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Dark Matter - Thermal Relics

WIMPs: σ constrained in a 
narrow range, m can vary.

???

H

WIMP
Miracle Only null results thus far.



Asymmetric Dark Matter

Generate an asymmetry for dark matter as well as 
visible matter. If nDM~nB, then mDM~mB. 

m constrained in a narrow range, σ can vary.



Connections

???

H

WIMPs ADM ν’s as DM
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Flavored Dark Matter

It is possible for dark matter to exist in multiple 
generations (true for all known matter particles). 

How are experimental signatures affected? 

Can FDM be distinguished from “vanilla” DM?



Whose Flavor?
DM can in principle couple to leptons or quarks. 

For a thermal relic, coupling to light quarks is ruled out 
by direct detection
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Relic Density

FDM can be a thermal relic. 

However there is an even more natural way for obtaining the 
correct relic density.

leptogenesis
FDM



Relic Density
FDM can be a thermal relic. 

However there is an even more natural way for obtaining the 
correct relic density. 

Leptogenesis will also generate asymmetries for the DM flavors.

leptogenesis
FDM

coupling 
transfers 

asymmetry



(Secretly) Asymmetric FDM

N
h-

l+

h+

l-

vs.

Leptogenesis creates asymmetries in e/µ/τ 

Agrawal, CK, Swaminathan, Trendafilova (2016)1



(Secretly) Asymmetric FDM

In each flavor, the asymmetry is transferred to DM 
during thermal equilibrium. Total DM-number never broken.

l-

l+

3

SM sector proceeds as usual.
After the symmetric component of DM annihilates

away (through mechanisms discussed below), the DM
relic abundance today is given by

⇢DM = m� s
0

�
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relates the value of m� to observed values of ⇢B and ⇢DM

(with ⇢B/⇢DM = 0.185 [36]), given any initial condition
�0

i . This is illustrated in figure 2. Note that ⇢B and ⇢DM

depend on di↵erent combinations of the initial conditions.
While for generic initial conditions we expect m� to be

a few GeV, both larger and smaller values are possible
in the following two limits: If the leptogenesis mecha-
nism generates almost equal �0

i then equation 3 sets the
�Y�i to be small, and therefore the DM mass needs to be
large to obtain the right ⇢DM . On the other hand, if the
leptogenesis mechanism generates large individual asym-
metries for the SM lepton flavors that almost cancel [37]
(e.g. �0

⌧ = ��0

µ � �0

e ⇠ �YB�L) then the denomina-
tor in equation 6 is large, and the DM mass needs to be
small.

Decays in the dark sector: If the mass splitting �mij ⌘
m�i �m�j is less than m`i +m`j , the decays �i ! �j+X
can only proceed through �-flavor mixing or through
strongly suppressed loop processes [38], and the lifetime
can be so long that all three � can be treated as stable
for practical purposes. For larger splittings however, the
decay �i ! �j`i ¯̀j proceeds at tree level, with

� ' �4(�mij)
5

480⇡3m4

�

. (7)

If decays become important before �-�̄ annihilations
freeze out, then they depopulate the heavier flavors and
the dark matter abundance is set by the usual symmet-
ric thermal freeze-out. Therefore, if the relic abundance
based on the initial asymmetry is to survive at late times,
then decays need to happen after annihilations freeze-
out, but before Big-Bang Nucleosynthesis (BBN) in or-
der to avoid early universe constraints. This is a core
requirement of our set up. It is straightforward to check
that this condition is satisfied at our parameter point.
The width of the heavier flavors for these parameters is
illustrated by the horizontal line in figure 1.

Annihilation of the symmetric DM component: If FDM
annihilations �i�̄j ! l�i l

+

j are still active below T ⇠ m�,
then they deplete the asymmetry in the dark sector.
Therefore, another core requirement for SADM is to en-
sure that the FDM interaction decouples while � is rel-
ativistic. This also implies that we need additional in-

teractions which can annihilate the symmetric compo-
nent of DM, without depleting the asymmetry. We con-
sider the setup, referred from here on as the Z 0-model,
where the U(1)� symmetry is gauged with a coupling
gD, and where the gauge boson Z 0

µ acquires a small mass
mZ0 < m�. The Z 0 couples to the �i in a flavor-diagonal
fashion and leads to e�cient �i-�̄i annihilations, such
that the symmetric component of DM annihilates away
for gD >⇠ g

WIMP

, where g
WIMP

is the coupling that leads
to the correct relic abundance for a thermal relic with
the same mass.
Since � carries a unit charge under U(1)� as well as

hypercharge, it leads to kinetic mixing [39, 40] between
these groups

L
mix. = � ✏

2
Bµ⌫Z 0

µ⌫ , (8)

where the loop of � generates ✏ ⇠ 10�3 – 10�4 for cou-
plings needed to annihilate the symmetric part. However,
other UV contributions to the kinetic mixing can lead to
a larger or smaller value of ✏. The Z 0 can decay to the
light SM fermions through the kinetic mixing.

Experimental Signatures of the Z 0
-model: If all flavors of

� are long-lived on cosmological timescales then there are
no annihilations happening today and therefore indirect
detection experiments are not sensitive to this case. If
on the other hand only the lightest flavor survives today,
then the DM distribution is symmetric. Since there is
only a lower limit on gD, one can obtain a stronger sig-
nal in indirect detection for a given m� compared to a
WIMP. In particular, the annihilations will take the form
�̄� ! Z 0Z 0 ! 4f , where f denotes SM fermions with
mf < mZ0/2. Depending on mZ0 , the leading constraint
from indirect detection may arise from positrons [41, 42],
photons [43] or CMB measurements of ionization [36].
These constraints were considered in ref. [44–46], and
they are shown in the right-hand plot of figure 3.
The Z 0-hypercharge mixing also gives rise to a signal

in direct detection experiments such as LUX [47, 48], Su-
perCDMS [49] and CRESST-II [50]. Since tree-level Z-
exchange is excluded by orders of magnitude, this trans-
lates to a strong constraint on the model parameters. In
the left-hand plot of figure 3 we show the bounds in the
m�-�0

plane for a specific choice of mZ0 = m�/2.
Finally, there are also bounds on the model from dark

photon searches, which can be quite stringent for a very
light Z 0 [52, 53]. However for mZ0 >⇠ 1 GeV, the bound
for ✏ is typically at the 10�3 level, and generic values in
our model are compatible with this constraint.
We see that direct detection, indirect detection and

dark photon searches provide a complementary set of
constraints for the parameter space of the Z 0 model.
Light DM with m� ' 5 GeV, which can be obtained
from generic initial conditions (see figure 2), is uncon-
strained by direct detection even for generic values of ✏,
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FIG. 1. Rates of the most important FDM processes and the
Hubble scale as a function of temperature for the parameter
point defined in the main text.

of simplicity we will defer the discussion of these e↵ects
to a more detailed study and we will restrict ourselves
to the flavor-universal case with �ij ⌘ �ij�. Note that
there is also a separate U(1)� symmetry under which all
three �i have the same charge and the mediator � has
the opposite charge.

As mentioned above, we assume that out-of-
equilibrium decays of the lightest right handed neutrino
N

1

generate a net B � L̃ asymmetry in the SM sector.
The comoving quantum numbers

�̃i =
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B/3� L̃i

⌘
/s ⌘ �i ��Y�i (2)

are conserved from the end of leptogenesis down to scales
where neutrino oscillations become important. Here s is
the entropy density, Y�i = n�i/s are the comoving num-
ber densities of dark matter, and �i = (B/3� Li) /s are
the conserved comoving quantum numbers in the absence
of the dark sector. Depending on which linear superposi-
tion of the e, µ and ⌧ flavors N

1

couples to, leptogenesis
generates nonzero values for these conserved quantities,
which we will take as the initial conditions for the SADM
mechanism.

Let us now follow the thermal history of the uni-
verse from the end of leptogenesis to lower temperatures.
For concreteness we will use a specific parameter point
(� = 0.05,m� = 500 GeV, m� = 106 GeV, �m = 0.4m�,
T
leptogenesis

> 1012 GeV), and in figure 1 we show for
this parameter point how the rates of the most impor-
tant processes in the model compare to the Hubble scale
as a function of temperature. With these values, the
FDM interaction of equation 1 goes into chemical equi-
librium after all N have decayed. This is not a necessary
condition for the SADM mechanism to work and merely
simplifies the discussion, as it lets us take initial condi-
tions from leptogenesis (values of �i, denoted henceforth
as �0

i ) in a modular fashion. If the FDM interaction is
already in equilibrium during leptogenesis one can solve
the Boltzmann equation to track the asymmetries in the
two sectors as a function of time.

FIG. 2. The values of m� needed to obtain the correct ⇢B and
⇢DM as the initial lepton asymmetries�0

i are varied subject to
the constraint of equation 4, assuming there is no symmetric
component to the relic. The values of ⇠i ⌘ �0

i /�YB�L for
any point can be read o↵ by drawing perpendiculars to the
three axes shown.

As the universe continues to cool down, the asym-
metry originally generated in the left-handed leptons is
transferred to the right-handed leptons (through the SM
Yukawas), the baryons (through sphalerons) and to the
�i (through the FDM interactions). With all these inter-
actions in equilibrium, the comoving asymmetries of all
species can be related to the conserved quantities during
this epoch (the �̃i) through equilibrium thermodynam-
ics, with the constraints that the total hypercharge and
the total U(1)� number of the universe stay zero. Since
individual � numbers are all zero until the FDM interac-

tion goes into equilibrium, the value of
⇣
�̃i

⌘
just after

equilibrium is equal to the value of (�i) � (�Y�i) just
before, namely �0

i .
At our parameter point, the next step in the thermal

evolution is the FDM interaction falling out of equilib-
rium as the temperature drops below m�. This decouples
the SM and FDM sector asymmetries. Now the comov-
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At the same time, the total B � L̃ comoving asymmetry
in the SM sector at early times can be related to the
baryon number density B

0

and entropy density s
0

today,

�YB�˜L =
X

i

�0

i ⇡ 79

28

B
0

s
0

, (4)

which imposes a constraint on the possible initial condi-
tions. From this point on, the thermal evolution of the
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SM sector proceeds as usual.
After the symmetric component of DM annihilates

away (through mechanisms discussed below), the DM
relic abundance today is given by

⇢DM = m� s
0

�
|�Y�e |+ |�Y�µ |+ |�Y�⌧ |

�
. (5)

Therefore, the ratio

⇢B
⇢DM

=
mp

m�

28/79
�
�0

e +�0

µ +�0

⌧

�

|�Y�e |+ |�Y�µ |+ |�Y�⌧ |
(6)

relates the value of m� to observed values of ⇢B and ⇢DM

(with ⇢B/⇢DM = 0.185 [36]), given any initial condition
�0

i . This is illustrated in figure 2. Note that ⇢B and ⇢DM

depend on di↵erent combinations of the initial conditions.
While for generic initial conditions we expect m� to be

a few GeV, both larger and smaller values are possible
in the following two limits: If the leptogenesis mecha-
nism generates almost equal �0

i then equation 3 sets the
�Y�i to be small, and therefore the DM mass needs to be
large to obtain the right ⇢DM . On the other hand, if the
leptogenesis mechanism generates large individual asym-
metries for the SM lepton flavors that almost cancel [37]
(e.g. �0

⌧ = ��0

µ � �0

e ⇠ �YB�L) then the denomina-
tor in equation 6 is large, and the DM mass needs to be
small.

Decays in the dark sector: If the mass splitting �mij ⌘
m�i �m�j is less than m`i +m`j , the decays �i ! �j+X
can only proceed through �-flavor mixing or through
strongly suppressed loop processes [38], and the lifetime
can be so long that all three � can be treated as stable
for practical purposes. For larger splittings however, the
decay �i ! �j`i ¯̀j proceeds at tree level, with

� ' �4(�mij)
5

480⇡3m4

�

. (7)

If decays become important before �-�̄ annihilations
freeze out, then they depopulate the heavier flavors and
the dark matter abundance is set by the usual symmet-
ric thermal freeze-out. Therefore, if the relic abundance
based on the initial asymmetry is to survive at late times,
then decays need to happen after annihilations freeze-
out, but before Big-Bang Nucleosynthesis (BBN) in or-
der to avoid early universe constraints. This is a core
requirement of our set up. It is straightforward to check
that this condition is satisfied at our parameter point.
The width of the heavier flavors for these parameters is
illustrated by the horizontal line in figure 1.

Annihilation of the symmetric DM component: If FDM
annihilations �i�̄j ! l�i l

+

j are still active below T ⇠ m�,
then they deplete the asymmetry in the dark sector.
Therefore, another core requirement for SADM is to en-
sure that the FDM interaction decouples while � is rel-
ativistic. This also implies that we need additional in-

teractions which can annihilate the symmetric compo-
nent of DM, without depleting the asymmetry. We con-
sider the setup, referred from here on as the Z 0-model,
where the U(1)� symmetry is gauged with a coupling
gD, and where the gauge boson Z 0

µ acquires a small mass
mZ0 < m�. The Z 0 couples to the �i in a flavor-diagonal
fashion and leads to e�cient �i-�̄i annihilations, such
that the symmetric component of DM annihilates away
for gD >⇠ g

WIMP

, where g
WIMP

is the coupling that leads
to the correct relic abundance for a thermal relic with
the same mass.
Since � carries a unit charge under U(1)� as well as

hypercharge, it leads to kinetic mixing [39, 40] between
these groups

L
mix. = � ✏

2
Bµ⌫Z 0

µ⌫ , (8)

where the loop of � generates ✏ ⇠ 10�3 – 10�4 for cou-
plings needed to annihilate the symmetric part. However,
other UV contributions to the kinetic mixing can lead to
a larger or smaller value of ✏. The Z 0 can decay to the
light SM fermions through the kinetic mixing.

Experimental Signatures of the Z 0
-model: If all flavors of

� are long-lived on cosmological timescales then there are
no annihilations happening today and therefore indirect
detection experiments are not sensitive to this case. If
on the other hand only the lightest flavor survives today,
then the DM distribution is symmetric. Since there is
only a lower limit on gD, one can obtain a stronger sig-
nal in indirect detection for a given m� compared to a
WIMP. In particular, the annihilations will take the form
�̄� ! Z 0Z 0 ! 4f , where f denotes SM fermions with
mf < mZ0/2. Depending on mZ0 , the leading constraint
from indirect detection may arise from positrons [41, 42],
photons [43] or CMB measurements of ionization [36].
These constraints were considered in ref. [44–46], and
they are shown in the right-hand plot of figure 3.
The Z 0-hypercharge mixing also gives rise to a signal

in direct detection experiments such as LUX [47, 48], Su-
perCDMS [49] and CRESST-II [50]. Since tree-level Z-
exchange is excluded by orders of magnitude, this trans-
lates to a strong constraint on the model parameters. In
the left-hand plot of figure 3 we show the bounds in the
m�-�0

plane for a specific choice of mZ0 = m�/2.
Finally, there are also bounds on the model from dark

photon searches, which can be quite stringent for a very
light Z 0 [52, 53]. However for mZ0 >⇠ 1 GeV, the bound
for ✏ is typically at the 10�3 level, and generic values in
our model are compatible with this constraint.
We see that direct detection, indirect detection and

dark photon searches provide a complementary set of
constraints for the parameter space of the Z 0 model.
Light DM with m� ' 5 GeV, which can be obtained
from generic initial conditions (see figure 2), is uncon-
strained by direct detection even for generic values of ✏,
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SM sector proceeds as usual.
After the symmetric component of DM annihilates

away (through mechanisms discussed below), the DM
relic abundance today is given by
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relates the value of m� to observed values of ⇢B and ⇢DM

(with ⇢B/⇢DM = 0.185 [36]), given any initial condition
�0

i . This is illustrated in figure 2. Note that ⇢B and ⇢DM

depend on di↵erent combinations of the initial conditions.
While for generic initial conditions we expect m� to be

a few GeV, both larger and smaller values are possible
in the following two limits: If the leptogenesis mecha-
nism generates almost equal �0

i then equation 3 sets the
�Y�i to be small, and therefore the DM mass needs to be
large to obtain the right ⇢DM . On the other hand, if the
leptogenesis mechanism generates large individual asym-
metries for the SM lepton flavors that almost cancel [37]
(e.g. �0

⌧ = ��0

µ � �0

e ⇠ �YB�L) then the denomina-
tor in equation 6 is large, and the DM mass needs to be
small.

Decays in the dark sector: If the mass splitting �mij ⌘
m�i �m�j is less than m`i +m`j , the decays �i ! �j+X
can only proceed through �-flavor mixing or through
strongly suppressed loop processes [38], and the lifetime
can be so long that all three � can be treated as stable
for practical purposes. For larger splittings however, the
decay �i ! �j`i ¯̀j proceeds at tree level, with

� ' �4(�mij)
5

480⇡3m4

�

. (7)

If decays become important before �-�̄ annihilations
freeze out, then they depopulate the heavier flavors and
the dark matter abundance is set by the usual symmet-
ric thermal freeze-out. Therefore, if the relic abundance
based on the initial asymmetry is to survive at late times,
then decays need to happen after annihilations freeze-
out, but before Big-Bang Nucleosynthesis (BBN) in or-
der to avoid early universe constraints. This is a core
requirement of our set up. It is straightforward to check
that this condition is satisfied at our parameter point.
The width of the heavier flavors for these parameters is
illustrated by the horizontal line in figure 1.

Annihilation of the symmetric DM component: If FDM
annihilations �i�̄j ! l�i l

+

j are still active below T ⇠ m�,
then they deplete the asymmetry in the dark sector.
Therefore, another core requirement for SADM is to en-
sure that the FDM interaction decouples while � is rel-
ativistic. This also implies that we need additional in-

teractions which can annihilate the symmetric compo-
nent of DM, without depleting the asymmetry. We con-
sider the setup, referred from here on as the Z 0-model,
where the U(1)� symmetry is gauged with a coupling
gD, and where the gauge boson Z 0

µ acquires a small mass
mZ0 < m�. The Z 0 couples to the �i in a flavor-diagonal
fashion and leads to e�cient �i-�̄i annihilations, such
that the symmetric component of DM annihilates away
for gD >⇠ g

WIMP

, where g
WIMP

is the coupling that leads
to the correct relic abundance for a thermal relic with
the same mass.
Since � carries a unit charge under U(1)� as well as

hypercharge, it leads to kinetic mixing [39, 40] between
these groups

L
mix. = � ✏

2
Bµ⌫Z 0

µ⌫ , (8)

where the loop of � generates ✏ ⇠ 10�3 – 10�4 for cou-
plings needed to annihilate the symmetric part. However,
other UV contributions to the kinetic mixing can lead to
a larger or smaller value of ✏. The Z 0 can decay to the
light SM fermions through the kinetic mixing.

Experimental Signatures of the Z 0
-model: If all flavors of

� are long-lived on cosmological timescales then there are
no annihilations happening today and therefore indirect
detection experiments are not sensitive to this case. If
on the other hand only the lightest flavor survives today,
then the DM distribution is symmetric. Since there is
only a lower limit on gD, one can obtain a stronger sig-
nal in indirect detection for a given m� compared to a
WIMP. In particular, the annihilations will take the form
�̄� ! Z 0Z 0 ! 4f , where f denotes SM fermions with
mf < mZ0/2. Depending on mZ0 , the leading constraint
from indirect detection may arise from positrons [41, 42],
photons [43] or CMB measurements of ionization [36].
These constraints were considered in ref. [44–46], and
they are shown in the right-hand plot of figure 3.
The Z 0-hypercharge mixing also gives rise to a signal

in direct detection experiments such as LUX [47, 48], Su-
perCDMS [49] and CRESST-II [50]. Since tree-level Z-
exchange is excluded by orders of magnitude, this trans-
lates to a strong constraint on the model parameters. In
the left-hand plot of figure 3 we show the bounds in the
m�-�0

plane for a specific choice of mZ0 = m�/2.
Finally, there are also bounds on the model from dark

photon searches, which can be quite stringent for a very
light Z 0 [52, 53]. However for mZ0 >⇠ 1 GeV, the bound
for ✏ is typically at the 10�3 level, and generic values in
our model are compatible with this constraint.
We see that direct detection, indirect detection and

dark photon searches provide a complementary set of
constraints for the parameter space of the Z 0 model.
Light DM with m� ' 5 GeV, which can be obtained
from generic initial conditions (see figure 2), is uncon-
strained by direct detection even for generic values of ✏,
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SM sector proceeds as usual.
After the symmetric component of DM annihilates

away (through mechanisms discussed below), the DM
relic abundance today is given by

⇢DM = m� s
0

�
|�Y�e |+ |�Y�µ |+ |�Y�⌧ |

�
. (5)

Therefore, the ratio
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(6)

relates the value of m� to observed values of ⇢B and ⇢DM

(with ⇢B/⇢DM = 0.185 [36]), given any initial condition
�0

i . This is illustrated in figure 2. Note that ⇢B and ⇢DM

depend on di↵erent combinations of the initial conditions.
While for generic initial conditions we expect m� to be

a few GeV, both larger and smaller values are possible
in the following two limits: If the leptogenesis mecha-
nism generates almost equal �0

i then equation 3 sets the
�Y�i to be small, and therefore the DM mass needs to be
large to obtain the right ⇢DM . On the other hand, if the
leptogenesis mechanism generates large individual asym-
metries for the SM lepton flavors that almost cancel [37]
(e.g. �0

⌧ = ��0

µ � �0

e ⇠ �YB�L) then the denomina-
tor in equation 6 is large, and the DM mass needs to be
small.

Decays in the dark sector: If the mass splitting �mij ⌘
m�i �m�j is less than m`i +m`j , the decays �i ! �j+X
can only proceed through �-flavor mixing or through
strongly suppressed loop processes [38], and the lifetime
can be so long that all three � can be treated as stable
for practical purposes. For larger splittings however, the
decay �i ! �j`i ¯̀j proceeds at tree level, with

� ' �4(�mij)
5

480⇡3m4

�

. (7)

If decays become important before �-�̄ annihilations
freeze out, then they depopulate the heavier flavors and
the dark matter abundance is set by the usual symmet-
ric thermal freeze-out. Therefore, if the relic abundance
based on the initial asymmetry is to survive at late times,
then decays need to happen after annihilations freeze-
out, but before Big-Bang Nucleosynthesis (BBN) in or-
der to avoid early universe constraints. This is a core
requirement of our set up. It is straightforward to check
that this condition is satisfied at our parameter point.
The width of the heavier flavors for these parameters is
illustrated by the horizontal line in figure 1.

Annihilation of the symmetric DM component: If FDM
annihilations �i�̄j ! l�i l

+

j are still active below T ⇠ m�,
then they deplete the asymmetry in the dark sector.
Therefore, another core requirement for SADM is to en-
sure that the FDM interaction decouples while � is rel-
ativistic. This also implies that we need additional in-

teractions which can annihilate the symmetric compo-
nent of DM, without depleting the asymmetry. We con-
sider the setup, referred from here on as the Z 0-model,
where the U(1)� symmetry is gauged with a coupling
gD, and where the gauge boson Z 0

µ acquires a small mass
mZ0 < m�. The Z 0 couples to the �i in a flavor-diagonal
fashion and leads to e�cient �i-�̄i annihilations, such
that the symmetric component of DM annihilates away
for gD >⇠ g

WIMP

, where g
WIMP

is the coupling that leads
to the correct relic abundance for a thermal relic with
the same mass.
Since � carries a unit charge under U(1)� as well as

hypercharge, it leads to kinetic mixing [39, 40] between
these groups

L
mix. = � ✏

2
Bµ⌫Z 0

µ⌫ , (8)

where the loop of � generates ✏ ⇠ 10�3 – 10�4 for cou-
plings needed to annihilate the symmetric part. However,
other UV contributions to the kinetic mixing can lead to
a larger or smaller value of ✏. The Z 0 can decay to the
light SM fermions through the kinetic mixing.

Experimental Signatures of the Z 0
-model: If all flavors of

� are long-lived on cosmological timescales then there are
no annihilations happening today and therefore indirect
detection experiments are not sensitive to this case. If
on the other hand only the lightest flavor survives today,
then the DM distribution is symmetric. Since there is
only a lower limit on gD, one can obtain a stronger sig-
nal in indirect detection for a given m� compared to a
WIMP. In particular, the annihilations will take the form
�̄� ! Z 0Z 0 ! 4f , where f denotes SM fermions with
mf < mZ0/2. Depending on mZ0 , the leading constraint
from indirect detection may arise from positrons [41, 42],
photons [43] or CMB measurements of ionization [36].
These constraints were considered in ref. [44–46], and
they are shown in the right-hand plot of figure 3.
The Z 0-hypercharge mixing also gives rise to a signal

in direct detection experiments such as LUX [47, 48], Su-
perCDMS [49] and CRESST-II [50]. Since tree-level Z-
exchange is excluded by orders of magnitude, this trans-
lates to a strong constraint on the model parameters. In
the left-hand plot of figure 3 we show the bounds in the
m�-�0

plane for a specific choice of mZ0 = m�/2.
Finally, there are also bounds on the model from dark

photon searches, which can be quite stringent for a very
light Z 0 [52, 53]. However for mZ0 >⇠ 1 GeV, the bound
for ✏ is typically at the 10�3 level, and generic values in
our model are compatible with this constraint.
We see that direct detection, indirect detection and

dark photon searches provide a complementary set of
constraints for the parameter space of the Z 0 model.
Light DM with m� ' 5 GeV, which can be obtained
from generic initial conditions (see figure 2), is uncon-
strained by direct detection even for generic values of ✏,
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SM sector proceeds as usual.
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�0

i . This is illustrated in figure 2. Note that ⇢B and ⇢DM
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While for generic initial conditions we expect m� to be

a few GeV, both larger and smaller values are possible
in the following two limits: If the leptogenesis mecha-
nism generates almost equal �0

i then equation 3 sets the
�Y�i to be small, and therefore the DM mass needs to be
large to obtain the right ⇢DM . On the other hand, if the
leptogenesis mechanism generates large individual asym-
metries for the SM lepton flavors that almost cancel [37]
(e.g. �0
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e ⇠ �YB�L) then the denomina-
tor in equation 6 is large, and the DM mass needs to be
small.
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m�i �m�j is less than m`i +m`j , the decays �i ! �j+X
can only proceed through �-flavor mixing or through
strongly suppressed loop processes [38], and the lifetime
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for practical purposes. For larger splittings however, the
decay �i ! �j`i ¯̀j proceeds at tree level, with
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If decays become important before �-�̄ annihilations
freeze out, then they depopulate the heavier flavors and
the dark matter abundance is set by the usual symmet-
ric thermal freeze-out. Therefore, if the relic abundance
based on the initial asymmetry is to survive at late times,
then decays need to happen after annihilations freeze-
out, but before Big-Bang Nucleosynthesis (BBN) in or-
der to avoid early universe constraints. This is a core
requirement of our set up. It is straightforward to check
that this condition is satisfied at our parameter point.
The width of the heavier flavors for these parameters is
illustrated by the horizontal line in figure 1.

Annihilation of the symmetric DM component: If FDM
annihilations �i�̄j ! l�i l

+

j are still active below T ⇠ m�,
then they deplete the asymmetry in the dark sector.
Therefore, another core requirement for SADM is to en-
sure that the FDM interaction decouples while � is rel-
ativistic. This also implies that we need additional in-

teractions which can annihilate the symmetric compo-
nent of DM, without depleting the asymmetry. We con-
sider the setup, referred from here on as the Z 0-model,
where the U(1)� symmetry is gauged with a coupling
gD, and where the gauge boson Z 0

µ acquires a small mass
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fashion and leads to e�cient �i-�̄i annihilations, such
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where the loop of � generates ✏ ⇠ 10�3 – 10�4 for cou-
plings needed to annihilate the symmetric part. However,
other UV contributions to the kinetic mixing can lead to
a larger or smaller value of ✏. The Z 0 can decay to the
light SM fermions through the kinetic mixing.
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no annihilations happening today and therefore indirect
detection experiments are not sensitive to this case. If
on the other hand only the lightest flavor survives today,
then the DM distribution is symmetric. Since there is
only a lower limit on gD, one can obtain a stronger sig-
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WIMP. In particular, the annihilations will take the form
�̄� ! Z 0Z 0 ! 4f , where f denotes SM fermions with
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from indirect detection may arise from positrons [41, 42],
photons [43] or CMB measurements of ionization [36].
These constraints were considered in ref. [44–46], and
they are shown in the right-hand plot of figure 3.
The Z 0-hypercharge mixing also gives rise to a signal

in direct detection experiments such as LUX [47, 48], Su-
perCDMS [49] and CRESST-II [50]. Since tree-level Z-
exchange is excluded by orders of magnitude, this trans-
lates to a strong constraint on the model parameters. In
the left-hand plot of figure 3 we show the bounds in the
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plane for a specific choice of mZ0 = m�/2.
Finally, there are also bounds on the model from dark

photon searches, which can be quite stringent for a very
light Z 0 [52, 53]. However for mZ0 >⇠ 1 GeV, the bound
for ✏ is typically at the 10�3 level, and generic values in
our model are compatible with this constraint.
We see that direct detection, indirect detection and

dark photon searches provide a complementary set of
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Light DM with m� ' 5 GeV, which can be obtained
from generic initial conditions (see figure 2), is uncon-
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relates the value of m� to observed values of ⇢B and ⇢DM

(with ⇢B/⇢DM = 0.185 [36]), given any initial condition
�0

i . This is illustrated in figure 2. Note that ⇢B and ⇢DM

depend on di↵erent combinations of the initial conditions.
While for generic initial conditions we expect m� to be

a few GeV, both larger and smaller values are possible
in the following two limits: If the leptogenesis mecha-
nism generates almost equal �0

i then equation 3 sets the
�Y�i to be small, and therefore the DM mass needs to be
large to obtain the right ⇢DM . On the other hand, if the
leptogenesis mechanism generates large individual asym-
metries for the SM lepton flavors that almost cancel [37]
(e.g. �0

⌧ = ��0

µ � �0

e ⇠ �YB�L) then the denomina-
tor in equation 6 is large, and the DM mass needs to be
small.

Decays in the dark sector: If the mass splitting �mij ⌘
m�i �m�j is less than m`i +m`j , the decays �i ! �j+X
can only proceed through �-flavor mixing or through
strongly suppressed loop processes [38], and the lifetime
can be so long that all three � can be treated as stable
for practical purposes. For larger splittings however, the
decay �i ! �j`i ¯̀j proceeds at tree level, with

� ' �4(�mij)
5

480⇡3m4
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. (7)

If decays become important before �-�̄ annihilations
freeze out, then they depopulate the heavier flavors and
the dark matter abundance is set by the usual symmet-
ric thermal freeze-out. Therefore, if the relic abundance
based on the initial asymmetry is to survive at late times,
then decays need to happen after annihilations freeze-
out, but before Big-Bang Nucleosynthesis (BBN) in or-
der to avoid early universe constraints. This is a core
requirement of our set up. It is straightforward to check
that this condition is satisfied at our parameter point.
The width of the heavier flavors for these parameters is
illustrated by the horizontal line in figure 1.

Annihilation of the symmetric DM component: If FDM
annihilations �i�̄j ! l�i l

+

j are still active below T ⇠ m�,
then they deplete the asymmetry in the dark sector.
Therefore, another core requirement for SADM is to en-
sure that the FDM interaction decouples while � is rel-
ativistic. This also implies that we need additional in-

teractions which can annihilate the symmetric compo-
nent of DM, without depleting the asymmetry. We con-
sider the setup, referred from here on as the Z 0-model,
where the U(1)� symmetry is gauged with a coupling
gD, and where the gauge boson Z 0

µ acquires a small mass
mZ0 < m�. The Z 0 couples to the �i in a flavor-diagonal
fashion and leads to e�cient �i-�̄i annihilations, such
that the symmetric component of DM annihilates away
for gD >⇠ g

WIMP

, where g
WIMP

is the coupling that leads
to the correct relic abundance for a thermal relic with
the same mass.
Since � carries a unit charge under U(1)� as well as

hypercharge, it leads to kinetic mixing [39, 40] between
these groups

L
mix. = � ✏

2
Bµ⌫Z 0

µ⌫ , (8)

where the loop of � generates ✏ ⇠ 10�3 – 10�4 for cou-
plings needed to annihilate the symmetric part. However,
other UV contributions to the kinetic mixing can lead to
a larger or smaller value of ✏. The Z 0 can decay to the
light SM fermions through the kinetic mixing.

Experimental Signatures of the Z 0
-model: If all flavors of

� are long-lived on cosmological timescales then there are
no annihilations happening today and therefore indirect
detection experiments are not sensitive to this case. If
on the other hand only the lightest flavor survives today,
then the DM distribution is symmetric. Since there is
only a lower limit on gD, one can obtain a stronger sig-
nal in indirect detection for a given m� compared to a
WIMP. In particular, the annihilations will take the form
�̄� ! Z 0Z 0 ! 4f , where f denotes SM fermions with
mf < mZ0/2. Depending on mZ0 , the leading constraint
from indirect detection may arise from positrons [41, 42],
photons [43] or CMB measurements of ionization [36].
These constraints were considered in ref. [44–46], and
they are shown in the right-hand plot of figure 3.
The Z 0-hypercharge mixing also gives rise to a signal

in direct detection experiments such as LUX [47, 48], Su-
perCDMS [49] and CRESST-II [50]. Since tree-level Z-
exchange is excluded by orders of magnitude, this trans-
lates to a strong constraint on the model parameters. In
the left-hand plot of figure 3 we show the bounds in the
m�-�0

plane for a specific choice of mZ0 = m�/2.
Finally, there are also bounds on the model from dark

photon searches, which can be quite stringent for a very
light Z 0 [52, 53]. However for mZ0 >⇠ 1 GeV, the bound
for ✏ is typically at the 10�3 level, and generic values in
our model are compatible with this constraint.
We see that direct detection, indirect detection and

dark photon searches provide a complementary set of
constraints for the parameter space of the Z 0 model.
Light DM with m� ' 5 GeV, which can be obtained
from generic initial conditions (see figure 2), is uncon-
strained by direct detection even for generic values of ✏,
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a few GeV, both larger and smaller values are possible
in the following two limits: If the leptogenesis mecha-
nism generates almost equal �0

i then equation 3 sets the
�Y�i to be small, and therefore the DM mass needs to be
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tor in equation 6 is large, and the DM mass needs to be
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can only proceed through �-flavor mixing or through
strongly suppressed loop processes [38], and the lifetime
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decay �i ! �j`i ¯̀j proceeds at tree level, with
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If decays become important before �-�̄ annihilations
freeze out, then they depopulate the heavier flavors and
the dark matter abundance is set by the usual symmet-
ric thermal freeze-out. Therefore, if the relic abundance
based on the initial asymmetry is to survive at late times,
then decays need to happen after annihilations freeze-
out, but before Big-Bang Nucleosynthesis (BBN) in or-
der to avoid early universe constraints. This is a core
requirement of our set up. It is straightforward to check
that this condition is satisfied at our parameter point.
The width of the heavier flavors for these parameters is
illustrated by the horizontal line in figure 1.

Annihilation of the symmetric DM component: If FDM
annihilations �i�̄j ! l�i l

+

j are still active below T ⇠ m�,
then they deplete the asymmetry in the dark sector.
Therefore, another core requirement for SADM is to en-
sure that the FDM interaction decouples while � is rel-
ativistic. This also implies that we need additional in-

teractions which can annihilate the symmetric compo-
nent of DM, without depleting the asymmetry. We con-
sider the setup, referred from here on as the Z 0-model,
where the U(1)� symmetry is gauged with a coupling
gD, and where the gauge boson Z 0

µ acquires a small mass
mZ0 < m�. The Z 0 couples to the �i in a flavor-diagonal
fashion and leads to e�cient �i-�̄i annihilations, such
that the symmetric component of DM annihilates away
for gD >⇠ g
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, where g
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is the coupling that leads
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Since � carries a unit charge under U(1)� as well as
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these groups
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where the loop of � generates ✏ ⇠ 10�3 – 10�4 for cou-
plings needed to annihilate the symmetric part. However,
other UV contributions to the kinetic mixing can lead to
a larger or smaller value of ✏. The Z 0 can decay to the
light SM fermions through the kinetic mixing.

Experimental Signatures of the Z 0
-model: If all flavors of

� are long-lived on cosmological timescales then there are
no annihilations happening today and therefore indirect
detection experiments are not sensitive to this case. If
on the other hand only the lightest flavor survives today,
then the DM distribution is symmetric. Since there is
only a lower limit on gD, one can obtain a stronger sig-
nal in indirect detection for a given m� compared to a
WIMP. In particular, the annihilations will take the form
�̄� ! Z 0Z 0 ! 4f , where f denotes SM fermions with
mf < mZ0/2. Depending on mZ0 , the leading constraint
from indirect detection may arise from positrons [41, 42],
photons [43] or CMB measurements of ionization [36].
These constraints were considered in ref. [44–46], and
they are shown in the right-hand plot of figure 3.
The Z 0-hypercharge mixing also gives rise to a signal

in direct detection experiments such as LUX [47, 48], Su-
perCDMS [49] and CRESST-II [50]. Since tree-level Z-
exchange is excluded by orders of magnitude, this trans-
lates to a strong constraint on the model parameters. In
the left-hand plot of figure 3 we show the bounds in the
m�-�0

plane for a specific choice of mZ0 = m�/2.
Finally, there are also bounds on the model from dark

photon searches, which can be quite stringent for a very
light Z 0 [52, 53]. However for mZ0 >⇠ 1 GeV, the bound
for ✏ is typically at the 10�3 level, and generic values in
our model are compatible with this constraint.
We see that direct detection, indirect detection and

dark photon searches provide a complementary set of
constraints for the parameter space of the Z 0 model.
Light DM with m� ' 5 GeV, which can be obtained
from generic initial conditions (see figure 2), is uncon-
strained by direct detection even for generic values of ✏,
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(with ⇢B/⇢DM = 0.185 [36]), given any initial condition
�0

i . This is illustrated in figure 2. Note that ⇢B and ⇢DM

depend on di↵erent combinations of the initial conditions.
While for generic initial conditions we expect m� to be

a few GeV, both larger and smaller values are possible
in the following two limits: If the leptogenesis mecha-
nism generates almost equal �0

i then equation 3 sets the
�Y�i to be small, and therefore the DM mass needs to be
large to obtain the right ⇢DM . On the other hand, if the
leptogenesis mechanism generates large individual asym-
metries for the SM lepton flavors that almost cancel [37]
(e.g. �0

⌧ = ��0

µ � �0

e ⇠ �YB�L) then the denomina-
tor in equation 6 is large, and the DM mass needs to be
small.

Decays in the dark sector: If the mass splitting �mij ⌘
m�i �m�j is less than m`i +m`j , the decays �i ! �j+X
can only proceed through �-flavor mixing or through
strongly suppressed loop processes [38], and the lifetime
can be so long that all three � can be treated as stable
for practical purposes. For larger splittings however, the
decay �i ! �j`i ¯̀j proceeds at tree level, with

� ' �4(�mij)
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If decays become important before �-�̄ annihilations
freeze out, then they depopulate the heavier flavors and
the dark matter abundance is set by the usual symmet-
ric thermal freeze-out. Therefore, if the relic abundance
based on the initial asymmetry is to survive at late times,
then decays need to happen after annihilations freeze-
out, but before Big-Bang Nucleosynthesis (BBN) in or-
der to avoid early universe constraints. This is a core
requirement of our set up. It is straightforward to check
that this condition is satisfied at our parameter point.
The width of the heavier flavors for these parameters is
illustrated by the horizontal line in figure 1.

Annihilation of the symmetric DM component: If FDM
annihilations �i�̄j ! l�i l

+

j are still active below T ⇠ m�,
then they deplete the asymmetry in the dark sector.
Therefore, another core requirement for SADM is to en-
sure that the FDM interaction decouples while � is rel-
ativistic. This also implies that we need additional in-

teractions which can annihilate the symmetric compo-
nent of DM, without depleting the asymmetry. We con-
sider the setup, referred from here on as the Z 0-model,
where the U(1)� symmetry is gauged with a coupling
gD, and where the gauge boson Z 0

µ acquires a small mass
mZ0 < m�. The Z 0 couples to the �i in a flavor-diagonal
fashion and leads to e�cient �i-�̄i annihilations, such
that the symmetric component of DM annihilates away
for gD >⇠ g

WIMP

, where g
WIMP

is the coupling that leads
to the correct relic abundance for a thermal relic with
the same mass.
Since � carries a unit charge under U(1)� as well as

hypercharge, it leads to kinetic mixing [39, 40] between
these groups

L
mix. = � ✏

2
Bµ⌫Z 0

µ⌫ , (8)

where the loop of � generates ✏ ⇠ 10�3 – 10�4 for cou-
plings needed to annihilate the symmetric part. However,
other UV contributions to the kinetic mixing can lead to
a larger or smaller value of ✏. The Z 0 can decay to the
light SM fermions through the kinetic mixing.

Experimental Signatures of the Z 0
-model: If all flavors of

� are long-lived on cosmological timescales then there are
no annihilations happening today and therefore indirect
detection experiments are not sensitive to this case. If
on the other hand only the lightest flavor survives today,
then the DM distribution is symmetric. Since there is
only a lower limit on gD, one can obtain a stronger sig-
nal in indirect detection for a given m� compared to a
WIMP. In particular, the annihilations will take the form
�̄� ! Z 0Z 0 ! 4f , where f denotes SM fermions with
mf < mZ0/2. Depending on mZ0 , the leading constraint
from indirect detection may arise from positrons [41, 42],
photons [43] or CMB measurements of ionization [36].
These constraints were considered in ref. [44–46], and
they are shown in the right-hand plot of figure 3.
The Z 0-hypercharge mixing also gives rise to a signal

in direct detection experiments such as LUX [47, 48], Su-
perCDMS [49] and CRESST-II [50]. Since tree-level Z-
exchange is excluded by orders of magnitude, this trans-
lates to a strong constraint on the model parameters. In
the left-hand plot of figure 3 we show the bounds in the
m�-�0

plane for a specific choice of mZ0 = m�/2.
Finally, there are also bounds on the model from dark

photon searches, which can be quite stringent for a very
light Z 0 [52, 53]. However for mZ0 >⇠ 1 GeV, the bound
for ✏ is typically at the 10�3 level, and generic values in
our model are compatible with this constraint.
We see that direct detection, indirect detection and

dark photon searches provide a complementary set of
constraints for the parameter space of the Z 0 model.
Light DM with m� ' 5 GeV, which can be obtained
from generic initial conditions (see figure 2), is uncon-
strained by direct detection even for generic values of ✏,
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a few GeV, both larger and smaller values are possible
in the following two limits: If the leptogenesis mecha-
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i then equation 3 sets the
�Y�i to be small, and therefore the DM mass needs to be
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tor in equation 6 is large, and the DM mass needs to be
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m�i �m�j is less than m`i +m`j , the decays �i ! �j+X
can only proceed through �-flavor mixing or through
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decay �i ! �j`i ¯̀j proceeds at tree level, with
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If decays become important before �-�̄ annihilations
freeze out, then they depopulate the heavier flavors and
the dark matter abundance is set by the usual symmet-
ric thermal freeze-out. Therefore, if the relic abundance
based on the initial asymmetry is to survive at late times,
then decays need to happen after annihilations freeze-
out, but before Big-Bang Nucleosynthesis (BBN) in or-
der to avoid early universe constraints. This is a core
requirement of our set up. It is straightforward to check
that this condition is satisfied at our parameter point.
The width of the heavier flavors for these parameters is
illustrated by the horizontal line in figure 1.

Annihilation of the symmetric DM component: If FDM
annihilations �i�̄j ! l�i l

+

j are still active below T ⇠ m�,
then they deplete the asymmetry in the dark sector.
Therefore, another core requirement for SADM is to en-
sure that the FDM interaction decouples while � is rel-
ativistic. This also implies that we need additional in-

teractions which can annihilate the symmetric compo-
nent of DM, without depleting the asymmetry. We con-
sider the setup, referred from here on as the Z 0-model,
where the U(1)� symmetry is gauged with a coupling
gD, and where the gauge boson Z 0

µ acquires a small mass
mZ0 < m�. The Z 0 couples to the �i in a flavor-diagonal
fashion and leads to e�cient �i-�̄i annihilations, such
that the symmetric component of DM annihilates away
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where the loop of � generates ✏ ⇠ 10�3 – 10�4 for cou-
plings needed to annihilate the symmetric part. However,
other UV contributions to the kinetic mixing can lead to
a larger or smaller value of ✏. The Z 0 can decay to the
light SM fermions through the kinetic mixing.

Experimental Signatures of the Z 0
-model: If all flavors of

� are long-lived on cosmological timescales then there are
no annihilations happening today and therefore indirect
detection experiments are not sensitive to this case. If
on the other hand only the lightest flavor survives today,
then the DM distribution is symmetric. Since there is
only a lower limit on gD, one can obtain a stronger sig-
nal in indirect detection for a given m� compared to a
WIMP. In particular, the annihilations will take the form
�̄� ! Z 0Z 0 ! 4f , where f denotes SM fermions with
mf < mZ0/2. Depending on mZ0 , the leading constraint
from indirect detection may arise from positrons [41, 42],
photons [43] or CMB measurements of ionization [36].
These constraints were considered in ref. [44–46], and
they are shown in the right-hand plot of figure 3.
The Z 0-hypercharge mixing also gives rise to a signal

in direct detection experiments such as LUX [47, 48], Su-
perCDMS [49] and CRESST-II [50]. Since tree-level Z-
exchange is excluded by orders of magnitude, this trans-
lates to a strong constraint on the model parameters. In
the left-hand plot of figure 3 we show the bounds in the
m�-�0

plane for a specific choice of mZ0 = m�/2.
Finally, there are also bounds on the model from dark

photon searches, which can be quite stringent for a very
light Z 0 [52, 53]. However for mZ0 >⇠ 1 GeV, the bound
for ✏ is typically at the 10�3 level, and generic values in
our model are compatible with this constraint.
We see that direct detection, indirect detection and

dark photon searches provide a complementary set of
constraints for the parameter space of the Z 0 model.
Light DM with m� ' 5 GeV, which can be obtained
from generic initial conditions (see figure 2), is uncon-
strained by direct detection even for generic values of ✏,
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If decays become important before �-�̄ annihilations
freeze out, then they depopulate the heavier flavors and
the dark matter abundance is set by the usual symmet-
ric thermal freeze-out. Therefore, if the relic abundance
based on the initial asymmetry is to survive at late times,
then decays need to happen after annihilations freeze-
out, but before Big-Bang Nucleosynthesis (BBN) in or-
der to avoid early universe constraints. This is a core
requirement of our set up. It is straightforward to check
that this condition is satisfied at our parameter point.
The width of the heavier flavors for these parameters is
illustrated by the horizontal line in figure 1.

Annihilation of the symmetric DM component: If FDM
annihilations �i�̄j ! l�i l

+

j are still active below T ⇠ m�,
then they deplete the asymmetry in the dark sector.
Therefore, another core requirement for SADM is to en-
sure that the FDM interaction decouples while � is rel-
ativistic. This also implies that we need additional in-

teractions which can annihilate the symmetric compo-
nent of DM, without depleting the asymmetry. We con-
sider the setup, referred from here on as the Z 0-model,
where the U(1)� symmetry is gauged with a coupling
gD, and where the gauge boson Z 0

µ acquires a small mass
mZ0 < m�. The Z 0 couples to the �i in a flavor-diagonal
fashion and leads to e�cient �i-�̄i annihilations, such
that the symmetric component of DM annihilates away
for gD >⇠ g

WIMP

, where g
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is the coupling that leads
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where the loop of � generates ✏ ⇠ 10�3 – 10�4 for cou-
plings needed to annihilate the symmetric part. However,
other UV contributions to the kinetic mixing can lead to
a larger or smaller value of ✏. The Z 0 can decay to the
light SM fermions through the kinetic mixing.

Experimental Signatures of the Z 0
-model: If all flavors of

� are long-lived on cosmological timescales then there are
no annihilations happening today and therefore indirect
detection experiments are not sensitive to this case. If
on the other hand only the lightest flavor survives today,
then the DM distribution is symmetric. Since there is
only a lower limit on gD, one can obtain a stronger sig-
nal in indirect detection for a given m� compared to a
WIMP. In particular, the annihilations will take the form
�̄� ! Z 0Z 0 ! 4f , where f denotes SM fermions with
mf < mZ0/2. Depending on mZ0 , the leading constraint
from indirect detection may arise from positrons [41, 42],
photons [43] or CMB measurements of ionization [36].
These constraints were considered in ref. [44–46], and
they are shown in the right-hand plot of figure 3.
The Z 0-hypercharge mixing also gives rise to a signal

in direct detection experiments such as LUX [47, 48], Su-
perCDMS [49] and CRESST-II [50]. Since tree-level Z-
exchange is excluded by orders of magnitude, this trans-
lates to a strong constraint on the model parameters. In
the left-hand plot of figure 3 we show the bounds in the
m�-�0

plane for a specific choice of mZ0 = m�/2.
Finally, there are also bounds on the model from dark

photon searches, which can be quite stringent for a very
light Z 0 [52, 53]. However for mZ0 >⇠ 1 GeV, the bound
for ✏ is typically at the 10�3 level, and generic values in
our model are compatible with this constraint.
We see that direct detection, indirect detection and

dark photon searches provide a complementary set of
constraints for the parameter space of the Z 0 model.
Light DM with m� ' 5 GeV, which can be obtained
from generic initial conditions (see figure 2), is uncon-
strained by direct detection even for generic values of ✏,

In the end, the universe contains equal amounts of DM particles 
and antiparticles. 

However, the relic density is not set by the thermal relic 
mechanism. 

Based on the DM annihilation mechanism, this scenario may be 
distinguished from vanilla DM in indirect detection.

Agrawal, CK, Swaminathan, Trendafilova (2016)
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FIG. 1. Rates of the most important FDM processes and the
Hubble scale as a function of temperature for the parameter
point defined in the main text.

of simplicity we will defer the discussion of these e↵ects
to a more detailed study and we will restrict ourselves
to the flavor-universal case with �ij ⌘ �ij�. Note that
there is also a separate U(1)� symmetry under which all
three �i have the same charge and the mediator � has
the opposite charge.

As mentioned above, we assume that out-of-
equilibrium decays of the lightest right handed neutrino
N

1

generate a net B � L̃ asymmetry in the SM sector.
The comoving quantum numbers

�̃i =
⇣
B/3� L̃i

⌘
/s ⌘ �i ��Y�i (2)

are conserved from the end of leptogenesis down to scales
where neutrino oscillations become important. Here s is
the entropy density, Y�i = n�i/s are the comoving num-
ber densities of dark matter, and �i = (B/3� Li) /s are
the conserved comoving quantum numbers in the absence
of the dark sector. Depending on which linear superposi-
tion of the e, µ and ⌧ flavors N

1

couples to, leptogenesis
generates nonzero values for these conserved quantities,
which we will take as the initial conditions for the SADM
mechanism.

Let us now follow the thermal history of the uni-
verse from the end of leptogenesis to lower temperatures.
For concreteness we will use a specific parameter point
(� = 0.05,m� = 500 GeV, m� = 106 GeV, �m = 0.4m�,
T
leptogenesis

> 1012 GeV), and in figure 1 we show for
this parameter point how the rates of the most impor-
tant processes in the model compare to the Hubble scale
as a function of temperature. With these values, the
FDM interaction of equation 1 goes into chemical equi-
librium after all N have decayed. This is not a necessary
condition for the SADM mechanism to work and merely
simplifies the discussion, as it lets us take initial condi-
tions from leptogenesis (values of �i, denoted henceforth
as �0

i ) in a modular fashion. If the FDM interaction is
already in equilibrium during leptogenesis one can solve
the Boltzmann equation to track the asymmetries in the
two sectors as a function of time.

FIG. 2. The values of m� needed to obtain the correct ⇢B and
⇢DM as the initial lepton asymmetries�0

i are varied subject to
the constraint of equation 4, assuming there is no symmetric
component to the relic. The values of ⇠i ⌘ �0

i /�YB�L for
any point can be read o↵ by drawing perpendiculars to the
three axes shown.

As the universe continues to cool down, the asym-
metry originally generated in the left-handed leptons is
transferred to the right-handed leptons (through the SM
Yukawas), the baryons (through sphalerons) and to the
�i (through the FDM interactions). With all these inter-
actions in equilibrium, the comoving asymmetries of all
species can be related to the conserved quantities during
this epoch (the �̃i) through equilibrium thermodynam-
ics, with the constraints that the total hypercharge and
the total U(1)� number of the universe stay zero. Since
individual � numbers are all zero until the FDM interac-

tion goes into equilibrium, the value of
⇣
�̃i

⌘
just after

equilibrium is equal to the value of (�i) � (�Y�i) just
before, namely �0

i .
At our parameter point, the next step in the thermal

evolution is the FDM interaction falling out of equilib-
rium as the temperature drops below m�. This decouples
the SM and FDM sector asymmetries. Now the comov-
ing asymmetries �Y�i are all separately conserved, and
their values are given in terms of the initial conditions as
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tions. From this point on, the thermal evolution of the
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FIG. 1. Rates of the most important FDM processes and the
Hubble scale as a function of temperature for the parameter
point defined in the main text.

of simplicity we will defer the discussion of these e↵ects
to a more detailed study and we will restrict ourselves
to the flavor-universal case with �ij ⌘ �ij�. Note that
there is also a separate U(1)� symmetry under which all
three �i have the same charge and the mediator � has
the opposite charge.
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where neutrino oscillations become important. Here s is
the entropy density, Y�i = n�i/s are the comoving num-
ber densities of dark matter, and �i = (B/3� Li) /s are
the conserved comoving quantum numbers in the absence
of the dark sector. Depending on which linear superposi-
tion of the e, µ and ⌧ flavors N

1

couples to, leptogenesis
generates nonzero values for these conserved quantities,
which we will take as the initial conditions for the SADM
mechanism.

Let us now follow the thermal history of the uni-
verse from the end of leptogenesis to lower temperatures.
For concreteness we will use a specific parameter point
(� = 0.05,m� = 500 GeV, m� = 106 GeV, �m = 0.4m�,
T
leptogenesis

> 1012 GeV), and in figure 1 we show for
this parameter point how the rates of the most impor-
tant processes in the model compare to the Hubble scale
as a function of temperature. With these values, the
FDM interaction of equation 1 goes into chemical equi-
librium after all N have decayed. This is not a necessary
condition for the SADM mechanism to work and merely
simplifies the discussion, as it lets us take initial condi-
tions from leptogenesis (values of �i, denoted henceforth
as �0

i ) in a modular fashion. If the FDM interaction is
already in equilibrium during leptogenesis one can solve
the Boltzmann equation to track the asymmetries in the
two sectors as a function of time.
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As the universe continues to cool down, the asym-
metry originally generated in the left-handed leptons is
transferred to the right-handed leptons (through the SM
Yukawas), the baryons (through sphalerons) and to the
�i (through the FDM interactions). With all these inter-
actions in equilibrium, the comoving asymmetries of all
species can be related to the conserved quantities during
this epoch (the �̃i) through equilibrium thermodynam-
ics, with the constraints that the total hypercharge and
the total U(1)� number of the universe stay zero. Since
individual � numbers are all zero until the FDM interac-

tion goes into equilibrium, the value of
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just after

equilibrium is equal to the value of (�i) � (�Y�i) just
before, namely �0
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At our parameter point, the next step in the thermal

evolution is the FDM interaction falling out of equilib-
rium as the temperature drops below m�. This decouples
the SM and FDM sector asymmetries. Now the comov-
ing asymmetries �Y�i are all separately conserved, and
their values are given in terms of the initial conditions as
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At the same time, the total B � L̃ comoving asymmetry
in the SM sector at early times can be related to the
baryon number density B
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which imposes a constraint on the possible initial condi-
tions. From this point on, the thermal evolution of the

3

SM sector proceeds as usual.
After the symmetric component of DM annihilates

away (through mechanisms discussed below), the DM
relic abundance today is given by

⇢DM = m� s
0

�
|�Y�e |+ |�Y�µ |+ |�Y�⌧ |

�
. (5)

Therefore, the ratio

⇢B
⇢DM

=
mp

m�

28/79
�
�0

e +�0

µ +�0

⌧

�

|�Y�e |+ |�Y�µ |+ |�Y�⌧ |
(6)

relates the value of m� to observed values of ⇢B and ⇢DM

(with ⇢B/⇢DM = 0.185 [36]), given any initial condition
�0

i . This is illustrated in figure 2. Note that ⇢B and ⇢DM

depend on di↵erent combinations of the initial conditions.
While for generic initial conditions we expect m� to be

a few GeV, both larger and smaller values are possible
in the following two limits: If the leptogenesis mecha-
nism generates almost equal �0

i then equation 3 sets the
�Y�i to be small, and therefore the DM mass needs to be
large to obtain the right ⇢DM . On the other hand, if the
leptogenesis mechanism generates large individual asym-
metries for the SM lepton flavors that almost cancel [37]
(e.g. �0

⌧ = ��0

µ � �0

e ⇠ �YB�L) then the denomina-
tor in equation 6 is large, and the DM mass needs to be
small.

Decays in the dark sector: If the mass splitting �mij ⌘
m�i �m�j is less than m`i +m`j , the decays �i ! �j+X
can only proceed through �-flavor mixing or through
strongly suppressed loop processes [38], and the lifetime
can be so long that all three � can be treated as stable
for practical purposes. For larger splittings however, the
decay �i ! �j`i ¯̀j proceeds at tree level, with

� ' �4(�mij)
5

480⇡3m4

�

. (7)

If decays become important before �-�̄ annihilations
freeze out, then they depopulate the heavier flavors and
the dark matter abundance is set by the usual symmet-
ric thermal freeze-out. Therefore, if the relic abundance
based on the initial asymmetry is to survive at late times,
then decays need to happen after annihilations freeze-
out, but before Big-Bang Nucleosynthesis (BBN) in or-
der to avoid early universe constraints. This is a core
requirement of our set up. It is straightforward to check
that this condition is satisfied at our parameter point.
The width of the heavier flavors for these parameters is
illustrated by the horizontal line in figure 1.

Annihilation of the symmetric DM component: If FDM
annihilations �i�̄j ! l�i l

+

j are still active below T ⇠ m�,
then they deplete the asymmetry in the dark sector.
Therefore, another core requirement for SADM is to en-
sure that the FDM interaction decouples while � is rel-
ativistic. This also implies that we need additional in-

teractions which can annihilate the symmetric compo-
nent of DM, without depleting the asymmetry. We con-
sider the setup, referred from here on as the Z 0-model,
where the U(1)� symmetry is gauged with a coupling
gD, and where the gauge boson Z 0

µ acquires a small mass
mZ0 < m�. The Z 0 couples to the �i in a flavor-diagonal
fashion and leads to e�cient �i-�̄i annihilations, such
that the symmetric component of DM annihilates away
for gD >⇠ g

WIMP

, where g
WIMP

is the coupling that leads
to the correct relic abundance for a thermal relic with
the same mass.
Since � carries a unit charge under U(1)� as well as

hypercharge, it leads to kinetic mixing [39, 40] between
these groups

L
mix. = � ✏

2
Bµ⌫Z 0

µ⌫ , (8)

where the loop of � generates ✏ ⇠ 10�3 – 10�4 for cou-
plings needed to annihilate the symmetric part. However,
other UV contributions to the kinetic mixing can lead to
a larger or smaller value of ✏. The Z 0 can decay to the
light SM fermions through the kinetic mixing.

Experimental Signatures of the Z 0
-model: If all flavors of

� are long-lived on cosmological timescales then there are
no annihilations happening today and therefore indirect
detection experiments are not sensitive to this case. If
on the other hand only the lightest flavor survives today,
then the DM distribution is symmetric. Since there is
only a lower limit on gD, one can obtain a stronger sig-
nal in indirect detection for a given m� compared to a
WIMP. In particular, the annihilations will take the form
�̄� ! Z 0Z 0 ! 4f , where f denotes SM fermions with
mf < mZ0/2. Depending on mZ0 , the leading constraint
from indirect detection may arise from positrons [41, 42],
photons [43] or CMB measurements of ionization [36].
These constraints were considered in ref. [44–46], and
they are shown in the right-hand plot of figure 3.
The Z 0-hypercharge mixing also gives rise to a signal

in direct detection experiments such as LUX [47, 48], Su-
perCDMS [49] and CRESST-II [50]. Since tree-level Z-
exchange is excluded by orders of magnitude, this trans-
lates to a strong constraint on the model parameters. In
the left-hand plot of figure 3 we show the bounds in the
m�-�0

plane for a specific choice of mZ0 = m�/2.
Finally, there are also bounds on the model from dark

photon searches, which can be quite stringent for a very
light Z 0 [52, 53]. However for mZ0 >⇠ 1 GeV, the bound
for ✏ is typically at the 10�3 level, and generic values in
our model are compatible with this constraint.
We see that direct detection, indirect detection and

dark photon searches provide a complementary set of
constraints for the parameter space of the Z 0 model.
Light DM with m� ' 5 GeV, which can be obtained
from generic initial conditions (see figure 2), is uncon-
strained by direct detection even for generic values of ✏,
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to a more detailed study and we will restrict ourselves
to the flavor-universal case with �ij ⌘ �ij�. Note that
there is also a separate U(1)� symmetry under which all
three �i have the same charge and the mediator � has
the opposite charge.
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the conserved comoving quantum numbers in the absence
of the dark sector. Depending on which linear superposi-
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couples to, leptogenesis
generates nonzero values for these conserved quantities,
which we will take as the initial conditions for the SADM
mechanism.

Let us now follow the thermal history of the uni-
verse from the end of leptogenesis to lower temperatures.
For concreteness we will use a specific parameter point
(� = 0.05,m� = 500 GeV, m� = 106 GeV, �m = 0.4m�,
T
leptogenesis

> 1012 GeV), and in figure 1 we show for
this parameter point how the rates of the most impor-
tant processes in the model compare to the Hubble scale
as a function of temperature. With these values, the
FDM interaction of equation 1 goes into chemical equi-
librium after all N have decayed. This is not a necessary
condition for the SADM mechanism to work and merely
simplifies the discussion, as it lets us take initial condi-
tions from leptogenesis (values of �i, denoted henceforth
as �0

i ) in a modular fashion. If the FDM interaction is
already in equilibrium during leptogenesis one can solve
the Boltzmann equation to track the asymmetries in the
two sectors as a function of time.
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the constraint of equation 4, assuming there is no symmetric
component to the relic. The values of ⇠i ⌘ �0

i /�YB�L for
any point can be read o↵ by drawing perpendiculars to the
three axes shown.

As the universe continues to cool down, the asym-
metry originally generated in the left-handed leptons is
transferred to the right-handed leptons (through the SM
Yukawas), the baryons (through sphalerons) and to the
�i (through the FDM interactions). With all these inter-
actions in equilibrium, the comoving asymmetries of all
species can be related to the conserved quantities during
this epoch (the �̃i) through equilibrium thermodynam-
ics, with the constraints that the total hypercharge and
the total U(1)� number of the universe stay zero. Since
individual � numbers are all zero until the FDM interac-

tion goes into equilibrium, the value of
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⌘
just after
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before, namely �0

i .
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At the same time, the total B � L̃ comoving asymmetry
in the SM sector at early times can be related to the
baryon number density B

0

and entropy density s
0

today,

�YB�˜L =
X

i

�0

i ⇡ 79

28

B
0

s
0

, (4)

which imposes a constraint on the possible initial condi-
tions. From this point on, the thermal evolution of the
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FIG. 3. Constraints on the Z0-model. Left: Direct detection constraints from LUX [47, 48], SuperCDMS [49] and CRESST-
II [50] for representative values of ✏ and gD = gWIMP. Right: Indirect detection constraints from Planck [36], Fermi [43] and
AMS [41, 42]. For reference we also show the annihilation cross section [51] which gives the correct relic abundance in our
model with no asymmetry. mZ0 is taken to be m�/2 for both plots.

and can be within reach of future experiments probing
light dark matter. The low m� region is in tension with
indirect detection bounds, but the constraints may be
evaded in a modified version of the model, for example
if the main annihilation channel is into neutrinos. Heav-
ier m� >⇠ O(100 GeV) are unconstrained by either set of
bounds.

Alternative model for annihilating the symmetric part:

In order to stress the model dependence of some of the
bounds considered above, we describe a variation of the
model where DM annihilates via a scalar instead of a
Z 0. In particular, consider a light real scalar S with the
interactions

LS = ijS�i�
c
j � V (S) . (9)

Consistent with the U(1)3
˜L
global symmetry we will take

ij ⌘ �ij. S develops a coupling to the right-handed SM
leptons at one loop through the FDM interaction, and
can therefore e�ciently annihilate the symmetric part of
the DM distribution. S does not mix with the Higgs bo-
son until at least the two-loop order, and even this mix-
ing is suppressed by lepton Yukawa couplings. Therefore,
unlike the Z 0, tree-level S exchange only gives a negligi-
ble signal in direct detection experiments. Furthermore,
the annihilation channel �̄� ! SS is p-wave suppressed,
which means that even for a fully symmetric � distri-
bution today, indirect detection signals are expected to
be very weak. Thus, this alternative model is basically
unconstrained by the experiments discussed above.

Conclusions: We have studied the SADM mechanism
where for a dark sector with multiple states, the relic
abundance is set by an asymmetry even though the DM
number remains zero. If heavier DM states can de-
cay to the lightest state, then DM is symmetric at late
times, whereas otherwise multiple DM components can
be present today. This mechanism is realized naturally
in models of FDM. Experimental signals, if present, arise

mainly due to the sector of the model that is respon-
sible for annihilating the symmetric component of the
DM. We have presented two alternatives for this sector: a
Z 0-model where Z 0-hypercharge mixing generically takes
place at the one-loop level, and a scalar model where
mixing with the Higgs can naturally be very small. For
the former model there are a number of experimental
constraints from DM searches as well as dark photon
searches, and future experiments should be able to probe
a sizable fraction of the parameter space currently con-
sistent with constraints. The latter model on the other
hand is very di�cult to probe experimentally, and its
parameter space is largely unconstrained.
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Top - FDM
Now let’s consider FDM that carries up-type flavor. 

Interaction with SM is  

Now       is colored. 

Asymmetry generation no longer works - flavor mixing 
in the SM washes out flavor-by-flavor asymmetries. 

Must be WIMP, both      and      are TeV-scale.
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cosmologically stable1. From this point on we will refer
to the stable component of the DM multiplet as �, and
to the heavier flavors collectively as �0. Third, when �

is a flavor singlet, constraints from flavor violating SM
processes strongly prefer the DM and SM flavor struc-
tures to be aligned, which means that the DM multiplet
should have three flavors. These then become flavor part-
ners with the SM matter field that the FDM interaction
couples them to. The flavor alignment is most easily for-
mulated in the language of Minimal Flavor Violation, or
MFV [19], although a more general scenario has also been
studied [14].

At this point one can still choose SU(2)⇥ U(1) quan-
tum numbers for the DM multiplet as well as which SM
matter multiplet it is coupled to in the FDM interaction.
In the interest of minimality, we will restrict ourselves
to the case where the DM multiplet is a SM gauge sin-
glet. The SM multiplet appearing in the FDM interac-
tion and the specific flavor in that multiplet that couples
to the lightest FDM state � is then used to label the
FDM model in consideration, for example in a model of
electron-FDM, � is directly coupled to the electron in the
FDM interaction. There are two possible choices even at
this point, since the FDM interaction may contain the
right-handed or the left-handed lepton field. Again in the
interest of minimality we will choose � to be an SU(2)
singlet, which means that only SU(2) singlet SM fields
appear in the FDM interaction, so that electron FDM
would couple to the right-handed electron.

The scenario of lepton-flavored DM has been studied
in the literature [5, 15–17] and shown to have many in-
teresting features, including the possibility of having an
asymmetry between the DM and its antiparticle, gener-
ated during high-scale leptogenesis. For quark flavored
DM, direct detection bounds can be severe if � is coupled
to the light quarks, because tree-level � exchange leads
to a large cross section for � scattering o↵ of nuclei [5].
On the other hand, when � couples to a third genera-
tion quark, the dominant process for �-nucleus scattering
arises at loop level, and direct detection bounds are less
constraining. In this paper, we will turn our attention
to the case of top FDM, and we will study the current
exclusion bounds as well as future discovery prospects in
direct detection experiments as well as in LHC searches.
We will show that relic abundance considerations com-
bined with direct detection constraints can generically
be satisfied for m

� ⇠> 200 GeV. In this parameter range,

1
Unless the lifetime of the heavier flavors is much longer than the

age of the universe, which is not generic and requires a rather

special setup. In this paper we will only concern ourselves with

the generic case.

not only do the existing LHC searches at 7 and 8 TeV
have little exclusion power, but we will show that even
at the 14 TeV LHC, searches based on traditional kine-
matic observables only become sensitive to top FDM at
high luminosity ⇠> 100 fb�1. When �0 is heavy and is not
readily produced on-shell at the LHC, the collider phe-
nomenology becomes similar to other models that have
been previously studied in the literature, in particular
ref. [13]. On the other hand, we will show that when the
� and �0 masses are split by less than 120-130 GeV, top
FDM models give rise to displaced vertices that would
not only make discovery significantly easier, but allow
for all parameters of the underlying model to be exper-
imentally determined. We will also show that the next
generation of direct detection experiments will be able
to probe the entire perturbative parameter region that is
not currently excluded.
The layout of the paper is as follows: In section II we

will review the theoretical aspects of the top FDM model
in detail. In section III we will calculate the cross section
for � to scatter o↵ of nuclei, and we will determine the re-
gion of parameter space that has been excluded by exist-
ing direct detection constraints, as well as the region that
can be probed with the next generation of direct detec-
tion experiments. In section IV we will discuss the LHC
signatures of top FDM, we will evaluate the prospects
for a search strategy based on kinematic observables and
we will study under which conditions signal events can
be expected to contain displaced vertices. We will also
comment on how the parameters of the model can be
measured post-discovery. We will conclude in section V.

II. THE MODEL

In this section we will briefly review the theoretical fea-
tures of top FDM. We will use the conventions of ref. [5],
in particular, we will take the DM multiplet to transform
in the (anti-)fundamental representation of U(3)

u

c . The
Lagrangian contains the FDM interaction

L � �
ij

�
i

uc

j

� + h.c. (1)

Here, �
i

denotes the DM flavor triplet and � is the flavor
singlet mediator. As mentioned in the introduction, the
DM multiplet will be taken to be a SM gauge singlet,
which means that � carries both SU(3) color as well as
hypercharge. Note that there is a global U(1) symmetry
under which � has charge +1, all three �

i

have charge �1
and all SM fields are uncharged. This symmetry can be
named “�-number” and it ensures that the lightest state
that has nonzero �-number is stable. Since � carries color
and electric charges, it is not phenomenologically viable
for it to be stable, so in this paper we will only consider
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this point, since the FDM interaction may contain the
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interest of minimality we will choose � to be an SU(2)
singlet, which means that only SU(2) singlet SM fields
appear in the FDM interaction, so that electron FDM
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The scenario of lepton-flavored DM has been studied
in the literature [5, 15–17] and shown to have many in-
teresting features, including the possibility of having an
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DM, direct detection bounds can be severe if � is coupled
to the light quarks, because tree-level � exchange leads
to a large cross section for � scattering o↵ of nuclei [5].
On the other hand, when � couples to a third genera-
tion quark, the dominant process for �-nucleus scattering
arises at loop level, and direct detection bounds are less
constraining. In this paper, we will turn our attention
to the case of top FDM, and we will study the current
exclusion bounds as well as future discovery prospects in
direct detection experiments as well as in LHC searches.
We will show that relic abundance considerations com-
bined with direct detection constraints can generically
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have little exclusion power, but we will show that even
at the 14 TeV LHC, searches based on traditional kine-
matic observables only become sensitive to top FDM at
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readily produced on-shell at the LHC, the collider phe-
nomenology becomes similar to other models that have
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DM, direct detection bounds can be severe if � is coupled
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Background Order � after cuts (pb) Reference

tt̄ NLO 14.3 [25]

tW NNLO 0.7 [26]

tt̄Z NLO 2.3⇥ 10�3 [27]

TABLE I. Details of background simulation. The t-t̄ background is generated at NLO, while the others are generated at LO
and rescaled with K-factors. The order of each K-factor we use and the associated references are listed, as well as the cross
section of each background after selection cuts.

whereH
T

is the scalar-summed p
T

of all visible final state
particles within |⌘| < 5.0, and µ denotes the number
of interactions per bunch crossing. For each event µ is
chosen from a Gaussian distribution with central value
equal to 50 and standard deviation equal to 10.

For the analysis, we use the following selection cuts in
order to reduce backgrounds:

• At least two jets with p
T

> 20 GeV and |⌘| < 2.5

• At least one b-tagged jet

• Two opposite-sign leptons (e and µ only) with p
T

>

20 GeV and |⌘| < 2.5. Events with same flavor
dileptons are vetoed if |m

``

�m
Z

| < 10 GeV

• 6E
T

> 20 GeV.

The cross section of each background sample after selec-
tion cuts is listed in table I.

Analysis and Results: Our search strategy will rely
on the kinematic variable M

T2 [28–30] in the leptons +
6E

T

part of the event, which is theoretically bounded from
above by m

W

in events where the missing transverse en-
ergy arises entirely from two neutrinos originating from
W decays, whereas for events with additional sources
of missing transverse energy, M

T2 can be larger, and is
therefore a good variable to separate signal from back-
ground. M

T2 is defined as5

M
T2 = min

{
/

p
T,1

+
/

p
T,2

=
/

p
T
}

h
max

⇣
m

T

(/p
T,1

, `1),mT

(/p
T,2

, `2)
⌘i

(18)

where the minimization is performed over all possible
partitions of the missing transverse energy into two parts,
subject to /p

T,1
+ /p

T,2
= /p

T

. This models the neutrino

transverse momenta in the event. m
T

(/p
T,i

, `
i

) is the
transverse mass of the subsystem consisting of the hy-
pothetical neutrino and the respective lepton, which for
massless particles is defined as

m2
T

(p
T,1,pT,2) = 2|p

T,1||pT,2|(1� cos�'pT,1,pT,2).
(19)

5
In our analysis we only use MT2 with zero input mass for the

invisible particle.

After the selection cuts described in the previous sub-
section have been applied, we look for the choice of an
M

T2 cut for each mass spectrum that will maximize
S/

p
B, keeping the number of signal events after all cuts

above 50 at 100 fb�1 of integrated luminosity. In ta-
ble II we list the spectra we use, the cross sections for
each production mode after selection cuts, and the opti-
mal M

T2 cut for each spectrum, along with the resulting
value of S/

p
B. A plot of the M

T2 spectrum for the
background and a generic signal point (m

�

0 = 400 GeV,
m

�

= 200 GeV) is shown in figure 13.
These results are not di�cult to interpret. The power

of the M
T2 based analysis arises from the production of

� particles with appreciable momenta. It is easy to see
from table II that the most important factor for discovery
prospects is the mass gap between � and �, as this sets
the upper limit of the � momenta, in particular in the
short decays of � which yield the most energetic � among
all production and decay channels. We also see that the
value of m

�

0 is the second-most important quantity that
impacts discovery prospects. The best cases in terms of
S/

p
B are obtained with the spectra in which �0 is de-

coupled. This shows that the significance of the search
is driven by the short decay mode of � which produces
more energetic tops and more 6E

T

. When �0 is reintro-
duced with a mass less than m

�

, it a↵ects the results of
the analysis in two ways: 1) For fixed m

�

and m
�

, as m
�

0

increases, the branching ratio for the short decay mode
increases, which boosts S/

p
B. 2) Once m

�

0 -m
�

goes
above the top threshold, on-shell tops can be produced
in the long decay mode of � as well as in decays of �0

in the �-�0 and �0-�0 production modes. This boosts the
signal significance as well.

C. Displaced Vertices

The lesson from the search based on transverse mass
variables appears to be that the presence of �0 hurts
rather than helps discovery prospects for top FDM. Thus
the discovery reach mapped out in ref. [13], which corre-
sponds to top FDM with �0 decoupled, is the best case
scenario, while for m

�

> m
�

0 > m
�

, the events with
on-shell �0 have less 6E

T

and less energetic tops. What
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Now let’s consider FDM that carries up-type flavor. 

Interaction with SM is  

For TeV scale mediator, must suppress SM flavor 
violating processes. Model by using MFV:
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mulated in the language of Minimal Flavor Violation, or
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matter multiplet it is coupled to in the FDM interaction.
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tion and the specific flavor in that multiplet that couples
to the lightest FDM state � is then used to label the
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Unless the lifetime of the heavier flavors is much longer than the

age of the universe, which is not generic and requires a rather

special setup. In this paper we will only concern ourselves with

the generic case.
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to probe the entire perturbative parameter region that is
not currently excluded.
The layout of the paper is as follows: In section II we

will review the theoretical aspects of the top FDM model
in detail. In section III we will calculate the cross section
for � to scatter o↵ of nuclei, and we will determine the re-
gion of parameter space that has been excluded by exist-
ing direct detection constraints, as well as the region that
can be probed with the next generation of direct detec-
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signatures of top FDM, we will evaluate the prospects
for a search strategy based on kinematic observables and
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comment on how the parameters of the model can be
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II. THE MODEL

In this section we will briefly review the theoretical fea-
tures of top FDM. We will use the conventions of ref. [5],
in particular, we will take the DM multiplet to transform
in the (anti-)fundamental representation of U(3)

u

c . The
Lagrangian contains the FDM interaction

L � �
ij

�
i

uc

j

� + h.c. (1)

Here, �
i

denotes the DM flavor triplet and � is the flavor
singlet mediator. As mentioned in the introduction, the
DM multiplet will be taken to be a SM gauge singlet,
which means that � carries both SU(3) color as well as
hypercharge. Note that there is a global U(1) symmetry
under which � has charge +1, all three �

i

have charge �1
and all SM fields are uncharged. This symmetry can be
named “�-number” and it ensures that the lightest state
that has nonzero �-number is stable. Since � carries color
and electric charges, it is not phenomenologically viable
for it to be stable, so in this paper we will only consider
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the case that � is heavier than the lightest of the �
i

.
From the interaction term of equation 1 it is clear that

one of � and � must be a fermion while the other is a bo-
son. As in ref. [5], we will adopt a benchmark for the rest
of this paper that � is a Dirac fermion while � is a com-
plex scalar. Di↵erent setups are possible, such as making
� a boson and � a fermion, but these do not dramatically
change the qualitative features of the phenomenology.

The simplest way to be consistent with flavor con-
straints is to adopt the MFV paradigm [19], namely
that the SM Yukawa couplings are the only source of
the breaking of flavor symmetries. Clearly, this is not
intended to be a complete model. Rather it is an as-
sumption about the UV completion of the SM in which
the underlying flavor symmetry of the full model is spon-
taneously broken by a single source, from which both the
SM Yukawa couplings and the FDM coupling of equa-
tion 1 inherit their flavor structure. While it is a very
interesting problem to construct such a UV model, this
is beyond the modest goals of this paper, and we will
simply adopt the MFV paradigm as an assumption here.

With the MFV paradigm, and the assumption that
U(3)

�

is identified with U(3)
u

c , the �
ij

matrix has a fla-
vor structure corresponding to 3⇥ 3̄ of U(3)

u

c . Assuming
further that the relative normalization of the spurions Y

u

and Y
d

is preserved by the UV theory, we can then write

�
ij

=
⇣
↵1 + � Y †

u

Y
u

. . .+ �Y †
u

VCKMY
d

Y †
d

V †
CKMY

u

. . .
⌘

ij

,

(2)

where Y
u

=diag(y
u

, y
c

, y
t

) and Y
d

=diag(y
d

, y
s

, y
b

). Note
that in addition to the first two terms, which are the
unique contributions to order Y 0 and Y 2 with the cor-
rect flavor structure, we have also included the term with
coe�cient �, which is only one of several possible terms of
order Y 4 that has the correct flavor structure. The reason
we have singled out this particular term is that it is the
leading term that cannot be diagonalized due to quark
mixing in the SM. Since y2

b

⌧ y2
t

, for most purposes this
term can be neglected against the term proportional to
�, but we will return to it in section IVC where naively
even a small flavor-changing coupling can make a di↵er-
ence, if only to show that it can be safely neglected even
then.

Since y
u,c

⌧ y
t

, it is in principle possible for the cou-
pling of �

t

to the SM to be di↵erent than those of �
u,c

(which can be taken as equal to each other to a very
good approximation) by an order-one factor, if � ⇠ ↵.
The results of this paper will be essentially independent
of the fact that these two values may be di↵erent, and
therefore for simplicity we will consider the case � ⌧ ↵

for most of this paper, in which case all three couplings
have the same value, which we will denote simply by �.

In section IVD we will return to this point and consider
how one might attempt to separately measure the values
of �

t

and �
u,c

at the LHC.
MFV also dictates the flavor structure of the � mass

term to have the form

[m
�

]
ij

=
�
m01 +�m Y †

u

Y
u

�
ij

. (3)

Unlike the case of the coupling matrix �
ij

, here the pres-
ence of the leading correction proportional to �m has
great phenomenological significance. As mentioned in
the introduction, there cannot be any relic �

u

or �
c

left
over today because in that case DM can scatter o↵ of
nuclei at tree level, and this possibility is strongly con-
strained by direct detection experiments (see ref. [5] for
quantitative details). Therefore �

t

must be the lightest
state. Depending on the value of the mass gap, the decay
of �

u

and �
c

to �
t

may proceed through on-shell or o↵-
shell top quarks. We will study the branching ratios for
this decay in more detail in section IV. Not surprisingly,
the value of �m is quite important for collider physics,
as it will a↵ect the kinematics of signal events containing
these heavier states. Note also that since y2

u

⌧ y2
c

⌧ y2
t

,
the mass gap between �

u

and �
c

is much smaller than
the mass gap between either one of them and �

t

, and
therefore for all purposes of this paper, �

u

and �
c

can be
taken to be degenerate. Indeed, when the very slightly
heavier �

u

state is produced, it would decay directly to
�
t

since the available phase space for it to decay to �
c

is
extremely small. As already mentioned in the introduc-
tion, we will refer to �

t

as � from this point on, and both
�
u

and �
c

will be denoted by �0. We will only distinguish
between them when not doing so can lead to confusion.

The relic abundance of top FDM is set via the
usual weakly interacting massive particle (WIMP) mech-
anism2. In principle, coannihilations between the three
� flavors may be important, however for the reasons out-
lined above, it is preferable to take�m to be appreciable,
and we will work with the simpler scenario where all �0

have already decayed before � freezes out. As will be
shown in section III, direct detection experiments favor
m

� ⇠> 200 GeV , therefore the dominant annihilation
channel is �� ! tt̄ through � exchange, and the annihi-
lation cross section (s-wave) is given by

�vrel = 3
�4

32⇡

m2
�

(m2
�

+m2
�

�m2
t

)2

s

1� m2
t

m2
�

, (4)
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As proposed in ref. [15], the flavor structure of FDM makes it

possible to generate an asymmetry for � in the early universe.

This intriguing possibility for top FDM is beyond the scope of

this paper, but will be taken up in a future study.
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the rest of the paper, it is worth remarking that in the
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taneously broken by a single source, from which both the
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III. DIRECT DETECTION CONSTRAINTS

As discussed in ref. [5], the dominant contribution to
the amplitude for top (or bottom) FDM to scatter o↵ of
a nucleus in a direct detection experiment arises from the
diagrams shown in figure 1. Specifically, at one-loop level,
� acquires a charge-radius or magnetic dipole type cou-
pling to the photon, as well as a coupling to the Z-boson,
and the scattering then proceeds through tree level �/Z
exchange3. For lepton FDM, it was shown in ref. [15]
that the dipole contribution is negligible compared to
the dominant charge-radius contribution, and that the Z-
exchange contribution is proportional to m2

`

/m2
�

, which
therefore was also negligible. Below, we will show that
for top FDM the dipole contribution is still negligible
while the Z-exchange becomes the dominant contribu-
tion, since m2

t

⇠ m2
�

.

tt
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FIG. 1. The Feynman diagrams that contribute to direct
detection in the top FDM model. The vector boson lines in
the loop diagrams can be attached to either the top quark or
to the mediator � running in the loop.

After integrating out �, the one-loop induced couplings
of top-FDM are given by the e↵ective Lagrangian
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of the Z boson, the charge
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We drop magnetic dipole couplings to Z since those are further

suppressed by k2/m2
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in the scattering.
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Using equation 5 we can write down an e↵ective La-
grangian describing the scattering of � from a light quark
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is the coupling of the quark q to the Z-boson.
We next convert the quark-level operators to nucleon-
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is the sum of the incoming and outgoing nu-
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with µ̃
p

= 2.8 and µ̃
n

= �1.9.
So far we have kept the magnetic dipole terms. The

momentum dependence in the magnetic dipole interac-
tion makes it impossible to factor the di↵erential event
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For all plots in this paper, we use the exact expressions of g�, b�
and µ� which are also valid for m� ⇠< m�.
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While we will not pursue this possibility further in
the rest of the paper, it is worth remarking that in the
case when � is lighter than the top quark, the freeze-
out calculation is significantly modified, both because the
top quark drops out of thermal equilibrium significantly
above m
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, and also because the annihilation has to pro-
ceed through o↵-shell tops, or in extreme cases, through
the channel �� ! gg via a top quark loop.

III. DIRECT DETECTION CONSTRAINTS
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� is a SM singlet. In particular, at loop level � develops
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the �/Z exchange diagram dominates over the four-point
coupling to u-ū, the remaining diagrams being negligible
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FIG. 1. Feynman diagrams that contribute to the e↵ective
coupling to �/Z in the top FDM model. The vector boson
lines in the loop diagrams can be attached to either the top
quark or to the mediator � running in the loop.
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FIG. 4. The LUX exclusion bounds in the m�-m� plane for
� = 0.5 (green shaded region) and � = 0.6 (blue shaded
region). For each case, we also show the curve on which the
correct relic abundance is obtained.

tends further, such that an order one fraction of the pa-
rameter space still remains viable. In order to illustrate
this even more e�ciently, in figure 5, we plot the (green
shaded) LUX exclusion region by assigning to each point
in the mass plane the value of � for which the correct
relic abundance is obtained for that mass point. As can
be seen from this plot, only relatively light � masses are
excluded. Contours corresponding to di↵erent values of
� are also plotted for reference.

Having mapped out the exclusion region from current
constraints, we turn our attention to what region of pa-
rameter space can be probed with the next generation
of direct detection experiments. We use the projected
exclusion reach of the XENON1T experiment with an
exposure of 2.2 ton years [21], which is provided in the
range m

�

 1 TeV. We find that top FDM (subject to
relic abundance constraints) can be entirely excluded in
this range. This is shown in figure 5 as the blue shaded
region. We also extrapolate the XENON1T projected
exclusion reach to m

�

> 1 TeV by using n
�

/ m�1
�

and
assuming a constant detector e�ciency for m

�

< 10 TeV.
We find that the exclusion region extends to the full per-
turbative parameter range (�  1) for the model.

IV. DISCOVERY PROSPECTS AT THE LHC

We now proceed to investigate the discovery prospects
for top FDM at the LHC. We will focus on the case
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FIG. 5. The current LUX exclusion bounds in the m�-m�

plane (green shaded region), where � is varied to give the
correct relic abundance at each point. Contours of constant
� are also shown for reference. The full parameter region in
this plot (and beyond) can be excluded by the XENON1T
experiment (blue shaded region).

m
� ⇠> 200 GeV, which as we have shown in the previ-

ous section is strongly favored by direct detection exper-
iments and relic abundance constraints. Searches based
on kinematic features such as missing transverse energy
( 6E

T

) or transverse mass variables have not been very ef-
fective in probing this mass range at the end of the 7 TeV
and 8 TeV runs of the LHC, and therefore we will focus
our attention on discovery prospects at the 14 TeV run.

A. Production and Decay Modes

Since � is a SM singlet while � is colored, the most im-
portant production mechanism is �-pair production from
gluons in the initial state. This production mode is pure
QCD and is therefore independent of �. � can also be
pair produced through QCD interactions from a q-q̄ ini-
tial state, however in this case there is also a contribu-
tion from t-channel �0 (specifically, �

u

) exchange, which
has �-dependence. Processes contributing to �-pair pro-
duction are shown in figure 6, and the cross section for
several choices of � are shown in figure 7. We see that
the t-channel �0 exchange can have an order one e↵ect
on the cross section for larger values of �, which are not
excluded by direct detection bounds.

�-pair production is not the only production channel
in this model, since �

u

can couple to the initial state
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exposure of 2.2 ton years [21], which is provided in the
range m
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 1 TeV. We find that top FDM (subject to
relic abundance constraints) can be entirely excluded in
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We find that the exclusion region extends to the full per-
turbative parameter range (�  1) for the model.

IV. DISCOVERY PROSPECTS AT THE LHC

We now proceed to investigate the discovery prospects
for top FDM at the LHC. We will focus on the case
m

� ⇠> 200 GeV, which as we have shown in the previ-
ous section is strongly favored by direct detection exper-
iments and relic abundance constraints. Searches based
on kinematic features such as missing transverse energy
( 6E

T

) or transverse mass variables have not been very ef-
fective in probing this mass range at the end of the 7 TeV
and 8 TeV runs of the LHC, and therefore we will focus
our attention on discovery prospects at the 14 TeV run.

A. Production and Decay Modes

Since � is a SM singlet while � is colored, the most im-
portant production mechanism is �-pair production from
gluons in the initial state. This production mode is pure
QCD and is therefore independent of �. � can also be
pair produced through QCD interactions from a q-q̄ ini-
tial state, however in this case there is also a contribu-
tion from t-channel �0 (specifically, �

u

) exchange, which
has �-dependence. Processes contributing to �-pair pro-
duction are shown in figure 7, and the cross section for
several choices of � are shown in figure 8. We see that

CK, Klimek, Yu (2015)

constant 𝜆 enforce relic abundance

LUX limits based on 85.3 live days
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Figure 7.2: Allowed mass ranges for SFF scenario (with ⌘ = �0.075), using expected
bounds from future direct detection experiments.

Figure 7.3: Allowed mass ranges for QDF scenario (with ⌘ = �0.01), using expected bounds
from future direct detection experiments.
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Figure 7.2: Allowed mass ranges for SFF scenario (with ⌘ = �0.075), using expected
bounds from future direct detection experiments.

Figure 7.3: Allowed mass ranges for QDF scenario (with ⌘ = �0.01), using expected bounds
from future direct detection experiments.
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quarks through the FDM interaction of equation 1. In
particular, both �-�

u

associated production and �
u

-pair
production are allowed, and these proceed via the Feyn-
man diagrams of figure 8. Note that �(pp ! ��

u

) / �2

while �(pp ! �̄
u

�
u

) / �4. The cross sections for these
channels are shown in figure 9.

Note that all production channels involve � and �
u

,
both of which decay promptly, therefore both sides of
each event will contain visible final states. � has “short”
and “long” decays, where in the former case it decays
directly to a top quark and �, while in the latter case �

decays to a light quark and the corresponding flavor of �0,
which subsequently decays to a light quark, a top quark
and a � through an o↵-shell �. Depending on the mass
di↵erence between �0 and �, the top quark itself may be
o↵-shell. This is illustrated in figure 10. The branching
ratio for the short decay mode is shown in Figure 11
as a function of the ratio m

�

/m
�

0 for several values of
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FIG. 8. Feynman diagrams for �-�0 associated production
and �0-pair production at the LHC.
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quarks through the FDM interaction of equation 1. In
particular, both �-�
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production are allowed, and these proceed via the Feyn-
man diagrams of figure 8. Note that �(pp ! ��
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and “long” decays, where in the former case it decays
directly to a top quark and �, while in the latter case �

decays to a light quark and the corresponding flavor of �0,
which subsequently decays to a light quark, a top quark
and a � through an o↵-shell �. Depending on the mass
di↵erence between �0 and �, the top quark itself may be
o↵-shell. This is illustrated in figure 10. The branching
ratio for the short decay mode is shown in Figure 11
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the t-channel �0 exchange can have an order one e↵ect
on the cross section for larger values of �, which are not
excluded by direct detection bounds.
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Note that all production channels involve � and �
u

,
both of which decay promptly, therefore both sides of
each event will contain visible final states. � has “short”
and “long” decays, where in the former case it decays
directly to a top quark and �, while in the latter case �

decays to a light quark and the corresponding flavor of �0,
which subsequently decays to a light quark, a top quark
and a � through an o↵-shell �. Depending on the mass
di↵erence between �0 and �, the top quark itself may be
o↵-shell. This is illustrated in figure 11. The branching
ratio for the short decay mode is shown in Figure 12
as a function of the ratio m

�

/m
�

0 for several values of
m

�

0 . The branching ratio for the long decay mode (which
is really two decay modes for �

u

and �
c

, which have
identical branching ratios to a very good approximation)
can simply be found as one minus the branching ratio for
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Each event contains          + MET, events with long 
decays contain additional jets. 

Simplest case:       decoupled. 

With      , cross section is similar, but part of energy 
goes into jets, interesting part of event is softer. 

Set up search in the dilepton final state based on 

Demand 2j (1 tag), OS dilepton (Z-veto), MET, main 
background is ttZ.
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the short decay mode. The production and decay modes
under consideration ultimately result in a t-t̄ pair and a
�-�̄ pair in every event (the tops possibly being o↵-shell
depending on the details of the spectrum), and anywhere
between zero and four additional light jets depending on
the number of on-shell �0 in the event.

Note that while m
�

< m
�

must be satisfied in order
to obtain a neutral DM particle, if �m in equation 3 is
large enough, then m

�

0 can exceed m
�

. When that is the
case, the collider phenomenology is particularly simple:
all signal events basically arise from �-pair production
followed by the short decay mode of �. The LHC discov-
ery prospects of this simpler case are essentially the same
as for the model studied in detail in ref. [13]. Therefore in
the remainder of this section we will focus our attention
on how the collider prospects are a↵ected by the presence
of �0, and what kind of impact this may have on the con-

� �
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FIG. 11. The short and long decay modes for �.
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FIG. 12. Branching ratio of the short decay mode of � as a
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proceed through o↵-shell tops and therefore the branching
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clusions reached in ref. [13]. Note that the answer is not
entirely obvious. On the one hand, one may argue that
the presence of �0 may improve discovery prospects by
opening new production modes, thus increasing the cross
section, and by making the long-decay mode of � possi-
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large enough, then m
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nally, the presence of �0 may allow for a more exotic
signature in signal events, namely displaced vertices that
occur in �0 decays, which may be more important than
both of the above considerations for discovery. This last
possibility however may or may not be realized depend-
ing on the mass spectrum.

In the following, we will first attempt to evaluate how
the presence of �0 a↵ects the discovery prospects for top
FDM in a search based on transverse mass variables. We
will do this by setting up a relatively simple analysis
based on the dileptonic decay mode of the top quarks,
which is the cleanest channel. We will look at several
mass spectra for a fixed value of m

�

with varying m
�

and m
�

0 , since kinematic features of signal events will
depend on the di↵erences of m

�

, m
�

0 and m
�

, but they
will be less sensitive to the overall mass scale. In partic-
ular, as the mass di↵erences in the spectrum change, top
quarks produced in decays may be on or o↵-shell, leading
to very di↵erent e�ciencies for analysis cuts. In contrast,
the total signal normalization will depend mainly on the
overall mass scale (m

�

), but it will be insensitive to the
mass di↵erences.

After studying the impact of �0 in a kinematics-based
search, we will return to the question of displaced ver-
tices in �0 decays, and then comment on how these may
allow all the parameters of the top FDM model to be
determined experimentally.

B. Search Based on Transverse Mass Variables

Event Generation and Selection: Since we will fo-
cus on the dileptonic decays of the top quarks, the signal
events in our analysis are characterized by two b-jets,
a pair of opposite sign leptons that are uncorrelated in
flavor, and 6E

T

. SM processes with similar final state
particles constitute backgrounds for the top FDM signal.
In order to model the relevant backgrounds, we gener-
ate samples of 500,000 events (2 million for t-t̄) at 14
TeV center of mass energy for the backgrounds listed
in table I. The t-t̄ background samples are generated
using MC@NLO [22, 23] whereas the remaining back-
grounds are generated using MadGraph [24] at LO, and
later rescaled withK-factors. The order of theK-factors,
and the associated references are also listed in table I.

We force all final state tops and W ’s to decay lepton-
ically, including leptonic decays of ⌧ ’s. The tt̄Z back-
ground has a much smaller cross section compared to the
others, however we include it because our search strategy
will be based on M

T2 [28–30] and tt̄Z it is the dominant
background at high M

T2. For this reason we force the
Z-boson to decay to neutrinos, as any other decay mode
does not contribute at high M

T2 and is subdominant at

low M
T2.

In generating signal samples, we fix m
�

= 500 GeV.
The production cross section plots of the previous sub-
section can be used to extrapolate the results of the anal-
ysis to di↵erent values of m

�

. The mass points we use are
given in the first two columns of table II. For each value
of m

�

we also include a spectrum with �0 decoupled as a
point of comparison in order to better assess the impact
of the presence of �0 on discovery prospects. This is not
unrealistic, since even for m

�

0 moderately above m
�

, �-
pair production will be the dominant production mode
and essentially no on-shell �0 will be produced. In order
to be consistent with relic abundance and direct detec-
tion constraints, we only consider m

�

� 200 GeV, and
we fix � = 1/2. Note that this choice of � is conserva-
tive for the �-pair production cross section (see figure 8),
and decay kinematics are insensitive to �. For each mass
spectrum we generate 200,000 events at 14 TeV using
MadGraph [24] for each of the signal production modes,
which we combine with the appropriate ratios. All top
quarks in signal samples are forced to decay leptonically.
Both signal and background samples are passed

through FastJet [31, 32] to reconstruct jets using the
anti-k

t

jet clustering algorithm with radius R = 0.4 [33].
We use a b-tagging e�ciency of 0.6. Isolated leptons are
identified with cuts on the variable p

T

(iso) around the
lepton track, where the p

T

(iso) is the sum over the p
T

of the tracks with p
T

> 1 GeV for each track, within
a �R < 0.2 cone around the lepton candidate. For
electrons, the isolation cut is chosen to be p

T

(iso) <

0.1 ⇥ p
T

(lepton), while for muons, the isolation cut is
p
T

(iso) < 1.8 GeV. Any jet overlapping with an isolated
lepton within �R < 0.2 is eliminated from the jet candi-
dates, and electron or muon candidates overlapping with
any remaining jets within �R < 0.4 are discarded to
avoid accepting leptons from the decay of heavy hadrons.

Jet energy resolution is simulated using a Gaussian
smearing with a variance �:

�

E
=

Sp
E

� N

E
� C, (16)

where the terms S,N,C are chosen to be 0.5 GeV1/2,
5 GeV, and 0.04, respectively. The ⌘ and � of the four
momentum of a jet is also smeared by a Gaussian with
� = 0.025. Electron energies are smeared with � = 0.02⇥p
E/TeV and muon energies by � = 0.1⇥p

E/TeV.
We also smear the transverse missing energy of the 6E

T

,
defined as the magnitude of the two-vector momentum
summed over all the final state invisible particles (neu-
trinos and LSP’s). The individual x and y components
of the 6E

T

vector are smeared by [34]

�( 6E
T

)
x,y

[GeV ] = (0.40+0.09⇥p
µ)⇥

p
H

T

[GeV ] + µ⇥ 20,
(17)
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the event o↵ers additional discrimination power. Specifically, the di↵erence between the
leptonic and hadronically decaying side, MT (�h)�MT (�`), shows a modest separation in
the signal and background, enough to provide an additional check of the signal.

In practice, for the cut-based analysis, we optimize the statistical significance over the
observables MT (b`, /ET ) and ��`, /ET

, which o↵er good discrimination. We define the level
of statistical significance, S, according to [39]

S = 2
⇣p

S +B �
p
B

⌘

, (31)

where S and B are the number of signal in background events surviving cuts. The expected
significance for

R Ldt = 300 fb�1 is presented in Fig. 8 as are the luminosity required for
95% C.L. exclusion and 5� discovery.

Figure 8: LHC reach in the M� - M� mass plane after optimizing cuts in the MT (b`, /ET )
vs. ��`,/ET

plane. Luminosity required for (a) 5� discovery, (b) 95% C.L. exclusion, and
(c) expected statistical significance for

R Ldt = 300 fb�1.
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FIG. 14. The leading contribution to �0 decay which is flavor-
preserving, without a top quark in the final state.

region6. However, a closer inspection reveals this to be
incorrect: both quark propagators in the loop are at-
tached to an FDM vertex on one end and to a W boson
on the other. However, while the FDM interaction in-
volves purely right-handed quarks, the weak interactions
of course couple purely to left-handed quarks. Therefore
both quark propagators in the loop require a mass inser-
tion. This is not a big price to pay for the top quark,
however already for the charm quark, this mass inser-

6
Based on the very rough rule-of-thumb that the suppression from

adding a loop is equivalent to the suppression from adding two

final state particles at tree level.

tion ensures that the loop induced decay remains sub-
dominant to the tree-level decay, even in the five-body
regime.

D. Measuring the Parameters of the Model

In the rest of this section we will comment on how the
parameters of the top FDM model can be measured once
discovery level significance has been achieved. As our
conclusions so far have made clear, the answer to this
question will be very di↵erent in various regions of pa-
rameter space of the model. Below, we will go through
the distinct possibilities, starting from the case where cer-
tain parameters simply cannot be determined, towards
more optimistic cases where all model parameters can be
measured. Note that while the procedures we will out-
line below can work in principle, they will likely require
a high-statistics signal sample, and whether or not this
condition can be met will depend on the details of the
model, in particular the � mass which is the primary fac-
tor in setting the overall production cross section. The
full list of model parameters is the mediator mass m

�

,
the DM multiplet masses m

�

and m
�

0 (or equivalently
m0 and �m of equation 3), and the couplings �

t

and
�
u,c

which may in principle be di↵erent (or equivalently
↵ and � of equation 2).

Case 1) �0
decoupled: As discussed earlier, if m

�

0 >

m
�

, essentially no �0 are produced on shell. The LHC
phenomenology is dominated by �-pair production and
furthermore for the values of �

t

that are allowed by di-
rect detection and relic abundance constraints, the pro-
duction in this channel is dominated by QCD processes
(see figure 7). This means that experimentally m

�

0 and
�
u,c

play no role anywhere, and therefore cannot be mea-
sured.

Since we are considering measurements that will be
performed once discovery level significance has been
achieved, the kinematic information present in the data
can be used for measuring the mass di↵erence m

�

�m
�

,
such as the 6E

T

spectrum or the endpoint of the M
T2 dis-

tribution of the event including the b-jets (rather than
the M

T2 observable we used in the analysis presented
earlier in this section which was constructed from the
leptons and 6E

T

alone). Combined with the signal pro-
duction cross section, which is a function ofm

�

alone, the
two masses m

�

and m
�

can then be independently de-
termined. The parameter �

t

does not a↵ect the collider
phenomenology, however once the � and � masses have
been measured, one can make a prediction for the value
of �

t

based on the relic abundance constraint. Further-
more, in the event that a signal is observed in a direct
detection experiment, the predicted value of �

t

can be

10

Background Order � after cuts (pb) Reference

tt̄ NLO 14.3 [25]

tW NNLO 0.7 [26]

tt̄Z NLO 2.3⇥ 10�3 [27]

TABLE I. Details of background simulation. The t-t̄ background is generated at NLO, while the others are generated at LO
and rescaled with K-factors. The order of each K-factor we use and the associated references are listed, as well as the cross
section of each background after selection cuts.

m�0 (GeV) m� (GeV) ��� (fb) ��� (fb) ��� (fb) Best Mcut
T2 (GeV) S/

p
B

N/A 300 7.7 - - < 1

400 300 9.0 3.4 0.11 < 1

N/A 250 8.1 - - 145 3.3

400 250 9.0 4.8 0.29 135 2.0

350 250 9.0 4.1 0.14 130 1.7

N/A 200 8.4 - - 165 8.9

400 200 9.0 4.8 0.36 155 5.7

350 200 9.0 5.3 0.39 145 3.5

300 200 9.0 4.9 0.19 145 3.5

TABLE II. The signal spectra used in our analysis, with m� = 500 GeV. For each spectrum we list the cross section after
selection cuts for each production mode, with � = 0.5. We also list the choice of the MT2 cut that maximizes S/

p
B, subject

to the constraint that at least 50 signal events pass all cuts at 100 fb�1, as well as the value of S/
p
B for that choice. For

the spectra with m� = 300 GeV, S/
p
B remains below 1 for any choice of MT2 cut. For each value of m� we also include a

spectrum where �0 is decoupled as a point of comparison in order to better assess the impact of the presence of �0 on discovery
prospects.

ground. M
T2 is defined as5

M
T2 = min

{
/

p
T,1

+
/

p
T,2

=
/

p
T
}

h
max

⇣
m

T

(/p
T,1

, `1),mT

(/p
T,2

, `2)
⌘i

(18)

where the minimization is performed over all possible
partitions of the missing transverse energy into two parts,
subject to /p

T,1
+ /p

T,2
= /p

T

. This models the neutrino

transverse momenta in the event. m
T

(/p
T,i

, `
i

) is the
transverse mass of the subsystem consisting of the hy-
pothetical neutrino and the respective lepton, which for
massless particles is defined as

m2
T

(p
T,1,pT,2) = 2|p

T,1||pT,2|(1� cos�'pT,1,pT,2).
(19)

After the selection cuts described in the previous sub-
section have been applied, we look for the choice of an
M

T2 cut for each mass spectrum that will maximize
S/

p
B, keeping the number of signal events after all cuts

above 50 at 100 fb�1 of integrated luminosity. In ta-
ble II we list the spectra we use, the cross sections for

5
In our analysis we only use MT2 with zero input mass for the

invisible particle.

each production mode after selection cuts, and the opti-
mal M

T2 cut for each spectrum, along with the resulting
value of S/

p
B. A plot of the M

T2 spectrum for the
background and a generic signal point (m

�

0 = 400 GeV,
m

�

= 200 GeV) is shown in figure 12.

These results are not di�cult to interpret. The power
of the M

T2 based analysis arises from the production of
� particles with appreciable momenta. It is easy to see
from table II that the most important factor for discovery
prospects is the mass gap between � and �, as this sets
the upper limit of the � momenta, in particular in the
short decays of � which yield the most energetic � among
all production and decay channels. We also see that the
value of m

�

0 is the second-most important quantity that
impacts discovery prospects. The best cases in terms of
S/

p
B are obtained with the spectra in which �0 is de-

coupled. This shows that the significance of the search
is driven by the short decay mode of � which produces
more energetic tops and more 6E

T

. When �0 is reintro-
duced with a mass less than m

�

, it a↵ects the results of
the analysis in two ways: 1) For fixed m

�

and m
�

, as m
�

0

increases, the branching ratio for the short decay mode
increases, which boosts S/

p
B. 2) Once m

�

0 -m
�

goes
above the top threshold, on-shell tops can be produced
in the long decay mode of � as well as in decays of �0

in the �-�0 and �0-�0 production modes. This boosts the

Significance driven by     - 
mass difference. 
       reduces branching fraction, 
tops in long decays may be 
off-shell 
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whereH
T

is the scalar-summed p
T

of all visible final state
particles within |⌘| < 5.0, and µ denotes the number
of interactions per bunch crossing. For each event µ is
chosen from a Gaussian distribution with central value
equal to 50 and standard deviation equal to 10.

For the analysis, we use the following selection cuts in
order to reduce backgrounds:

• At least two jets with p
T

> 20 GeV and |⌘| < 2.5

• At least one b-tagged jet

• Two opposite-sign leptons (e and µ only) with p
T

>

20 GeV and |⌘| < 2.5. Events with same flavor
dileptons are vetoed if |m

``

�m
Z

| < 10 GeV

• 6E
T

> 20 GeV.

The cross section of each background sample after selec-
tion cuts is listed in table I.

Analysis and Results: Our search strategy will rely
on the kinematic variable M

T2 [28–30] in the leptons +
6E

T

part of the event, which is theoretically bounded from
above by m

W

in events where the missing transverse en-
ergy arises entirely from two neutrinos originating from
W decays, whereas for events with additional sources
of missing transverse energy, M

T2 can be larger, and is
therefore a good variable to separate signal from back-
ground. M

T2 is defined as5
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After the selection cuts described in the previous sub-
section have been applied, we look for the choice of an
M

T2 cut for each mass spectrum that will maximize
S/

p
B, keeping the number of signal events after all cuts

above 50 at 100 fb�1 of integrated luminosity. In ta-
ble II we list the spectra we use, the cross sections for
each production mode after selection cuts, and the opti-
mal M

T2 cut for each spectrum, along with the resulting
value of S/

p
B. A plot of the M

T2 spectrum for the
background and a generic signal point (m

�

0 = 400 GeV,
m

�

= 200 GeV) is shown in figure 13.
These results are not di�cult to interpret. The power

of the M
T2 based analysis arises from the production of

� particles with appreciable momenta. It is easy to see
from table II that the most important factor for discovery
prospects is the mass gap between � and �, as this sets
the upper limit of the � momenta, in particular in the
short decays of � which yield the most energetic � among
all production and decay channels. We also see that the
value of m

�

0 is the second-most important quantity that
impacts discovery prospects. The best cases in terms of
S/

p
B are obtained with the spectra in which �0 is de-

coupled. This shows that the significance of the search
is driven by the short decay mode of � which produces
more energetic tops and more 6E

T

. When �0 is reintro-
duced with a mass less than m

�

, it a↵ects the results of
the analysis in two ways: 1) For fixed m

�

and m
�

, as m
�

0

increases, the branching ratio for the short decay mode
increases, which boosts S/

p
B. 2) Once m

�

0 -m
�

goes
above the top threshold, on-shell tops can be produced
in the long decay mode of � as well as in decays of �0

in the �-�0 and �0-�0 production modes. This boosts the
signal significance as well.

C. Displaced Vertices

The lesson from the search based on transverse mass
variables appears to be that the presence of �0 hurts
rather than helps discovery prospects for top FDM. Thus
the discovery reach mapped out in ref. [13], which corre-
sponds to top FDM with �0 decoupled, is the best case
scenario, while for m

�

> m
�

0 > m
�

, the events with
on-shell �0 have less 6E

T

and less energetic tops. What
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Background Order � after cuts (pb) Reference

tt̄ NLO 14.3 [25]

tW NNLO 0.7 [26]

tt̄Z NLO 2.3⇥ 10�3 [27]

TABLE I. Details of background simulation. The t-t̄ background is generated at NLO, while the others are generated at LO
and rescaled with K-factors. The order of each K-factor we use and the associated references are listed, as well as the cross
section of each background after selection cuts.

whereH
T

is the scalar-summed p
T

of all visible final state
particles within |⌘| < 5.0, and µ denotes the number
of interactions per bunch crossing. For each event µ is
chosen from a Gaussian distribution with central value
equal to 50 and standard deviation equal to 10.

For the analysis, we use the following selection cuts in
order to reduce backgrounds:

• At least two jets with p
T

> 20 GeV and |⌘| < 2.5

• At least one b-tagged jet

• Two opposite-sign leptons (e and µ only) with p
T

>

20 GeV and |⌘| < 2.5. Events with same flavor
dileptons are vetoed if |m

``

�m
Z

| < 10 GeV

• 6E
T

> 20 GeV.

The cross section of each background sample after selec-
tion cuts is listed in table I.

Analysis and Results: Our search strategy will rely
on the kinematic variable M

T2 [28–30] in the leptons +
6E

T

part of the event, which is theoretically bounded from
above by m

W

in events where the missing transverse en-
ergy arises entirely from two neutrinos originating from
W decays, whereas for events with additional sources
of missing transverse energy, M

T2 can be larger, and is
therefore a good variable to separate signal from back-
ground. M

T2 is defined as5

M
T2 = min

{
/

p
T,1

+
/

p
T,2

=
/

p
T
}

h
max

⇣
m

T

(/p
T,1

, `1),mT

(/p
T,2

, `2)
⌘i

(18)

where the minimization is performed over all possible
partitions of the missing transverse energy into two parts,
subject to /p

T,1
+ /p

T,2
= /p

T

. This models the neutrino

transverse momenta in the event. m
T

(/p
T,i

, `
i

) is the
transverse mass of the subsystem consisting of the hy-
pothetical neutrino and the respective lepton, which for
massless particles is defined as

m2
T

(p
T,1,pT,2) = 2|p

T,1||pT,2|(1� cos�'pT,1,pT,2).
(19)

5
In our analysis we only use MT2 with zero input mass for the

invisible particle.

After the selection cuts described in the previous sub-
section have been applied, we look for the choice of an
M

T2 cut for each mass spectrum that will maximize
S/

p
B, keeping the number of signal events after all cuts

above 50 at 100 fb�1 of integrated luminosity. In ta-
ble II we list the spectra we use, the cross sections for
each production mode after selection cuts, and the opti-
mal M

T2 cut for each spectrum, along with the resulting
value of S/

p
B. A plot of the M

T2 spectrum for the
background and a generic signal point (m

�

0 = 400 GeV,
m

�

= 200 GeV) is shown in figure 13.
These results are not di�cult to interpret. The power

of the M
T2 based analysis arises from the production of

� particles with appreciable momenta. It is easy to see
from table II that the most important factor for discovery
prospects is the mass gap between � and �, as this sets
the upper limit of the � momenta, in particular in the
short decays of � which yield the most energetic � among
all production and decay channels. We also see that the
value of m

�

0 is the second-most important quantity that
impacts discovery prospects. The best cases in terms of
S/

p
B are obtained with the spectra in which �0 is de-

coupled. This shows that the significance of the search
is driven by the short decay mode of � which produces
more energetic tops and more 6E

T

. When �0 is reintro-
duced with a mass less than m

�

, it a↵ects the results of
the analysis in two ways: 1) For fixed m

�

and m
�

, as m
�

0

increases, the branching ratio for the short decay mode
increases, which boosts S/

p
B. 2) Once m

�

0 -m
�

goes
above the top threshold, on-shell tops can be produced
in the long decay mode of � as well as in decays of �0

in the �-�0 and �0-�0 production modes. This boosts the
signal significance as well.

C. Displaced Vertices

The lesson from the search based on transverse mass
variables appears to be that the presence of �0 hurts
rather than helps discovery prospects for top FDM. Thus
the discovery reach mapped out in ref. [13], which corre-
sponds to top FDM with �0 decoupled, is the best case
scenario, while for m

�

> m
�

0 > m
�

, the events with
on-shell �0 have less 6E

T

and less energetic tops. What
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the short decay mode. The production and decay modes
under consideration ultimately result in a t-t̄ pair and a
�-�̄ pair in every event (the tops possibly being o↵-shell
depending on the details of the spectrum), and anywhere
between zero and four additional light jets depending on
the number of on-shell �0 in the event.

Note that while m
�

< m
�

must be satisfied in order
to obtain a neutral DM particle, if �m in equation 3 is
large enough, then m

�

0 can exceed m
�

. When that is the
case, the collider phenomenology is particularly simple:
all signal events basically arise from �-pair production
followed by the short decay mode of �. The LHC discov-
ery prospects of this simpler case are essentially the same
as for the model studied in detail in ref. [13]. Therefore in
the remainder of this section we will focus our attention
on how the collider prospects are a↵ected by the presence
of �0, and what kind of impact this may have on the con-

� �
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�

t

�̄

FIG. 11. The short and long decay modes for �.
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FIG. 12. Branching ratio of the short decay mode of � as a
function of the ratio m�/m�0 for several values of m�0 . When
m� � m� drops below mt, the short decay mode can only
proceed through o↵-shell tops and therefore the branching
ratio becomes negligible.

clusions reached in ref. [13]. Note that the answer is not
entirely obvious. On the one hand, one may argue that
the presence of �0 may improve discovery prospects by
opening new production modes, thus increasing the cross
section, and by making the long-decay mode of � possi-
ble, which give rise to additional light jets in the event.
On the other hand, for values of � that are allowed by
direct detection bounds, the collider phenomenology is
still dominated by �-pair production, thus the number of
signal events does not significantly increase, and further-
more within these events, those with the now accessible
long � decays may be more di�cult to distinguish from
background, since the top quarks and the 6E

T

in these
events are only produced in the last decay stage, which
due to the presence of �0 has a smaller available phase
space, therefore leading to softer tops and less 6E

T

. Fi-
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the event o↵ers additional discrimination power. Specifically, the di↵erence between the
leptonic and hadronically decaying side, MT (�h)�MT (�`), shows a modest separation in
the signal and background, enough to provide an additional check of the signal.

In practice, for the cut-based analysis, we optimize the statistical significance over the
observables MT (b`, /ET ) and ��`, /ET

, which o↵er good discrimination. We define the level
of statistical significance, S, according to [39]

S = 2
⇣p

S +B �
p
B

⌘

, (31)

where S and B are the number of signal in background events surviving cuts. The expected
significance for

R Ldt = 300 fb�1 is presented in Fig. 8 as are the luminosity required for
95% C.L. exclusion and 5� discovery.

Figure 8: LHC reach in the M� - M� mass plane after optimizing cuts in the MT (b`, /ET )
vs. ��`,/ET

plane. Luminosity required for (a) 5� discovery, (b) 95% C.L. exclusion, and
(c) expected statistical significance for

R Ldt = 300 fb�1.
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an idealization only, since in this regime deviations from MFV
can cause flavor-changing �0 decays to become the dominant
decay channel. The decay length changes by many orders of
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FIG. 14. The leading contribution to �0 decay which is flavor-
preserving, without a top quark in the final state.

region6. However, a closer inspection reveals this to be
incorrect: both quark propagators in the loop are at-
tached to an FDM vertex on one end and to a W boson
on the other. However, while the FDM interaction in-
volves purely right-handed quarks, the weak interactions
of course couple purely to left-handed quarks. Therefore
both quark propagators in the loop require a mass inser-
tion. This is not a big price to pay for the top quark,
however already for the charm quark, this mass inser-

6
Based on the very rough rule-of-thumb that the suppression from

adding a loop is equivalent to the suppression from adding two

final state particles at tree level.

tion ensures that the loop induced decay remains sub-
dominant to the tree-level decay, even in the five-body
regime.

D. Measuring the Parameters of the Model

In the rest of this section we will comment on how the
parameters of the top FDM model can be measured once
discovery level significance has been achieved. As our
conclusions so far have made clear, the answer to this
question will be very di↵erent in various regions of pa-
rameter space of the model. Below, we will go through
the distinct possibilities, starting from the case where cer-
tain parameters simply cannot be determined, towards
more optimistic cases where all model parameters can be
measured. Note that while the procedures we will out-
line below can work in principle, they will likely require
a high-statistics signal sample, and whether or not this
condition can be met will depend on the details of the
model, in particular the � mass which is the primary fac-
tor in setting the overall production cross section. The
full list of model parameters is the mediator mass m

�

,
the DM multiplet masses m

�

and m
�

0 (or equivalently
m0 and �m of equation 3), and the couplings �

t

and
�
u,c

which may in principle be di↵erent (or equivalently
↵ and � of equation 2).

Case 1) �0
decoupled: As discussed earlier, if m

�

0 >

m
�

, essentially no �0 are produced on shell. The LHC
phenomenology is dominated by �-pair production and
furthermore for the values of �

t

that are allowed by di-
rect detection and relic abundance constraints, the pro-
duction in this channel is dominated by QCD processes
(see figure 7). This means that experimentally m

�

0 and
�
u,c

play no role anywhere, and therefore cannot be mea-
sured.

Since we are considering measurements that will be
performed once discovery level significance has been
achieved, the kinematic information present in the data
can be used for measuring the mass di↵erence m

�

�m
�

,
such as the 6E

T

spectrum or the endpoint of the M
T2 dis-

tribution of the event including the b-jets (rather than
the M

T2 observable we used in the analysis presented
earlier in this section which was constructed from the
leptons and 6E

T

alone). Combined with the signal pro-
duction cross section, which is a function ofm

�

alone, the
two masses m

�

and m
�

can then be independently de-
termined. The parameter �

t

does not a↵ect the collider
phenomenology, however once the � and � masses have
been measured, one can make a prediction for the value
of �

t

based on the relic abundance constraint. Further-
more, in the event that a signal is observed in a direct
detection experiment, the predicted value of �

t

can be
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Background Order � after cuts (pb) Reference

tt̄ NLO 14.3 [25]

tW NNLO 0.7 [26]

tt̄Z NLO 2.3⇥ 10�3 [27]

TABLE I. Details of background simulation. The t-t̄ background is generated at NLO, while the others are generated at LO
and rescaled with K-factors. The order of each K-factor we use and the associated references are listed, as well as the cross
section of each background after selection cuts.

m�0 (GeV) m� (GeV) ��� (fb) ��� (fb) ��� (fb) Best Mcut
T2 (GeV) S/

p
B

N/A 300 7.7 - - < 1

400 300 9.0 3.4 0.11 < 1

N/A 250 8.1 - - 145 3.3

400 250 9.0 4.8 0.29 135 2.0

350 250 9.0 4.1 0.14 130 1.7

N/A 200 8.4 - - 165 8.9

400 200 9.0 4.8 0.36 155 5.7

350 200 9.0 5.3 0.39 145 3.5

300 200 9.0 4.9 0.19 145 3.5

TABLE II. The signal spectra used in our analysis, with m� = 500 GeV. For each spectrum we list the cross section after
selection cuts for each production mode, with � = 0.5. We also list the choice of the MT2 cut that maximizes S/

p
B, subject

to the constraint that at least 50 signal events pass all cuts at 100 fb�1, as well as the value of S/
p
B for that choice. For

the spectra with m� = 300 GeV, S/
p
B remains below 1 for any choice of MT2 cut. For each value of m� we also include a

spectrum where �0 is decoupled as a point of comparison in order to better assess the impact of the presence of �0 on discovery
prospects.

ground. M
T2 is defined as5

M
T2 = min

{
/

p
T,1

+
/

p
T,2

=
/

p
T
}

h
max

⇣
m

T

(/p
T,1

, `1),mT

(/p
T,2

, `2)
⌘i

(18)

where the minimization is performed over all possible
partitions of the missing transverse energy into two parts,
subject to /p

T,1
+ /p

T,2
= /p

T

. This models the neutrino

transverse momenta in the event. m
T

(/p
T,i

, `
i

) is the
transverse mass of the subsystem consisting of the hy-
pothetical neutrino and the respective lepton, which for
massless particles is defined as

m2
T

(p
T,1,pT,2) = 2|p

T,1||pT,2|(1� cos�'pT,1,pT,2).
(19)

After the selection cuts described in the previous sub-
section have been applied, we look for the choice of an
M

T2 cut for each mass spectrum that will maximize
S/

p
B, keeping the number of signal events after all cuts

above 50 at 100 fb�1 of integrated luminosity. In ta-
ble II we list the spectra we use, the cross sections for

5
In our analysis we only use MT2 with zero input mass for the

invisible particle.

each production mode after selection cuts, and the opti-
mal M

T2 cut for each spectrum, along with the resulting
value of S/

p
B. A plot of the M

T2 spectrum for the
background and a generic signal point (m

�

0 = 400 GeV,
m

�

= 200 GeV) is shown in figure 12.

These results are not di�cult to interpret. The power
of the M

T2 based analysis arises from the production of
� particles with appreciable momenta. It is easy to see
from table II that the most important factor for discovery
prospects is the mass gap between � and �, as this sets
the upper limit of the � momenta, in particular in the
short decays of � which yield the most energetic � among
all production and decay channels. We also see that the
value of m

�

0 is the second-most important quantity that
impacts discovery prospects. The best cases in terms of
S/

p
B are obtained with the spectra in which �0 is de-

coupled. This shows that the significance of the search
is driven by the short decay mode of � which produces
more energetic tops and more 6E

T

. When �0 is reintro-
duced with a mass less than m

�

, it a↵ects the results of
the analysis in two ways: 1) For fixed m

�

and m
�

, as m
�

0

increases, the branching ratio for the short decay mode
increases, which boosts S/

p
B. 2) Once m

�

0 -m
�

goes
above the top threshold, on-shell tops can be produced
in the long decay mode of � as well as in decays of �0

in the �-�0 and �0-�0 production modes. This boosts the
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FIG. 10. (Top) �-�0 associated production cross section for
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the short decay mode. The production and decay modes
under consideration ultimately result in a t-t̄ pair and a
�-�̄ pair in every event (the tops possibly being o↵-shell
depending on the details of the spectrum), and anywhere
between zero and four additional light jets depending on
the number of on-shell �0 in the event.

Note that while m
�

< m
�

must be satisfied in order
to obtain a neutral DM particle, if �m in equation 3 is
large enough, then m

�

0 can exceed m
�

. When that is the
case, the collider phenomenology is particularly simple:
all signal events basically arise from �-pair production
followed by the short decay mode of �. The LHC discov-
ery prospects of this simpler case are essentially the same
as for the model studied in detail in ref. [13]. Therefore in
the remainder of this section we will focus our attention
on how the collider prospects are a↵ected by the presence
of �0, and what kind of impact this may have on the con-
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FIG. 11. The short and long decay modes for �.
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FIG. 12. Branching ratio of the short decay mode of � as a
function of the ratio m�/m�0 for several values of m�0 . When
m� � m� drops below mt, the short decay mode can only
proceed through o↵-shell tops and therefore the branching
ratio becomes negligible.

clusions reached in ref. [13]. Note that the answer is not
entirely obvious. On the one hand, one may argue that
the presence of �0 may improve discovery prospects by
opening new production modes, thus increasing the cross
section, and by making the long-decay mode of � possi-
ble, which give rise to additional light jets in the event.
On the other hand, for values of � that are allowed by
direct detection bounds, the collider phenomenology is
still dominated by �-pair production, thus the number of
signal events does not significantly increase, and further-
more within these events, those with the now accessible
long � decays may be more di�cult to distinguish from
background, since the top quarks and the 6E

T

in these
events are only produced in the last decay stage, which
due to the presence of �0 has a smaller available phase
space, therefore leading to softer tops and less 6E

T

. Fi-
Gomez, Jackson, 

Shaughnessy (2014)
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loop level decays. 
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dependent with non-MFV 
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m�0 (GeV) m� (GeV) ��� (fb) ��� (fb) ��� (fb) Best Mcut
T2 (GeV) S/

p
B

N/A 300 7.7 - - < 1

400 300 9.0 3.4 0.11 < 1

N/A 250 8.1 - - 145 3.3

400 250 9.0 4.8 0.29 135 2.0

350 250 9.0 4.1 0.14 130 1.7

N/A 200 8.4 - - 165 8.9

400 200 9.0 4.8 0.36 155 5.7

350 200 9.0 5.3 0.39 145 3.5

300 200 9.0 4.9 0.19 145 3.5

TABLE II. The signal spectra used in our analysis, with m� = 500 GeV. For each spectrum we list the cross section after
selection cuts for each production mode, with � = 0.5. We also list the choice of the MT2 cut that maximizes S/

p
B, subject

to the constraint that at least 50 signal events pass all cuts at 100 fb�1, as well as the value of S/
p
B for that choice. For

the spectra with m� = 300 GeV, S/
p
B remains below 1 for any choice of MT2 cut. For each value of m� we also include a

spectrum where �0 is decoupled as a point of comparison in order to better assess the impact of the presence of �0 on discovery
prospects.
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on-shell �0 do add to signal events is light jets, however
it is di�cult to find an optimal search strategy relying on
light jets, both because light jets are also easily produced
in the background from additional initial and final state
emissions, and also because the p

T

-spectrum of light jets
in the signal will be highly dependent on the mass dif-
ferences in the top FDM model and it is therefore not
possible to devise cuts that will be optimal over the full
parameter region.

There is however one case where on-shell �0, either di-
rectly produced via the �-�0 and �0-�0 production modes,
or arising from the long decay mode of �, may signifi-

cantly improve discovery prospects. When m
�

0 �m
� ⇠<

m
t

, the �0 decay becomes four-body (�0 ! bWj�). The
lifetime of �0 is then in the range for displaced vertices.
This is shown in figure 14. If m

�

0 � m
�

is even lower,
namely below m

W

+m
b

, then even the W boson must go
o↵-shell, and the �0 decay becomes five-body. While in
the four-body regime the decay length c⌧ can be resolved
with the silicon vertex detectors, in the five-body regime
c⌧ becomes truly macroscopic. For at least a part of the
five-body regime, one would expect to observe �0 decays
occur in the calorimeters or even the muon system.

These conclusions assume that the FDM interaction
of equation 1 is diagonal in flavor space. However, we
know that even if the UV theory respects MFV per-
fectly, there will be flavor-changing decay channels that
�0 will inherit from quark mixing in the SM. This is in
fact why we chose to include the term proportional to �

in equation 2, as it allows us to estimate the size of the
leading contribution to flavor-violating �0 decays in the
exact MFV limit. Fortunately, even for � ⇠ O(1), the
flavor-violating (tree-level) three-body decay �

c

! cc̄�

will be suppressed by
�
y2
b

y
c

V
cb

�2
which makes it sub-

dominant to the flavor-preserving decay even in the five-
body regime. A flavor violating decay of �

u

would of
course be even more suppressed, and therefore we con-
clude that the MFV-respecting corrections in equation 2
do not a↵ect our conclusions about displaced vertices.
Loop-induced flavor-violating decays are even smaller, for
instance �

c

! �
t

� with � and a charm quark running in
the loop can be obtained from the above described tree-
level flavor-violating decay by contracting the external
charm quark lines and attaching a photon to the loop.
The coupling structure in flavor space remains the same
and therefore leads to the same suppression, moreover
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even though the decay is now two-body, the added sup-
pression from the loop factor and ↵

EM

⇠ O(10�2) makes
the partial width for this decay channel even smaller than
the tree-level flavor-violating decay.

In the absence of a complete UV model, we should of
course only think of MFV as an approximation. However,
deviations from MFV cannot be of order one in order
to avoid tension with bounds from SM flavor-changing
processes. Taking into account the suppression from the
smallness of any o↵-diagonal � couplings dictated by such
SM constraints, the predictions for the four-body decay
mode should be una↵ected. On the other hand, whether
or not the five-body decay mode can ever be dominant
will depend on exactly how small such beyond-MFV o↵-
diagonal couplings are. Therefore, when discussing the
possibility of macroscopically displaced �0 decays, we
should not forget that there is a significant amount of
model-dependence involved.

Note also that there are loop-induced processes that
allow �0 to decay without any flavor violation even for
very small m

�

0 �m
�

. The leading such process is shown
in figure 15. At first sight, this process may appear to be
of the same size as the tree level decay in the five-body
region6. However, a closer inspection reveals this to be
incorrect: both quark propagators in the loop are at-
tached to an FDM vertex on one end and to a W boson
on the other. However, while the FDM interaction in-
volves purely right-handed quarks, the weak interactions
of course couple purely to left-handed quarks. Therefore
both quark propagators in the loop require a mass inser-
tion. This is not a big price to pay for the top quark,
however already for the charm quark, this mass inser-
tion ensures that the loop induced decay remains sub-
dominant to the tree-level decay, even in the five-body
regime.

D. Measuring the Parameters of the Model

In the rest of this section we will comment on how the
parameters of the top FDM model can be measured once
discovery level significance has been achieved. As our
conclusions so far have made clear, the answer to this
question will be very di↵erent in various regions of pa-
rameter space of the model. Below, we will go through
the distinct possibilities, starting from the case where cer-
tain parameters simply cannot be determined, towards
more optimistic cases where all model parameters can be

6
Based on the very rough rule-of-thumb that the suppression from

adding a loop is equivalent to the suppression from adding two

final state particles at tree level.
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FIG. 14. The decay length c⌧ of �0 as a function of m�0 for
fixed values of m� = 500 GeV, m� = 200 GeV and � = 0.5.
The results at very low mass splitting should be regarded as
an idealization only, since in this regime deviations from MFV
can cause flavor-changing �0 decays to become the dominant
decay channel. The decay length changes by many orders of
magnitude as m�0 �m� goes through the mt and mW +mb

thresholds. The range in which the LHC experiments are
expected to be most sensitive to displaced decays is indicated
as a gray-shaded horizontal band.
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FIG. 15. The leading contribution to �0 decay which is flavor-
preserving, without a top quark in the final state.

measured. Note that while the procedures we will out-
line below can work in principle, they will likely require
a high-statistics signal sample, and whether or not this
condition can be met will depend on the details of the
model, in particular the � mass which is the primary fac-
tor in setting the overall production cross section. The
full list of model parameters is the mediator mass m

�

,
the DM multiplet masses m

�

and m
�

0 (or equivalently
m0 and �m of equation 3), and the couplings �

t

and
�
u,c

which may in principle be di↵erent (or equivalently
↵ and � of equation 2).

Case 1) �0
decoupled: As discussed earlier, if m

�

0 >

m
�

, essentially no �0 are produced on shell. The LHC
phenomenology is dominated by �-pair production and
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fixed values of m� = 500 GeV, m� = 200 GeV and � = 0.5.
The results at very low mass splitting should be regarded as
an idealization only, since in this regime deviations from MFV
can cause flavor-changing �0 decays to become the dominant
decay channel. The decay length changes by many orders of
magnitude as m�0 �m� goes through the mt and mW +mb

thresholds. The range in which the LHC experiments are
expected to be most sensitive to displaced decays is indicated
as a gray-shaded horizontal band.
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region6. However, a closer inspection reveals this to be
incorrect: both quark propagators in the loop are at-
tached to an FDM vertex on one end and to a W boson
on the other. However, while the FDM interaction in-
volves purely right-handed quarks, the weak interactions
of course couple purely to left-handed quarks. Therefore
both quark propagators in the loop require a mass inser-
tion. This is not a big price to pay for the top quark,
however already for the charm quark, this mass inser-
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adding a loop is equivalent to the suppression from adding two

final state particles at tree level.

tion ensures that the loop induced decay remains sub-
dominant to the tree-level decay, even in the five-body
regime.

D. Measuring the Parameters of the Model

In the rest of this section we will comment on how the
parameters of the top FDM model can be measured once
discovery level significance has been achieved. As our
conclusions so far have made clear, the answer to this
question will be very di↵erent in various regions of pa-
rameter space of the model. Below, we will go through
the distinct possibilities, starting from the case where cer-
tain parameters simply cannot be determined, towards
more optimistic cases where all model parameters can be
measured. Note that while the procedures we will out-
line below can work in principle, they will likely require
a high-statistics signal sample, and whether or not this
condition can be met will depend on the details of the
model, in particular the � mass which is the primary fac-
tor in setting the overall production cross section. The
full list of model parameters is the mediator mass m

�

,
the DM multiplet masses m

�

and m
�

0 (or equivalently
m0 and �m of equation 3), and the couplings �

t

and
�
u,c

which may in principle be di↵erent (or equivalently
↵ and � of equation 2).

Case 1) �0
decoupled: As discussed earlier, if m

�

0 >

m
�

, essentially no �0 are produced on shell. The LHC
phenomenology is dominated by �-pair production and
furthermore for the values of �

t

that are allowed by di-
rect detection and relic abundance constraints, the pro-
duction in this channel is dominated by QCD processes
(see figure 7). This means that experimentally m

�

0 and
�
u,c

play no role anywhere, and therefore cannot be mea-
sured.

Since we are considering measurements that will be
performed once discovery level significance has been
achieved, the kinematic information present in the data
can be used for measuring the mass di↵erence m

�

�m
�

,
such as the 6E

T

spectrum or the endpoint of the M
T2 dis-

tribution of the event including the b-jets (rather than
the M

T2 observable we used in the analysis presented
earlier in this section which was constructed from the
leptons and 6E

T

alone). Combined with the signal pro-
duction cross section, which is a function ofm

�

alone, the
two masses m

�

and m
�

can then be independently de-
termined. The parameter �

t

does not a↵ect the collider
phenomenology, however once the � and � masses have
been measured, one can make a prediction for the value
of �

t

based on the relic abundance constraint. Further-
more, in the event that a signal is observed in a direct
detection experiment, the predicted value of �

t

can be
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is now two-body, the added suppression from the loop
factor and ↵

EM

⇠ O(10�2) makes the partial width for
this decay channel even smaller than the tree-level flavor-
violating decay.

In the absence of a complete UV model, we should of
course only think of MFV as an approximation. However,
deviations from MFV cannot be of order one in order
to avoid tension with bounds from SM flavor-changing
processes. Taking into account the suppression from the
smallness of any o↵-diagonal � couplings dictated by such
SM constraints, the predictions for the four-body decay
mode should be una↵ected. On the other hand, whether
or not the five-body decay mode can ever be dominant
will depend on exactly how small such beyond-MFV o↵-
diagonal couplings are. Therefore, when discussing the
possibility of macroscopically displaced �0 decays, we
should not forget that there is a significant amount of
model dependence involved.

Note also that there are loop-induced processes that
allow �0 to decay without any flavor violation even for
very small m

�

0 �m
�

. The leading such process is shown
in Fig. 15. At first sight, this process may appear to be
of the same size as the tree-level decay in the five-body
region6. However, a closer inspection reveals this to be
incorrect: both quark propagators in the loop are at-
tached to an FDM vertex on one end and to a W boson
on the other. However, while the FDM interaction in-
volves purely right-handed quarks, the weak interactions
of course couple purely to left-handed quarks. Therefore
both quark propagators in the loop require a mass inser-
tion. This is not a big price to pay for the top quark,
however already for the charm quark, this mass inser-
tion ensures that the loop induced decay remains sub-
dominant to the tree-level decay, even in the five-body
regime.

D. Measuring the Parameters of the Model

In the rest of this section we will comment on how the
parameters of the top FDM model can be measured once
discovery level significance has been achieved. As our
conclusions so far have made clear, the answer to this
question will be very di↵erent in various regions of pa-
rameter space of the model. Below, we will go through
the distinct possibilities, starting from the case where cer-
tain parameters simply cannot be determined, towards
more optimistic cases where all model parameters can be

6
Based on the very rough rule-of-thumb that the suppression from

adding a loop is equivalent to the suppression from adding two

final state particles at tree level.
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fixed values of m� = 500 GeV, m� = 200 GeV and � = 0.5.
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can cause flavor-changing �0 decays to become the dominant
decay channel. The decay length changes by many orders of
magnitude as m�0 �m� goes through the mt and mW +mb

thresholds. The range in which the LHC experiments are
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FIG. 15. The leading contribution to �0 decay which is flavor
preserving, without a top quark in the final state.

measured. Note that while the procedures we will out-
line below can work in principle, they will likely require
a high-statistics signal sample, and whether or not this
condition can be met will depend on the details of the
model, in particular the � mass which is the primary fac-
tor in setting the overall production cross section. The
full list of model parameters is the mediator mass m

�

,
the DM multiplet masses m

�

and m
�

0 (or equivalently
m0 and �m of Eq. 3), and the couplings �

t

and �
u,c

which may in principle be di↵erent (or equivalently ↵

and � of Eq. 2).

Case 1) �0
decoupled: As discussed earlier, if m

�

0 >

m
�

, essentially no �0 are produced on shell. The LHC
phenomenology is dominated by �-pair production and



Additional Possibilities: 
Interference in Direct Detection

For asymmetric scalar FDM with TeV scale mediator: 

If DM couples to the Higgs, then quantum interference 
can play a role in direct detection.

3

the tree-level and one-loop contributions to the ampli-
tude for NR decay.

At first, it may seem that the interaction of equation 2
is su�cient to transfer any lepton asymmetry generated
in the decays of NR to the �i. However, �-number is
still an exact symmetry at this point, which makes it im-
possible to generate a � asymmetry from an asymmetry
in a di↵erent species with no �-number. Therefore, the
crucial ingredient for transferring the lepton asymmetry
into the DM sector is breaking �-number (down to Z

2

such that the stability of DM is not lost). For this pur-
pose we add one more degree of freedom to the model, a
real scalar field S, with the interaction

LS = ySij�̄iSNR,j + h.c.. (9)

Since S is real, this interaction breaks �-number, but
there is still a Z

2

under which S, � and all three �
are odd. This interaction makes it possible for out-
of-equilibrium decays of the right-handed neutrino to
generate a � asymmetry through interference between
tree-level and one-loop contributions with CP violating
phases, in the exact same way that the same decays also
generate a lepton asymmetry. The couplings in L

fermion

which are assumed to be of order one will lead to e�cient
annihilation of the symmetric component of �. Note that
there is no hierarchy problem associated with the scalar
S, because it need not be light. The only requirement for
this mechanism to work is for S to not be heavier than
the near-GUT scale right-handed neutrinos.

Note that while the same mechanism generates the lep-
ton and � asymmetries, the phases that determine the
size of the generated asymmetry are di↵erent. In par-
ticular, the lepton asymmetry will depend on the phys-
ical combinations of phases in the matrices yLij and yNij ,
whereas the � asymmetry will depend on the phases in
the matrices �ij and ySij . This means that if the phases
that are relevant for the � asymmetry are smaller than
those that are relevant for the lepton asymmetry, the �
asymmetry will be smaller, and therefore m� must be
chosen so that the � energy density will be a factor of
5-6 larger than the baryon energy density. We will not
assume any particular relation between the phases in the
lepton and � sectors, treating m� as a free parameter
that is chosen such that � has an energy density com-
patible with the DM density we observe in the universe
today.

The collider phenomenology of asymmetric FDM is
identical to the symmetric case, which was studied in
ref. [19], and we will not go into this in any further de-
tail (See Section V for further comments). Any indirect
detection signals for the symmetric case are of course
non-existent for the asymmetric case, so we will not have
anything further to say about constraints from indirect
detection either. In the rest of the paper we will con-
centrate on direct detection searches, where asymmetric
FDM can have very di↵erent prospects compared to the
symmetric case, due to the presence of interference, as
we will study in detail in the next section.

III. DIRECT DETECTION

In this section we will calculate the cross section for �
to scatter o↵ of an atomic nucleus, keeping interference
terms. As mentioned in the introduction, when the DM
is symmetric, the interference terms will cancel once the
scattering of both � and �̄ are taken into account, but for
asymmetric DM, they will be crucial. Based on the model
of section II, it is easy to see that scattering can happen
at tree-level through Higgs exchange. At tree-level, the
FDM interaction of equations 1 and 2 (for the scalar and
fermion DM cases, respectively) does not contribute to
the scattering, however as was studied in ref. [19], it does
give rise to vector exchange at loop order. The exchanged
vector boson can be either the photon or the Z-boson,
but of course the latter is strongly suppressed compared
to the former due to the Z-mass. Therefore we will only
consider the photon exchange for the rest of the paper.

A. Scalar DM
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FIG. 1. The Feynman diagrams that contribute to direct
detection in the scalar DM case. The vector boson lines in
the loop diagrams can be attached to either the SM fermions
f or to the mediator � running in the loop.

After electroweak symmetry breaking, the interaction
term in equation 4 contains the interaction

Lh � �v��h�
⇤�h, (10)

which leads to the tree-level Higgs exchange. The loop-
induced coupling of the DM to the photon is calculated
in appendix B and in the zero external momentum limit
it has the form
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and m` is the mass of the tau lepton since we have as-
sumed �⌧ to be the DM.
Combining this with the Higgs and photon propaga-

tors, we can write the e↵ective operators that give rise to
the DM-nucleus scattering:

L
e↵

= cq��
⇤$

@
µ

�q�µq + cqh�
⇤�qq, (13)
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chosen so that the � energy density will be a factor of
5-6 larger than the baryon energy density. We will not
assume any particular relation between the phases in the
lepton and � sectors, treating m� as a free parameter
that is chosen such that � has an energy density com-
patible with the DM density we observe in the universe
today.

The collider phenomenology of asymmetric FDM is
identical to the symmetric case, which was studied in
ref. [19], and we will not go into this in any further de-
tail (See Section V for further comments). Any indirect
detection signals for the symmetric case are of course
non-existent for the asymmetric case, so we will not have
anything further to say about constraints from indirect
detection either. In the rest of the paper we will con-
centrate on direct detection searches, where asymmetric
FDM can have very di↵erent prospects compared to the
symmetric case, due to the presence of interference, as
we will study in detail in the next section.
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In this section we will calculate the cross section for �
to scatter o↵ of an atomic nucleus, keeping interference
terms. As mentioned in the introduction, when the DM
is symmetric, the interference terms will cancel once the
scattering of both � and �̄ are taken into account, but for
asymmetric DM, they will be crucial. Based on the model
of section II, it is easy to see that scattering can happen
at tree-level through Higgs exchange. At tree-level, the
FDM interaction of equations 1 and 2 (for the scalar and
fermion DM cases, respectively) does not contribute to
the scattering, however as was studied in ref. [19], it does
give rise to vector exchange at loop order. The exchanged
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but of course the latter is strongly suppressed compared
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FIG. 1. The Feynman diagrams that contribute to direct
detection in the scalar DM case. The vector boson lines in
the loop diagrams can be attached to either the SM fermions
f or to the mediator � running in the loop.

After electroweak symmetry breaking, the interaction
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3

the tree-level and one-loop contributions to the ampli-
tude for NR decay.

At first, it may seem that the interaction of equation 2
is su�cient to transfer any lepton asymmetry generated
in the decays of NR to the �i. However, �-number is
still an exact symmetry at this point, which makes it im-
possible to generate a � asymmetry from an asymmetry
in a di↵erent species with no �-number. Therefore, the
crucial ingredient for transferring the lepton asymmetry
into the DM sector is breaking �-number (down to Z

2

such that the stability of DM is not lost). For this pur-
pose we add one more degree of freedom to the model, a
real scalar field S, with the interaction

LS = ySij�̄iSNR,j + h.c.. (9)

Since S is real, this interaction breaks �-number, but
there is still a Z

2

under which S, � and all three �
are odd. This interaction makes it possible for out-
of-equilibrium decays of the right-handed neutrino to
generate a � asymmetry through interference between
tree-level and one-loop contributions with CP violating
phases, in the exact same way that the same decays also
generate a lepton asymmetry. The couplings in L

fermion

which are assumed to be of order one will lead to e�cient
annihilation of the symmetric component of �. Note that
there is no hierarchy problem associated with the scalar
S, because it need not be light. The only requirement for
this mechanism to work is for S to not be heavier than
the near-GUT scale right-handed neutrinos.

Note that while the same mechanism generates the lep-
ton and � asymmetries, the phases that determine the
size of the generated asymmetry are di↵erent. In par-
ticular, the lepton asymmetry will depend on the phys-
ical combinations of phases in the matrices yLij and yNij ,
whereas the � asymmetry will depend on the phases in
the matrices �ij and ySij . This means that if the phases
that are relevant for the � asymmetry are smaller than
those that are relevant for the lepton asymmetry, the �
asymmetry will be smaller, and therefore m� must be
chosen so that the � energy density will be a factor of
5-6 larger than the baryon energy density. We will not
assume any particular relation between the phases in the
lepton and � sectors, treating m� as a free parameter
that is chosen such that � has an energy density com-
patible with the DM density we observe in the universe
today.

The collider phenomenology of asymmetric FDM is
identical to the symmetric case, which was studied in
ref. [19], and we will not go into this in any further de-
tail (See Section V for further comments). Any indirect
detection signals for the symmetric case are of course
non-existent for the asymmetric case, so we will not have
anything further to say about constraints from indirect
detection either. In the rest of the paper we will con-
centrate on direct detection searches, where asymmetric
FDM can have very di↵erent prospects compared to the
symmetric case, due to the presence of interference, as
we will study in detail in the next section.

III. DIRECT DETECTION

In this section we will calculate the cross section for �
to scatter o↵ of an atomic nucleus, keeping interference
terms. As mentioned in the introduction, when the DM
is symmetric, the interference terms will cancel once the
scattering of both � and �̄ are taken into account, but for
asymmetric DM, they will be crucial. Based on the model
of section II, it is easy to see that scattering can happen
at tree-level through Higgs exchange. At tree-level, the
FDM interaction of equations 1 and 2 (for the scalar and
fermion DM cases, respectively) does not contribute to
the scattering, however as was studied in ref. [19], it does
give rise to vector exchange at loop order. The exchanged
vector boson can be either the photon or the Z-boson,
but of course the latter is strongly suppressed compared
to the former due to the Z-mass. Therefore we will only
consider the photon exchange for the rest of the paper.

A. Scalar DM

h

� �

(a)
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ff
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FIG. 1. The Feynman diagrams that contribute to direct
detection in the scalar DM case. The vector boson lines in
the loop diagrams can be attached to either the SM fermions
f or to the mediator � running in the loop.

After electroweak symmetry breaking, the interaction
term in equation 4 contains the interaction

Lh � �v��h�
⇤�h, (10)

which leads to the tree-level Higgs exchange. The loop-
induced coupling of the DM to the photon is calculated
in appendix B and in the zero external momentum limit
it has the form

b�@
µ�⇤@⌫�Fµ⌫ , (11)
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and m` is the mass of the tau lepton since we have as-
sumed �⌧ to be the DM.
Combining this with the Higgs and photon propaga-

tors, we can write the e↵ective operators that give rise to
the DM-nucleus scattering:

L
e↵

= cq��
⇤$

@
µ

�q�µq + cqh�
⇤�qq, (13)
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patible with the DM density we observe in the universe
today.
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non-existent for the asymmetric case, so we will not have
anything further to say about constraints from indirect
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FDM can have very di↵erent prospects compared to the
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we will study in detail in the next section.
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detection in the scalar DM case. The vector boson lines in
the loop diagrams can be attached to either the SM fermions
f or to the mediator � running in the loop.

After electroweak symmetry breaking, the interaction
term in equation 4 contains the interaction

Lh � �v��h�
⇤�h, (10)

which leads to the tree-level Higgs exchange. The loop-
induced coupling of the DM to the photon is calculated
in appendix B and in the zero external momentum limit
it has the form
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and m` is the mass of the tau lepton since we have as-
sumed �⌧ to be the DM.
Combining this with the Higgs and photon propaga-

tors, we can write the e↵ective operators that give rise to
the DM-nucleus scattering:

L
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= cq��
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@
µ

�q�µq + cqh�
⇤�qq, (13)

For asymmetric DM, the interference remains.
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Additional Possibilities: 
Interference in Direct Detection

For asymmetric scalar FDM with TeV scale mediator: 

If DM couples to the Higgs, then quantum interference 
can play a role in direct detection.



If fast decays are forbidden, dipole 
transitions are possible. 

For “generic” parameters, this 
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and ~eV splitting between                                              
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such as µ ! e�. The simplest implementation of this structure is that at tree level both matrices are
proportional to the identity matrix to a very good approximation

�ij = � �ij + (��)ij , m�,ij = m��ij + (�m)ij , (2.2)

where (��)ij ⌧ � and (�m)ij ⌧ m�. In this limit, all three flavors �e,µ,⌧ freeze out with equal number
densities. In order to simplify our treatment in the rest of the paper, we will at this point perform a
basis change of �i such that the mass matrix becomes diagonal, in other words

m�,ij = (m� + �mi) �ij (no sum). (2.3)

In this basis, all flavor changing e↵ects are encoded in (��)ij .
It should be noted that even if this model arises out of a UV theory which preserves the full SU(3)

flavor symmetry in the � sector, the breaking of the flavor symmetry SU(3) ! U(1)3 in the SM by
the lepton Yukawa couplings will be communicated to the DM sector at loop level. In considering
these corrections, let us concentrate on the 2-point function for the three flavors of � (insert feynman
graph). The one-loop contributions are identical in the limit of massless leptons, but at order O(m2

`)
they start di↵ering due to the di↵erent masses in the lepton propagators. This gives rise to di↵erences
in the wavefunction renormalizations for the �i. Due to the chiral nature of the FDM coupling, it is
easy to see that there is no direct mass renormalization, however once the fields �i are brought back
to canonical normalization, a mass splitting is induced between them, given by:

�mij =
m��

2

16⇡2

Z 1

0
dx x log

 
xm

2
� + (1� x)m2
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. (2.4)

Parametrically this means
�mij

m�
/ �

2(y2`,i � y

2
`,j)

16⇡2

v

2

m

2
�

, (2.5)

where y` denote the Yukawa couplings of each lepton and v is the Higgs vacuum expectation value.
For the rest of this paper, we will consider the case that the UV theory preserves � flavor to a high
degree, such that

((�m)i � (�m)j) ⌧ �mij , (2.6)

and we will neglect (�m)i from this point on. With this assumption, �⌧ will be split significantly
further from �e and �µ than �e and �µ will be split from each other. For an overall mass scale m�

in the GeV regime, the splitting of �⌧ from the other two flavors will be of order keV, whereas the
splitting between �e and �µ will be of order eV. Note also that the sign of �mij is not arbitrary. As
a consequence, �⌧ is expected to be heaviest, and �e the lightest.

While (�m)i can be subleading to loop corrections �mij as a source of mass splitting and can
therefore be neglected when the UV theory preserves � flavor symmetry to a high degree, one has to be
more careful about the UV contributions to �ij . Since the SM has a global U(1)3 lepton symmetry, no
loop corrections can induce flavor changing contributions to �ij . Therefore (��)ij will be the leading
source of � and lepton flavor-violating processes, and cannot be neglected.

With o↵-diagonal (��)ij present, only the lightest � is truly stable. However, due to the very
small mass splittings, there are no tree-level decays of the heavier �. At loop level on the other hand,
dipole transitions between the �i become possible, giving rise to the process �i ! �j� (insert Feynman

– 2 –
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It is interesting to note that the one-loop splitting calculated above is a finite e↵ect, suppressed by
v2/m2

�

for large � masses. Note that the sign of �m is not arbitrary, and as a consequence �
⌧

is the
heaviest DM flavor. At two loops there arises a logarithmically divergent contribution to the mass
splitting, where the log divergence is cut o↵ at the UV flavor scale, ⇤. This two-loop e↵ect can become
important for very large m

�

and ⇤. We estimate that it is subleading to the finite one-loop calculation
for the range of m

�

we are interested in, provided the new physics scale ⇤ is less than 100 TeV.
Once the � masses are split by these loop corrections, only the lightest � is truly stable. This is

true even in the exact MFV limit where the U(1)3 flavor symmetry is preserved. For this benchmark,
the splittings are smaller than the mass of the electron. Then, the leading contribution for flavor-
preserving � decays arises at one loop and is illustrated in the left panel of figure 1. Note that this
contribution is very suppressed due to the following three factors.

• With a � mass splitting of order keV, the kinematically available phase space is extremely small.
This results in a significant suppression for the 1 ! 3 process.

• The loop amplitude is suppressed by the momentum-exchange scale, or more concretely by
(�m/m

�

).

• The lepton propagators in the loop couple to � on one end and to W± on the other. However,
the former couples to right-chirality leptons while the latter couples to left-chirality leptons.
Therefore both lepton propagators need a mass insertion to obtain a nonzero amplitude, so the
decay rate is further suppressed by m2

`i
m2

`j
.

As a consequence of these e↵ects, heavier flavors are long-lived on cosmological time scales.
Since the rates of flavor-preserving � decays are so extremely small, even a very small flavor-

violating contribution can easily be the dominant channel for the decays of the heavier �. We add the
following source of flavor violation to the Lagrangian,

L
FV

=
1

2
��

ij

�̄
i

(1 + �5)e
j

�† + h.c. (3.7)

The leading mechanism for flavor-violating � decays are dipole transitions �
i

! �
j

�, which are
illustrated in the right panel of figure 1. Note that unlike the flavor-preserving decays, these are two-
body decays, and there are no suppressions due to lepton masses. The rate for these flavor-violating
decays can be calculated in a straightforward manner. If we assume that all o↵-diagonal couplings in
��

ij

are of the same size �� ⌧ �, then to leading order

�
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e2�2��2
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�
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, (3.8)

where we have neglected higher order terms proportional to lepton masses. There are two aspects of
this decay worth mentioning. First, �� is a free parameter that allows the heavier flavors to decay,
but is otherwise small enough to leave the phenomenology unchanged. Second, in order to not violate
the parametric prediction of the line energies, �� should be small enough such that its contributions
are subdominant to the previously calculated loop-induced splittings. This condition is not di�cult
to satisfy in specific cases.

Note that �
ij

/ (�m
ij

)3. Thus, the rate for the transition between �
µ

and �
e

will be many orders
of magnitude smaller than those between �

⌧

and one of these two states (which have essentially the
same rate as each other). Considering that the transition between �

µ

and �
e

corresponds to both a
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Additional Possibilities: 
Photon Line from Dipole Transitions



If there are three flavors of mediators as well as DM particles, a 
“skew”-type flavor-matching becomes possible. 

At a collider this can be distinguished both from vanilla DM and 
from single-mediator FDM.
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SMi
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φ
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2

couplings of the DM candidate to the SM, which in
turn on how the WIMP Flavor Problem is solved. It
is therefore very important to identify flavor structures
that naturally resolve the WIMP Flavor Problem. One
convenient framework that is su�cient, although not
necessary, to suppress flavor violation is Minimal Flavor
Violation (MFV) [24–28]. Within this framework, the
flavor structure of the entire theory is set by the SM
Yukawa couplings. This automatically ensures that the
flavor violation pattern conforms to that of the SM,
making it compatible with experiment. A simple way to
implement MFV is to elevate the SM Yukawa couplings
to spurions that transform under the flavor group and
require the theory to be invariant under these spurious
flavor symmetries. Most commonly, the DM has been
assumed to be a singlet under the SM flavor symmetries.
More recently, realizations of MFV in which the DM
particle carries flavor quantum numbers and transforms
under the flavor group have been explored [29–31].

At present, the status of experimental observations
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Here the ↵ and � parameters are constants, and we are
keeping only the leading terms in an expansion in powers
of the SM Yukawa couplings. We see from this that
the couplings of the DM particle are skewed in flavor
space, so that, for example, �⌧ couples to the electron
and the muon, but not to the tau. Nevertheless, because
this construction respects MFV, it is consistent with the
bounds on flavor violating processes.
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where m0 and �m are constants. Since the SM Yukawa
couplings are small, the various DM flavors are expected
to have small splittings. Either the tau flavored or the
electron flavored state will be the lightest, depending on
the sign of �m.
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wherem2
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� are constants. Once again, we expect
that the splittings will be small.

In the next section we consider in detail a simple
benchmark model that realizes the skew-flavored DM
scenario, in which DM couples to the right-handed
leptons of the SM. We determine the range of parameters
that leads to the observed abundance of DM, and study
the implications for direct detection, indirect detection
and for the LHC. We then briefly consider alternative
realizations of skew-flavored DM, in which DM couples
to the left-handed leptons or quarks, before concluding.
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Additional Possibilities: 
Multiple Mediators



Consider a different setup.

All dark sector states are complete SM singlets, no mixing 
between U(1)dark and hypercharge. 

Massless dark photon possible. 

Relic abundance through cogenesis. 

If all three DM flavors stable, there are two possible bound states. 

The dynamics of bound states and plasma has interesting 
cosmological and astrophysical consequences. 

(Work In Progress)
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Other Ideas Connected to FDM

Batell, Lin, Wang (2013): SUSY FDM vs. R-parity 

Agrawal, Batell, Hooper, Lin (2014): FDM and GC     
𝛾-ray excess 

Agrawal, Blanke, Gemmler (2014): FDM Beyond MFV 

Chen, Huang, Takhistov (2015): FDM and lepton 
flavor violating processes 

Blanke, Kast (2017): Top-FDM with Dark MFV 

… and others



Conclusions
It is worthwhile to explore connections between puzzles 
pointing to the existence of new physics.  

The goal of the flavored dark matter scenario is to look for 
novel signatures of DM that couples to SM flavors in a non-
trivial manner. 

Lepton-FDM naturally acquires an asymmetry from the SM. 

Top-FDM is a WIMP and has unique collider signatures. 

Other FDM setups offer unique theoretical possibilities and 
experimental signatures. 

Future directions: Flavor model building in the UV, connection 
to astrophysics and cosmology from massless Z’/bound states.



Backup Slides



(Secretly) Asymmetric FDM

There is a much safer annihilation mechanism

4

FIG. 3. Constraints on the Z0-model. Left: Direct detection constraints from LUX [47, 48], SuperCDMS [49] and CRESST-
II [50] for representative values of ✏ and gD = gWIMP. Right: Indirect detection constraints from Planck [36], Fermi [43] and
AMS [41, 42]. For reference we also show the annihilation cross section [51] which gives the correct relic abundance in our
model with no asymmetry. mZ0 is taken to be m�/2 for both plots.

and can be within reach of future experiments probing
light dark matter. The low m� region is in tension with
indirect detection bounds, but the constraints may be
evaded in a modified version of the model, for example
if the main annihilation channel is into neutrinos. Heav-
ier m� >⇠ O(100 GeV) are unconstrained by either set of
bounds.

Alternative model for annihilating the symmetric part:

In order to stress the model dependence of some of the
bounds considered above, we describe a variation of the
model where DM annihilates via a scalar instead of a
Z 0. In particular, consider a light real scalar S with the
interactions

LS = ijS�i�
c
j � V (S) . (9)

Consistent with the U(1)3
˜L
global symmetry we will take

ij ⌘ �ij. S develops a coupling to the right-handed SM
leptons at one loop through the FDM interaction, and
can therefore e�ciently annihilate the symmetric part of
the DM distribution. S does not mix with the Higgs bo-
son until at least the two-loop order, and even this mix-
ing is suppressed by lepton Yukawa couplings. Therefore,
unlike the Z 0, tree-level S exchange only gives a negligi-
ble signal in direct detection experiments. Furthermore,
the annihilation channel �̄� ! SS is p-wave suppressed,
which means that even for a fully symmetric � distri-
bution today, indirect detection signals are expected to
be very weak. Thus, this alternative model is basically
unconstrained by the experiments discussed above.

Conclusions: We have studied the SADM mechanism
where for a dark sector with multiple states, the relic
abundance is set by an asymmetry even though the DM
number remains zero. If heavier DM states can de-
cay to the lightest state, then DM is symmetric at late
times, whereas otherwise multiple DM components can
be present today. This mechanism is realized naturally
in models of FDM. Experimental signals, if present, arise

mainly due to the sector of the model that is respon-
sible for annihilating the symmetric component of the
DM. We have presented two alternatives for this sector: a
Z 0-model where Z 0-hypercharge mixing generically takes
place at the one-loop level, and a scalar model where
mixing with the Higgs can naturally be very small. For
the former model there are a number of experimental
constraints from DM searches as well as dark photon
searches, and future experiments should be able to probe
a sizable fraction of the parameter space currently con-
sistent with constraints. The latter model on the other
hand is very di�cult to probe experimentally, and its
parameter space is largely unconstrained.
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Additional Couplings

When      is a scalar, it can also have a marginal 
coupling to the SM Higgs 

The cross-term can have either sign. Potential is well 
behaved as long as
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for both the symmetric and asymmetric cases in section
IV. We will conclude in section V and comment on future
directions. Detailed formulae related to the calculation
of the relic density in the symmetric case and to the scat-
tering amplitude for direct detection can be found in the
appendices.

II. THE MODEL

The FDM setup has been described in detail in ref. [19]
so we will only give a brief summary here. The DM is
taken to be a singlet under the gauge symmetries of the
standard model (SM) but it belongs to a multiplet that
transforms nontrivially under the flavor symmetries of
the SM, which we will denote by �i. There is also a
mediator particle � which is a flavor singlet, but which
carries SM hypercharge. Assuming that the � mass is
heavier than at least one of the � masses, the lightest of
the �i is rendered stable by a global U(1) under which
only the �i and � are charged. We will refer to this U(1)
as �-number.

It was shown in ref. [19] that FDM is compatible with
constraints arising from flavor observables in a Minimal
Flavor Violation (MFV) [34] setup, such that the SM
Yukawa couplings are the only source of flavor violation.
With this assumption, the minimal choice in terms of
the number of degrees of freedom is for �i to be a flavor
triplet.

Which SM flavor symmetry �i transforms under de-
termines the SM fermions it can couple to at the renor-
malizable level. For the rest of this paper we will focus
our attention on the specific case of lepton-flavored DM,
where �e,µ,⌧ transform as a triplet under SU(3)eR . As
in ref. [19], we will work with a benchmark model where
�⌧ is the lightest state, but the main conclusions of this
paper are insensitive to this choice. A renormalizable
coupling to the SM fermions requires one of � and � to
be a fermion, and the other to be a scalar. If the DM is
a scalar, the interaction term is

L
scalar

� �ij�i�̄eR,j + h.c., (1)

while for a fermionic DM it has the form

L
fermion

� �ij�̄i�eR,j + h.c.. (2)

As discussed in ref. [19], within the MFV formalism the
flavor structure of �ij is

�ij = (↵1 + �y†y)ij . (3)

In order to reduce clutter, we will assume that ↵ � �,
such that we can define �ij ⌘ ���ij . It should be noted
however that this is mainly a choice of convenience and
that the main conclusions of this paper are not sensitive
to this choice.

In the scalar DM case, the only other renormalizable
interaction of the dark sector with the SM allowed by
the symmetries of the model is a coupling to the Higgs

doublet. Including this interaction, the scalar potential
can be written as

V
scalar

= �h(H
†H � 1

2
v2)2 + µ2

�i
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i�i

+ ��h�
⇤
i�iH

†H + �s(�
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2. (4)

This potential is bounded from below even for ��h < 0,
provided that

�h > 0, �s > 0, �h�s >
1

4
�2

�h. (5)

Note that negative value ��h does not present a problem
as long as �s is positive and large. After electroweak
symmetry breaking, the DM inherits a �-�-h coupling.
This will contribute to direct detection through tree-level
Higgs exchange.
In order to study similar phenomenological features in

the fermion DM case, we will also include a dimension-5
term in the Lagrangian

L
fermion

� � 

⇤
�̄i�iH

†H. (6)

To have consistency between the scalar and fermion DM
cases, we will adopt a convention such that



⇤
⌘ ��h

v
, (7)

where v is the electroweak scale, and with the under-
standing that ��h is small in the fermionic DM case. In
other words, the dimension-5 term is assumed to have
arisen by integrating out additional degrees of freedom
at the scale ⇤ (close to TeV scale), such as a heavy SM
singlet scalar with couplings to �̄-�, and to the SM Higgs.
Note that the scalar potential in this case can also include
a renormalizable |�|2|H|2 term, but the presence of this
term will have no e↵ect for the rest of the paper, and for
this reason we will not dwell on it any further.
Let us now turn our attention to the generation of a

� asymmetry. We will demonstrate this explicitly in the
fermion DM case; it is straightforward to implement the
same mechanism in the scalar DM case as well. We as-
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where Li are the SU(2) doublet SM lepton fields, H̃ =
✏H⇤ and the first term is a Majorana mass for the
right-handed neutrinos. The mechanism by which non-
thermal decays of the right-handed neutrinos generate a
nonzero lepton asymmetry, and later a nonzero baryon
asymmetry through sphaleron processes, is well known
(see [32, 33] and references therein). This mechanism re-
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so we will only give a brief summary here. The DM is
taken to be a singlet under the gauge symmetries of the
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