
mechanism [19], where active-sterile mixing determines the relic abundance of the mostly sterile states (for other
possibilities see, for example, [20]). We discuss early-universe related issues in more detail in Sec. V.

Sterile neutrinos can be produced in the laboratory mostly via their coupling to the Z and the Z̃ (Z(⇤), Z̃(⇤) ! NiN̄i),
or the scalar fields associated to spontaneous symmetry breaking. The associated phenomenology and potential current
constraints will depend on the mass of the sterile neutrinos but, for most masses, as discussed above, the Ni particles
are e↵ectively stable when compared to the time-scales of laboratory experiments and will manifest themselves as
missing energy.

§ We restrict the discussion to one generation of DS and SM fields. The extension to three SM families and Nf DS families is straight-
forward.

Neutral	current
Mixing angle

Int. with both DS
and SM gauge boson

Mass eigenstates
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In the case of M⌫
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, we also only keep the leading order mD
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will couple the heavy, sterile states N to the active ⌫ state. In more detail, the following interactions appear after
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describing the potential decays Nk ! Z⌫, B̃⌫. Moreover, from the standard weak couplings to the W -boson, we find
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which allow for the interesting decays of the DS N particles into charged leptons, Nk ! `W (⇤). The strength of the
coupling of Ns to the SM gauge bosons, proportional to the ratio between the neutrino masses and the masses of the
sterile neutrinos, is a generic feature of these models.

In the case in which the N particles are heavier than the weak bosons, the decay rate of, say, N
1

! `W is given by
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GF (mD
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from which we obtain �N1!`W ⇠ 0.4 s�1 for mD
1

= 0.1 eV, M
1

= 1 TeV. On the other hand, if the SM gauge
bosons are heavier than the Ni fields, these decay to SM fields via o↵-shell W -bosons and Z-bosons. In this case, the
decay width of N ! SM scales like M3

i – a factor of M5

i from kinematics times the “mixing parameter” squared,
proportional to (mD

i /Mi)2. For very light sterile neutrino masses – masses below 1 MeV – at the tree-level, only the
N ! ⌫⌫̄⌫ decays are kinematically available, and the one-loop suppressed decay N ! ⌫� also becomes relevant. The
couplings associated to these decays are again proportional to mD/M . In summary, assuming all mD

i are of order
the active neutrino masses, the sterile neutrino lifetimes range between tenths of milliseconds for MN ⇠ 1 10 TeV to
order 105 years for MN ⇠ 100 MeV and much longer than the age of the universe for lighter sterile neutrinos.

It is intriguing that for sterile neutrino masses of order 10 keV, the active-sterile mixing angle squared (mD/M)2
is of order 10�10, in agreement with the recent “sterile-neutrino-as-dark-matter” interpretations of the 3.5 keV line
[18]. Here, however, one needs to revisit the issue with some care since, in the early universe, the sterile neutrinos are
kept in thermal equilibrium with the photons via flavor-diagonal Z and Z̃ interactions, discussed in some detail in the
previous section. These interactions determine their relic abundance, as opposed to the standard Dodelson-Widrow
mechanism [19], where active-sterile mixing determines the relic abundance of the mostly sterile states (for other
possibilities see, for example, [20]). We discuss early-universe related issues in more detail in Sec. V.

Sterile neutrinos can be produced in the laboratory mostly via their coupling to the Z and the Z̃ (Z(⇤), Z̃(⇤) ! NiN̄i),
or the scalar fields associated to spontaneous symmetry breaking. The associated phenomenology and potential current
constraints will depend on the mass of the sterile neutrinos but, for most masses, as discussed above, the Ni particles
are e↵ectively stable when compared to the time-scales of laboratory experiments and will manifest themselves as
missing energy.

§ We restrict the discussion to one generation of DS and SM fields. The extension to three SM families and Nf DS families is straight-
forward.

Charged	current
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In the case of M⌫
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, we also only keep the leading order mD
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will couple the heavy, sterile states N to the active ⌫ state. In more detail, the following interactions appear after
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which allow for the interesting decays of the DS N particles into charged leptons, Nk ! `W (⇤). The strength of the
coupling of Ns to the SM gauge bosons, proportional to the ratio between the neutrino masses and the masses of the
sterile neutrinos, is a generic feature of these models.

In the case in which the N particles are heavier than the weak bosons, the decay rate of, say, N
1

! `W is given by
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from which we obtain �N1!`W ⇠ 0.4 s�1 for mD
1

= 0.1 eV, M
1

= 1 TeV. On the other hand, if the SM gauge
bosons are heavier than the Ni fields, these decay to SM fields via o↵-shell W -bosons and Z-bosons. In this case, the
decay width of N ! SM scales like M3

i – a factor of M5

i from kinematics times the “mixing parameter” squared,
proportional to (mD

i /Mi)2. For very light sterile neutrino masses – masses below 1 MeV – at the tree-level, only the
N ! ⌫⌫̄⌫ decays are kinematically available, and the one-loop suppressed decay N ! ⌫� also becomes relevant. The
couplings associated to these decays are again proportional to mD/M . In summary, assuming all mD

i are of order
the active neutrino masses, the sterile neutrino lifetimes range between tenths of milliseconds for MN ⇠ 1 10 TeV to
order 105 years for MN ⇠ 100 MeV and much longer than the age of the universe for lighter sterile neutrinos.

It is intriguing that for sterile neutrino masses of order 10 keV, the active-sterile mixing angle squared (mD/M)2
is of order 10�10, in agreement with the recent “sterile-neutrino-as-dark-matter” interpretations of the 3.5 keV line
[18]. Here, however, one needs to revisit the issue with some care since, in the early universe, the sterile neutrinos are
kept in thermal equilibrium with the photons via flavor-diagonal Z and Z̃ interactions, discussed in some detail in the
previous section. These interactions determine their relic abundance, as opposed to the standard Dodelson-Widrow
mechanism [19], where active-sterile mixing determines the relic abundance of the mostly sterile states (for other
possibilities see, for example, [20]). We discuss early-universe related issues in more detail in Sec. V.

Sterile neutrinos can be produced in the laboratory mostly via their coupling to the Z and the Z̃ (Z(⇤), Z̃(⇤) ! NiN̄i),
or the scalar fields associated to spontaneous symmetry breaking. The associated phenomenology and potential current
constraints will depend on the mass of the sterile neutrinos but, for most masses, as discussed above, the Ni particles
are e↵ectively stable when compared to the time-scales of laboratory experiments and will manifest themselves as
missing energy.

§ We restrict the discussion to one generation of DS and SM fields. The extension to three SM families and Nf DS families is straight-
forward.
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In the case of M⌫
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, we also only keep the leading order mD
i /Mk terms. In the mass basis, the gauge interactions
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which allow for the interesting decays of the DS N particles into charged leptons, Nk ! `W (⇤). The strength of the
coupling of Ns to the SM gauge bosons, proportional to the ratio between the neutrino masses and the masses of the
sterile neutrinos, is a generic feature of these models.
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from which we obtain �N1!`W ⇠ 0.4 s�1 for mD
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= 0.1 eV, M
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= 1 TeV. On the other hand, if the SM gauge
bosons are heavier than the Ni fields, these decay to SM fields via o↵-shell W -bosons and Z-bosons. In this case, the
decay width of N ! SM scales like M3

i – a factor of M5

i from kinematics times the “mixing parameter” squared,
proportional to (mD

i /Mi)2. For very light sterile neutrino masses – masses below 1 MeV – at the tree-level, only the
N ! ⌫⌫̄⌫ decays are kinematically available, and the one-loop suppressed decay N ! ⌫� also becomes relevant. The
couplings associated to these decays are again proportional to mD/M . In summary, assuming all mD

i are of order
the active neutrino masses, the sterile neutrino lifetimes range between tenths of milliseconds for MN ⇠ 1 10 TeV to
order 105 years for MN ⇠ 100 MeV and much longer than the age of the universe for lighter sterile neutrinos.

It is intriguing that for sterile neutrino masses of order 10 keV, the active-sterile mixing angle squared (mD/M)2
is of order 10�10, in agreement with the recent “sterile-neutrino-as-dark-matter” interpretations of the 3.5 keV line
[18]. Here, however, one needs to revisit the issue with some care since, in the early universe, the sterile neutrinos are
kept in thermal equilibrium with the photons via flavor-diagonal Z and Z̃ interactions, discussed in some detail in the
previous section. These interactions determine their relic abundance, as opposed to the standard Dodelson-Widrow
mechanism [19], where active-sterile mixing determines the relic abundance of the mostly sterile states (for other
possibilities see, for example, [20]). We discuss early-universe related issues in more detail in Sec. V.

Sterile neutrinos can be produced in the laboratory mostly via their coupling to the Z and the Z̃ (Z(⇤), Z̃(⇤) ! NiN̄i),
or the scalar fields associated to spontaneous symmetry breaking. The associated phenomenology and potential current
constraints will depend on the mass of the sterile neutrinos but, for most masses, as discussed above, the Ni particles
are e↵ectively stable when compared to the time-scales of laboratory experiments and will manifest themselves as
missing energy.

§ We restrict the discussion to one generation of DS and SM fields. The extension to three SM families and Nf DS families is straight-
forward.
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Important for cosmology. More 
on that later.
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is “natural”
Babu, Kolda, March-Russell; 1998
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(DS	– SM	boson)	interactions
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(SM	– DS	boson)	interactions

No	DS	– photon	interaction!
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Ø A	stable	Dirac	particle	that	is	a	Dark	Matter	candidate	–
lowest	mass	particle	in	the	345	sector:	

Ø Two	heavy	long-lived	“neutrinos”	(w.r.t.	the	SM)	that	
decay	into	SM	particles:
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Ø One	light	Dirac	neutrino	per	generation
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Dark	matter	abundance	set	by	annihilation	to	Dark	Sector	
RH	neutrinos
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where Y = n�1/T̃ 3 and the 1 subscript refers to its asymptotic value. In the above equations we have used that
T

dec

= T̃
dec

and T
1

= T̃
1

. Also, notice that no reheating event occurs in the DS after T̃
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and hence a
dec

T̃
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= a
0

T̃
0

.
A good approximation for Y
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where the Hubble rate at x = 1 is given by
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Plugging this into Eq. (43) we obtain
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Numerically,
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Given the value for the thermally-averaged cross-section, estimated above (Eq. (42)), ⌦� can be made to agree with
the cold dark matter contribution to the energy budget of the universe, ⌦ch2 = 0.1188± 0.0010 [22].

The �
1

particles scatter o↵ of ordinary matter via both Z and Z̃ exchange, both couplings (i.e., the coupling of
�

1

to the Z-boson and that of the SM fermions to the Z̃-boson) suppressed by the small kinetic mixing parameter.
The cross-section for �
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–nucleus scattering is, in the limit that the dark matter is much heavier than the scattered
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where ↵ is the fine-structure constant, Q2
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|2])2, 49  Q2

V  64 is the square of two times the U(1)⌫

vector-charge of the dark matter candidate and mN is the mass of the nucleus with atomic number Z. It is interesting
to note that in the usual WIMP scenario, the direct detection cross section is dominated by scattering o↵ neutrons
while in this case, the proton contribution is the most relevant one. For xenon, the cross-section per nucleon, defined
as ��p ⌘ �(�
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For M� = 5 TeV, the LUX experiment constrains ��p < 6 ⇥ 10�44 cm2 at the 90% confidence level [26], which
translates into
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The next round of direct-detection experiments, assuming that WIMPs are not detected, will start to seriously
constrain �

1

as the dark matter. The estimates for the relic density and constraints from direct detection are in
agreement with more general results for “electroweakly coupled” DM [27].

Finally, the model also predicts signals for indirect detection experiments. In regions where the density of �
1

particles is large, they can annihilate into light SM particles, right-handed neutrinos, or sterile neutrinos. In the limit
discussed above, M� � MZ , M

˜Z , we expect the ⌫c⌫̄c and, if kinematically accessible, NN̄ final states to dominate.
Right-handed neutrinos are virtually invisible. At high energies, the ⌫c states are, for all practical purposes, massless,
and interact with ordinary matter via Z and Z̃ exchange, both cross-sections suppressed by sin2 ⇠ relative to that of
ordinary high energy neutrino-matter scattering. The NN̄ final states are more interesting, given that the N particles
will decay into high energy neutrinos and charged-leptons, as discussed in Sec. IV. Hence, the process �

1

�̄
1

! NN̄
is expected to yield high energy (energies . M�) electrons, positrons, and neutrinos.

⇤⇤ Even if one is interested in the limit M2
Z̃
� M2

Z , Z̃-boson exchange is still comparable to Z-boson exchange in the limit where the

momentum transfers are much less than M2
Z , as discussed in Sec. III.

d.o.f. before decoupling
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from BBN and the cosmic microwave background (CMB). The Planck collaboration has recently published values
N

e↵

= 3.15± 0.46 at 95% C.L. [22] while in [23] the bound �NBBN

e↵

< 1.5 at the time of BBN was found.
On the other hand, if the DS gas decouples early enough from the SM its temperature T̃ at the time of big bang

nucleosynthesis can be significantly lower than that of the active neutrinos T . If that is the case,

�N
e↵

=
4g̃⇤

7
T̃ 4

T 4

=
4g̃⇤

7

✓
g⇤ g̃⇤

dec

g⇤
dec

g̃⇤

◆
4/3

, (36)

where we have used Eq. (34). Assuming Nf = 3 generations in the dark sector g̃⇤ = g̃⇤
dec

= 6, and taking for g⇤

its value at the time of neutrino decoupling g⇤ = 10.75, we find that in order to satisfy �N
e↵

< 1, it is enough
to have g⇤

dec

& 27. Hence, it su�ces that the ⌫c’s decouple before the QCD phase transition, which corresponds to
g⇤
dec

= 61.75, in order to satisfy the bounds comfortably. In that case we find �N
e↵

= 0.33, in agreement with Plack
bounds.

For later use, it proves useful to define the ratio between the DS and SM temperatures today (indicated by the
subscript ‘0’) which has remained constant after the photon reheating by electron-positron annihilation:. Using
Eq. (34) we find:

r
0

⌘ T
0

T̃
0

. 0.56 . (37)

Imposing that the DS should decouple from the SM before the QCD phase transition translates into bounds on
the couplings of the ⌫c and SM fermionic currents to the Z and Z̃ bosons respectively. We note that ⌫c thermal
equilibrium with the SM is very similar to the thermal equilibrium of active neutrinos since these also interact with
the rest of the SM gas via weak interactions. Since the decoupling temperature of active neutrinos is proportional to
G�2/3

F , we roughly estimate the decoupling temperature of the ⌫c from the SM gas, for MZ ⌧ M
˜Z , as follows:

T dec

⌫L

T dec

⇠
✓

G⌫GF

G2

F

◆
1/3

⇠
✓

MZg⌫

M
˜Zg

sin ⌘

◆
2/3

, (38)

where G⌫ has been obtained from Eqs. (18,19),

G⌫ ⇠
sin2 ⇠ g2

⌫

M2

Z

. (39)

Requiring that the ⌫c decouple from the SM gas before the QCD phase transition, T dec

⌫L
/T dec . 0.01, we obtain

sin ⌘ . 10�3. This matches the discussion in Sec. III, where we argued that sin ⌘ ⇠ 10�3 is natural (see Eq. (15)).
We proceed to estimate the DM relic density given the values of the parameters listed in Eq. (32). Define as usual

the time variable x = M�1/T and let x
fo

be its value at the freeze-out temperature (we will show that T
fo

= T̃
fo

). x
fo

can be obtained from the Boltzmann equation and is typically of order

x
fo

⌘ M�1

T
fo

⇠ 10 . (40)

It is well known that the contribution of �
1

to the energy budget of the universe today ⌦�, is inversely proportional
to its thermally-averaged annihilation cross-section, h�

ann

vi. For s-channel annihilations we have:

h�
ann

vi ⇠ �(�
1

+ �̄
1

! ⌫c + ⌫̄c) ⇠ NfQ2

�

g4

⌫

8⇡M2

�1

, (41)

where Q2

� = O(10) was defined in Eq. (11) and Nf is the number of dark flavors. Putting in some numbers we find

h�
ann

vi ⇠ 3⇥ 10�2 pb⇥
✓

1 TeV
M�1

◆
2

 
NfQ2

�

20

!⇣ g⌫

0.1

⌘
4

. (42)

For a DM number density n�1 , the DM fraction today is defined, as usual, as

⌦�0

=
⇢�0

⇢
cr

=
M�1Y1T̃ 3

0

⇢
cr

 
a
1

T̃
1

a
0

T̃
0

!
3

=
M�1Y1T̃ 3

0

⇢
cr

 
a
1

T̃
1

a
dec

T̃
dec

!
3

 
a
dec

T̃
dec

a
0

T̃
0

!
3

=
M�1Y1T̃ 3

0

⇢
cr

✓
a
1

T
1

a
dec

T
dec

◆
3

=
M�1Y1T̃ 3

0

⇢
cr

⇤

dec

⇤

1

(43)
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from BBN and the cosmic microwave background (CMB). The Planck collaboration has recently published values
N

e↵

= 3.15± 0.46 at 95% C.L. [22] while in [23] the bound �NBBN

e↵

< 1.5 at the time of BBN was found.
On the other hand, if the DS gas decouples early enough from the SM its temperature T̃ at the time of big bang

nucleosynthesis can be significantly lower than that of the active neutrinos T . If that is the case,

�N
e↵

=
4g̃⇤

7
T̃ 4

T 4

=
4g̃⇤

7

✓
g⇤ g̃⇤

dec

g⇤
dec

g̃⇤

◆
4/3

, (36)

where we have used Eq. (34). Assuming Nf = 3 generations in the dark sector g̃⇤ = g̃⇤
dec

= 6, and taking for g⇤

its value at the time of neutrino decoupling g⇤ = 10.75, we find that in order to satisfy �N
e↵

< 1, it is enough
to have g⇤

dec

& 27. Hence, it su�ces that the ⌫c’s decouple before the QCD phase transition, which corresponds to
g⇤
dec

= 61.75, in order to satisfy the bounds comfortably. In that case we find �N
e↵

= 0.33, in agreement with Plack
bounds.

For later use, it proves useful to define the ratio between the DS and SM temperatures today (indicated by the
subscript ‘0’) which has remained constant after the photon reheating by electron-positron annihilation:. Using
Eq. (34) we find:

r
0

⌘ T
0

T̃
0

. 0.56 . (37)

Imposing that the DS should decouple from the SM before the QCD phase transition translates into bounds on
the couplings of the ⌫c and SM fermionic currents to the Z and Z̃ bosons respectively. We note that ⌫c thermal
equilibrium with the SM is very similar to the thermal equilibrium of active neutrinos since these also interact with
the rest of the SM gas via weak interactions. Since the decoupling temperature of active neutrinos is proportional to
G�2/3

F , we roughly estimate the decoupling temperature of the ⌫c from the SM gas, for MZ ⌧ M
˜Z , as follows:

T dec

⌫L

T dec

⇠
✓

G⌫GF

G2

F

◆
1/3

⇠
✓

MZg⌫

M
˜Zg

sin ⌘

◆
2/3

, (38)

where G⌫ has been obtained from Eqs. (18,19),

G⌫ ⇠
sin2 ⇠ g2

⌫

M2

Z

. (39)

Requiring that the ⌫c decouple from the SM gas before the QCD phase transition, T dec

⌫L
/T dec . 0.01, we obtain

sin ⌘ . 10�3. This matches the discussion in Sec. III, where we argued that sin ⌘ ⇠ 10�3 is natural (see Eq. (15)).
We proceed to estimate the DM relic density given the values of the parameters listed in Eq. (32). Define as usual

the time variable x = M�1/T and let x
fo

be its value at the freeze-out temperature (we will show that T
fo

= T̃
fo

). x
fo

can be obtained from the Boltzmann equation and is typically of order

x
fo

⌘ M�1

T
fo

⇠ 10 . (40)

It is well known that the contribution of �
1

to the energy budget of the universe today ⌦�, is inversely proportional
to its thermally-averaged annihilation cross-section, h�

ann

vi. For s-channel annihilations we have:

h�
ann

vi ⇠ �(�
1

+ �̄
1

! ⌫c + ⌫̄c) ⇠ NfQ2

�

g4

⌫

8⇡M2

�1

, (41)

where Q2

� = O(10) was defined in Eq. (11) and Nf is the number of dark flavors. Putting in some numbers we find

h�
ann

vi ⇠ 3⇥ 10�2 pb⇥
✓

1 TeV
M�1

◆
2

 
NfQ2

�

20

!⇣ g⌫

0.1

⌘
4

. (42)

For a DM number density n�1 , the DM fraction today is defined, as usual, as

⌦�0

=
⇢�0

⇢
cr

=
M�1Y1T̃ 3

0

⇢
cr

 
a
1

T̃
1

a
0

T̃
0

!
3

=
M�1Y1T̃ 3

0

⇢
cr

 
a
1

T̃
1

a
dec

T̃
dec

!
3

 
a
dec

T̃
dec

a
0

T̃
0

!
3

=
M�1Y1T̃ 3

0

⇢
cr

✓
a
1

T
1

a
dec

T
dec

◆
3

=
M�1Y1T̃ 3

0

⇢
cr

⇤

dec

⇤

1

(43)
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from BBN and the cosmic microwave background (CMB). The Planck collaboration has recently published values
N

e↵

= 3.15± 0.46 at 95% C.L. [22] while in [23] the bound �NBBN

e↵

< 1.5 at the time of BBN was found.
On the other hand, if the DS gas decouples early enough from the SM its temperature T̃ at the time of big bang

nucleosynthesis can be significantly lower than that of the active neutrinos T . If that is the case,

�N
e↵

=
4g̃⇤

7
T̃ 4

T 4

=
4g̃⇤

7

✓
g⇤ g̃⇤

dec

g⇤
dec

g̃⇤

◆
4/3

, (36)

where we have used Eq. (34). Assuming Nf = 3 generations in the dark sector g̃⇤ = g̃⇤
dec

= 6, and taking for g⇤

its value at the time of neutrino decoupling g⇤ = 10.75, we find that in order to satisfy �N
e↵

< 1, it is enough
to have g⇤

dec

& 27. Hence, it su�ces that the ⌫c’s decouple before the QCD phase transition, which corresponds to
g⇤
dec

= 61.75, in order to satisfy the bounds comfortably. In that case we find �N
e↵

= 0.33, in agreement with Plack
bounds.

For later use, it proves useful to define the ratio between the DS and SM temperatures today (indicated by the
subscript ‘0’) which has remained constant after the photon reheating by electron-positron annihilation:. Using
Eq. (34) we find:

r
0

⌘ T
0

T̃
0

. 0.56 . (37)

Imposing that the DS should decouple from the SM before the QCD phase transition translates into bounds on
the couplings of the ⌫c and SM fermionic currents to the Z and Z̃ bosons respectively. We note that ⌫c thermal
equilibrium with the SM is very similar to the thermal equilibrium of active neutrinos since these also interact with
the rest of the SM gas via weak interactions. Since the decoupling temperature of active neutrinos is proportional to
G�2/3

F , we roughly estimate the decoupling temperature of the ⌫c from the SM gas, for MZ ⌧ M
˜Z , as follows:

T dec

⌫L

T dec

⇠
✓

G⌫GF

G2

F

◆
1/3

⇠
✓

MZg⌫

M
˜Zg

sin ⌘

◆
2/3

, (38)

where G⌫ has been obtained from Eqs. (18,19),

G⌫ ⇠
sin2 ⇠ g2

⌫

M2

Z

. (39)

Requiring that the ⌫c decouple from the SM gas before the QCD phase transition, T dec

⌫L
/T dec . 0.01, we obtain

sin ⌘ . 10�3. This matches the discussion in Sec. III, where we argued that sin ⌘ ⇠ 10�3 is natural (see Eq. (15)).
We proceed to estimate the DM relic density given the values of the parameters listed in Eq. (32). Define as usual

the time variable x = M�1/T and let x
fo

be its value at the freeze-out temperature (we will show that T
fo

= T̃
fo

). x
fo

can be obtained from the Boltzmann equation and is typically of order

x
fo

⌘ M�1

T
fo

⇠ 10 . (40)

It is well known that the contribution of �
1

to the energy budget of the universe today ⌦�, is inversely proportional
to its thermally-averaged annihilation cross-section, h�

ann

vi. For s-channel annihilations we have:

h�
ann

vi ⇠ �(�
1

+ �̄
1

! ⌫c + ⌫̄c) ⇠ NfQ2

�

g4

⌫

8⇡M2

�1

, (41)

where Q2

� = O(10) was defined in Eq. (11) and Nf is the number of dark flavors. Putting in some numbers we find

h�
ann

vi ⇠ 3⇥ 10�2 pb⇥
✓

1 TeV
M�1

◆
2

 
NfQ2

�

20

!⇣ g⌫

0.1

⌘
4

. (42)

For a DM number density n�1 , the DM fraction today is defined, as usual, as

⌦�0

=
⇢�0

⇢
cr

=
M�1Y1T̃ 3

0

⇢
cr

 
a
1

T̃
1
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0

T̃
0

!
3

=
M�1Y1T̃ 3

0

⇢
cr
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1

T̃
1

a
dec

T̃
dec

!
3

 
a
dec

T̃
dec

a
0

T̃
0

!
3

=
M�1Y1T̃ 3

0

⇢
cr

✓
a
1

T
1

a
dec

T
dec

◆
3

=
M�1Y1T̃ 3

0

⇢
cr

⇤

dec

⇤

1

(43)

PLANCK :

d.o.f.s after
decoupling

h�
ann

vi ⇠ �(�1 + �̄1 ! ⌫c + ⌫̄c) ⇠ NfQ
2
�

g4
⌫

8⇡M2
�1

, (1)

h�
ann

vi ⇠ 3⇥ 10�2 pb⇥
✓
1 TeV

M�1

◆2
 
NfQ

2
�

20

!⇣ g⌫
0.1

⌘4
. (2)

x
fo

⌘ M�1

T
fo

⇠ 10 r0 ⌘
T0

T̃0
. 0.56 . (3)



DM	– nucleus	cross	section	

Protons	are	the	main	contribution.
For	the	standard	WIMP,	the	main	contribution	is	off	
neutrons	

�(�1 + N ! �1 + N) ⇠ ↵
m2

N

M4
Z̃

g2
⌫ sin

2 ⌘Q2
V

cos

2 ✓W
(1� sin

2 ✓W )

2Z 2
(1)

Goodman,	 Witten



�(�1 + N ! �1 + N) ⇠ ↵
m2

N

M4
Z̃

g2
⌫ sin

2 ⌘Q2
V

cos

2 ✓W
(1� sin

2 ✓W )

2Z 2
(1)

Q2
V = (4+[(3+2|V�5|2])2 sin

2 ⇠ < 4.5⇥10

�6⇥
✓

50

Q2
V

◆✓
10

�2

g2
⌫

◆
. (2)

��p = 1.2⇥ sin

2 ⌘

✓
g2
⌫

10

�2

◆
Q2

V

50

⇥ 10

�41 cm2
49  Q2

V  64 (3)

MZ̃ ⇠ 1 TeV (4)

�(�1 + N ! �1 + N) ⇠ ↵
m2

N

M4
Z̃

g2
⌫ sin

2 ⌘Q2
V

cos

2 ✓W
(1� sin

2 ✓W )

2Z 2
(1)

Q2
V = (4+[(3+2|V�5|2])2 sin

2 ⇠ < 4.5⇥10

�6⇥
✓

50

Q2
V

◆✓
10

�2

g2
⌫

◆
. (2)

��p = 1.2⇥ sin

2 ⌘

✓
g2
⌫

10

�2

◆
Q2

V

50

⇥ 10

�41 cm2
49  Q2

V  64 (3)

MZ̃ ⇠ 1 TeV ��p < 6⇥ 10

�44 cm2
(4)



Ø Standard	searches	apply.	(Missing	energy,	monojets,	
dijets and	so	on)

Ø Rates	are	very	small

Ø Not	to	be	discouraged!	Remember	freedom	to	play	
with	the	parameters.	

Ø Besides,	keep	listening.



Low rate due to small mixing angles

W/Z









Gauge	anomalies	signal	a	breaking	of	the	gauge	symmetry	
at	the	quantum	level.		Not	acceptable!

For	purely	U(1) gauge	theories

Gauge-gravitational
anomaly

Cubic U(1) anomaly



Fermat’s	Last	Theorem?
Ø No	solution	for	n	=	3

Ø For	n	=	4,	only	trivial,	solutions	q1	=	-q2,	q3	=	-q4

Ø At	n	=	5,	things	get	interesting

�LDS�Yuk = fik1
i
+2

k
��+ hi0 4

i
+5

0
��+ hik 4

i
+3

k
��

⇤ + h.c., (2)

c

⇤
(1+L)(H�) (3)

5⇥ 1 , �4⇥ 2 , 1⇥ 3 . (4)

10⇥ 1 , �9⇥ 1 , �7⇥ 1 , 4⇥ 1 , 2⇥ 1 . (5)
Ø The	Standard	Model



How	to	build	an	anomaly-free	chiral	model?

Other	model	builders	have	their	recipes
Babu, Seidl; 2004

Batra, Dobrescu, Spivak; 2006

Here’s	a	different	way



a b c d e

a b c d e32 ways 
to do so

a	+	b	+	c	- d	+	e -a	- b	- c	+	d	- e
…
…

Only 16
are left!







For	a	group	

are	the	generators

The	group	is	anomaly-safe
Georgi,	Glashow,	1972



• Chirality

are	anomaly	free
• Complex	conjugate	representation

If	{T}	forms	a	representation,	then	{-T*}	is	a	representation	
as	well.

• A	representation	 is	real if

Complex
representations



are	anomaly	free

Must	have	complex	representations
+



Smallest	group:	

Cartan subalgebra:	Maximal	set	of	generators	that	can	
be	diagonalized simultaneously	

1. Pick	a	complex	representation

2. Write	a	generic	element	of	the	Cartan subalgebra for	that	
rep.
3. Find	the	eigenvalues.	These	are	a	solution	to	the	U(1)	
anomaly	 equations



H(a, b, c , d , e) =
1

N
diag{a+ b + c + d + e, �a+ b + c + d � e,

a� b + c + d � e, �a� b + c + d + e,

a+ b � c + d � e, �a+ b � c + d + e,

a� b � c + d + e, �a� b � c + d � e,

a+ b + c � d � e, �a+ b + c � d + e,

a� b + c � d + e, �a� b + c � d � e,

a+ b � c � d + e, �a+ b � c � d � e,

a� b � c � d � e, �a� b � c � d + e}



H(a, b, c , d , e) =
1

N
diag{a+ b + c + d + e, �a+ b + c + d � e,

a� b + c + d � e, �a� b + c + d + e,

a+ b � c + d � e, �a+ b � c + d + e,

a� b � c + d + e, �a� b � c + d � e,

a+ b + c � d � e, �a+ b + c � d + e,

a� b + c � d + e, �a� b + c � d � e,

a+ b � c � d + e, �a+ b � c � d � e,

a� b � c � d � e, �a� b � c � d + e}
0,	2	or	4	half	integers	among	
a,	b,	c,	d,	e

Integer	charges



• If	a,	b,	c,	d or	e vanish,	H(a,b,c,d,e)	=	-H(a,b,c,d,e).	NOT	
CHIRAL!

Hence	we	MUST	take	all		of	them	nonvanishing

Hence	we	can	take	all		of	them	positive

Moreover



H(a, b, c , d , e) =
1

N
diag{a+ b + c + d + e, �a+ b + c + d � e,

a� b + c + d � e, �a� b + c + d + e,

a+ b � c + d � e, �a+ b � c + d + e,

a� b � c + d + e, �a� b � c + d � e,

a+ b + c � d � e, �a+ b + c � d + e,

a� b + c � d + e, �a� b + c � d � e,

a+ b � c � d + e, �a+ b � c � d � e,

a� b � c � d � e, �a� b � c � d + e}

• Highest	charged	particle	is	ALWAYS	a	singlet	of	
everything	else	(This	would	be	the	RH	electron	in	the	
SM)



• Model	with	minimal	highest	charge:

�LDS�Yuk = fik1
i
+2

k
��+ hi0 4

i
+5

0
��+ hik 4

i
+3

k
��

⇤ + h.c., (2)

c

⇤
(1+L)(H�) (3)

5⇥ 1 , �4⇥ 2 , 1⇥ 3 . (4)

10⇥ 1 , �9⇥ 1 , �7⇥ 1 , 4⇥ 1 , 2⇥ 1 . (5)

�LDS�Yuk = fik1
i
+2

k
��+ hi0 4

i
+5

0
��+ hik 4

i
+3

k
��

⇤ + h.c., (2)

c

⇤
(1+L)(H�) (3)

3⇥ 1 , �2⇥ 4 , 1⇥ 5, (4)

10⇥ 1 , �9⇥ 1 , �7⇥ 1 , 4⇥ 1 , 2⇥ 1 . (5)

• Minimal	number	of	particles:	5

• Does	this	method	generates	all	possible	solutions	
to	the	anomaly	equations	under	some	conditions?










