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variety of realisations of conversion-driven freeze-out [24, 25] within the model. In this freeze-
out scenario, the coupling of the DM state can be orders of magnitude weaker than that of a
WIMP, consistent of course with the null-results in canonical WIMP searches. At the same
time, the heavier states of the DM multiplet and/or the scalar mediator can drive e�cient
annihilation in the early Universe due to sizeable couplings to the SM. This opens up several
interesting variations of the model that lead to cosmologically viable freeze-out scenarios that
have not yet been explored.

The computation of the relic density is more involved than in the case of a WIMP. The
chemical equilibrium between the NP particles cannot be assumed in conversion-driven freeze-
out, since the chemical decoupling of DM is initiated by semi-e�cient conversion processes
between DM and the heavier NP states. In fact, the chemical decoupling within the NP sector
generally interferes with the decoupling of the NP sector from the SM bath [24]. Hence, to
compute the relic density, a coupled set of (four) Boltzmann equations has to be solved.

The remainder of this paper is structured as follows. In Sec. 2, we introduce the model under
consideration. In Sec. 3, we detail the DM relic density computation and discuss possible freeze-
out scenarios. In Sec. 4, we perform several phenomenological scans in the identified scenarios.
Finally, collider signatures and constraints are studied in Sec. 5 before concluding in Sec. 6.
Appendix A provides analytical expressions for the annihilation and conversion rates used in
the relic density computation while in App. B we show exemplary solutions of the Boltzmann
equations for the evolution of the particle abundances.

2 Particle physics model

The simplified Majorana FDM model that we consider in the present analysis was originally
introduced in Ref. [17]. DM is represented by a Majorana fermion � which is singlet under the
SM gauge group but transforms as a flavour triplet under a new approximate global flavour
symmetry O(3)� in the dark sector. Its coupling to the right-handed up-type quarks of the SM
is mediated by a scalar field � which carries the same gauge quantum numbers as the up-type
quarks, i. e. � ⇠ (3,1, 2/3). To ensure DM stability, the new fields are further charged under
a discrete Z2 symmetry. The Lagrangian is given by

L = LSM +
1

2

�
i�̄/@� � M��̄�

�
� (�ij ūRi�j� + h.c.)

+(Dµ�)†(Dµ�) � m2

�
�†� + �H��†�H†H + ���

⇣
�†�

⌘2

, (2.1)

where � is a four-component Majorana spinor. The model is assumed to obey the Dark Minimal
Flavour Violation (DMFV) hypothesis, which requires the flavour-violating coupling matrix �
to be the only new source violating the flavour symmetry of the model

Gflavour = U(3)Q ⇥ U(3)u ⇥ U(3)d ⇥ O(3)� . (2.2)

The DM mass matrix M� can thus be written as

M� = m�

h
+ ⌘ Re(�†�) + O(�4)

i
(2.3)

in terms of the DMFV spurion expansion.
The flavour-violating coupling matrix � is a generic complex 3 ⇥ 3 matrix. However, the
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        Complex          matrix
      ▪ 18 parameters reduced to 15 by           symmetry (Dirac:          )
      ▪ Parametrization:

      
       where                                        are mixing angles,
                                       are complex phases, and
                                      parametrizes the coupling strengths

�ij : 3⇥ 3

a general complex 3 ⇥ 3 matrix. These interactions are mediated by the scalar boson � which
carries hypercharge and colour.

In passing we note that the coupling �H� contributes to the loop-induced e↵ective couplings
of the SM Higgs to gluons and photons. However these contributions are suppressed by the
square of the mediator mass, m2

�
, and hence expected to be small for the mediator masses

allowed by LHC searches, see Section 3. Furthermore, the coupling �H� contributes to the
�̄3�3h coupling at the one-loop level, potentially relevant for DM direct detection experiments.
We will return to this topic in Section 6. However let us stress already here that the main goal
of our analysis is to shed light on the possible flavour structure of Majorana DM, governed by
the coupling matrix �. We hence neglect the impact of the couplings �H� and ��� in the rest
of our paper.

2.2 Parametrisation of the Dark-Matter–Quark Coupling �

In order to analyse the constraints on our model we need to first parametrise the physical
degrees of freedom in the flavour sector. For the Yukawa couplings Yu and Yd one can proceed
as usual and use the SM flavour symmetry in order to remove unphysical parameters to finally
end up with six quark masses and the CKM matrix.

A similar procedure has to be performed for the new coupling �. According to the DMFV
ansatz � is an arbitrary complex 3 ⇥ 3 matrix. Therefore it contains 18 parameters, consisting
of 9 real parameters and 9 complex phases. In the following we want to make use of the flavour
symmetry GDMFV and the symmetry O(3)� in particular in order to remove unphysical degrees
of freedom from �.

As a first step � is expressed through a singular value decomposition, yielding

� = U�D�V� . (2.3)

Here, U� and V� are unitary matrices and D� is a diagonal matrix with positive and real
entries. Taking into account that eq. (2.3) is invariant under the diagonal rephasing

U 0
�

= U� diag(ei↵1 , ei↵2 , ei↵3) ,

V 0
�

= diag(e�i↵1 , e�i↵2 , e�i↵3) V� , (2.4)

this parametrization indeed contains 9 real parameters and 9 complex phases.
One can now use the flavour symmetry GDMFV in order to remove more unphysical degrees

of freedom from �. Note that for the case of � being a Dirac fermion GDMFV contains a U(3)�

symmetry. In such models the flavour symmetry of � can thus be used to fully remove the
unitary matrix V� and end up with � = U�D� [16,17,19]. For our case of a Majorana fermion
� the Lagrangian is no longer invariant under such U(3)� transformations, since Majorana
fields can only transform under real representations. Indeed the bilinear

�̄� = i(�†
L
�2�

⇤
L � �T

L�2�L) . (2.5)

is only invariant under orthogonal transformations. Thus, one is left with an O(3)� symmetry
that can be used to remove 3 real degrees of freedom from V�.

According to [24] the unitary matrix V� can be decomposed as

V� = OV dV PV . (2.6)
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Here, OV and PV are orthogonal matrices with 3 real degrees of freedom and dV is a diagonal
unitary matrix with 3 complex phases. The orthogonal matrix PV can now be removed from
V� by using the transformation

� ! P�1

V
� . (2.7)

This finally yields
� = U D O d , (2.8)

where we have omitted the indices for brevity of notation.
We adopt the parametrisation for U from [17,25], which reads

U = U23 U13 U12

=

0

@
1 0 0
0 c✓

23
s✓

23
e�i�23

0 �s✓

23
ei�23 c✓

23

1

A

0

@
c✓

13
0 s✓

13
e�i�13

0 1 0
�s✓

13
ei�13 0 c✓

13

1

A

0

@
c✓

12
s✓

12
e�i�12 0

�s✓

12
ei�12 c✓

12
0

0 0 1

1

A ,

(2.9)

where we have used the shorthand notation c✓

ij
= cos ✓ij and s✓

ij
= sin ✓ij . Note that in this

parametrization the rephasing of eq. (2.4) has already been used to remove three complex
phases from U . The matrix O is parametrised as

O = O23 O13 O12

=

0

@
1 0 0

0 c�

23
s�

23

0 �s�

23
c�

23

1

A

0

@
c�

13
0 s�

13

0 1 0

�s�

13
0 c�

13

1

A

0

@
c�

12
s�

12
0

�s�

12
c�

12
0

0 0 1

1

A , (2.10)

with c�

ij
= cos �ij and s�

ij
= sin �ij , and the diagonal matrices D and d are parametrised as

D = diag(D1, D2, D3) , and d = diag(ei�1 , ei�2 , ei�3) . (2.11)

In total the coupling matrix � then has the following 15 physical parameters:

✓23, ✓13, ✓12, �23, �13, �12, �23, �13, �12, �1, �2, �3, D1, D2, D3 . (2.12)

In order to avoid a double-counting of the parameter space in our numerical analysis, we
restrict the parameters of the coupling matrix � to the following ranges:

✓ij 2 [0,
⇡

4
], �ij 2 [0,

⇡

4
], �ij 2 [0, 2⇡), �i 2 [0, 2⇡), Di > 0 . (2.13)

2.3 Mass Spectrum and Dark Matter Stability

Following the DMFV assumption the mass term M� cannot be a generic 3 ⇥ 3 matrix, as
this would constitute an additional source of flavour violation. Instead, similarly to the MFV
spurion expansion [12], we can expand the DM mass matrix in powers of the flavour violating
coupling �:

M�,ij = m�

n
+

⌘

2
(�†� + �T �⇤) + O(�4)

o

ij

. (2.14)
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variety of realisations of conversion-driven freeze-out [24, 25] within the model. In this freeze-
out scenario, the coupling of the DM state can be orders of magnitude weaker than that of a
WIMP, consistent of course with the null-results in canonical WIMP searches. At the same
time, the heavier states of the DM multiplet and/or the scalar mediator can drive e�cient
annihilation in the early Universe due to sizeable couplings to the SM. This opens up several
interesting variations of the model that lead to cosmologically viable freeze-out scenarios that
have not yet been explored.

The computation of the relic density is more involved than in the case of a WIMP. The
chemical equilibrium between the NP particles cannot be assumed in conversion-driven freeze-
out, since the chemical decoupling of DM is initiated by semi-e�cient conversion processes
between DM and the heavier NP states. In fact, the chemical decoupling within the NP sector
generally interferes with the decoupling of the NP sector from the SM bath [24]. Hence, to
compute the relic density, a coupled set of (four) Boltzmann equations has to be solved.

The remainder of this paper is structured as follows. In Sec. 2, we introduce the model under
consideration. In Sec. 3, we detail the DM relic density computation and discuss possible freeze-
out scenarios. In Sec. 4, we perform several phenomenological scans in the identified scenarios.
Finally, collider signatures and constraints are studied in Sec. 5 before concluding in Sec. 6.
Appendix A provides analytical expressions for the annihilation and conversion rates used in
the relic density computation while in App. B we show exemplary solutions of the Boltzmann
equations for the evolution of the particle abundances.

2 Particle physics model

The simplified Majorana FDM model that we consider in the present analysis was originally
introduced in Ref. [17]. DM is represented by a Majorana fermion � which is singlet under the
SM gauge group but transforms as a flavour triplet under a new approximate global flavour
symmetry O(3)� in the dark sector. Its coupling to the right-handed up-type quarks of the SM
is mediated by a scalar field � which carries the same gauge quantum numbers as the up-type
quarks, i. e. � ⇠ (3,1, 2/3). To ensure DM stability, the new fields are further charged under
a discrete Z2 symmetry. The Lagrangian is given by
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where � is a four-component Majorana spinor. The model is assumed to obey the Dark Minimal
Flavour Violation (DMFV) hypothesis, which requires the flavour-violating coupling matrix �
to be the only new source violating the flavour symmetry of the model
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in terms of the DMFV spurion expansion.
The flavour-violating coupling matrix � is a generic complex 3 ⇥ 3 matrix. However, the
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The expansion parameter ⌘ is an additional parameter of the simplified model that accounts for
our ignorance of the UV completion of the theory. In order to ensure that the mass corrections
always reduce the DM mass with respect to the leading-order mass parameter m�, we choose
⌘ < 0.

The expression in eq. (2.14) di↵ers from the one employed in the case of Dirac DM [17]
– the second summand in the round brackets is required in order to render the mass matrix
symmetric, as required for Majorana fermions. Inserting our parametrization for � we find

M�,ij = m�

⇢
� |⌘|

2
(d⇤ OT D2 O d + d OT D2 O d⇤) + O(�4)

�

ij

. (2.15)

Note that in contrast to the Dirac fermion case the mass matrix M� is not diagonal per se, i.e.
there is a misalignment between the flavour and the mass eigenstates for �. The diagonalization
of M� can be achieved through an Autonne-Takagi factorization [26,27], where

M� = W T MD

� W . (2.16)

Here, MD
� is a diagonal matrix with real positive entries and W is an orthogonal matrix, since

the mass matrix M� is real. The necessary field redefinition �L ! W�L then transforms the
coupling of the DM field � to the SM quarks uR to

�̃ = �W T . (2.17)

We further arrange the rows of W in such a way that we always have

MD

� = diag(m�1 , m�2 , m�3) , (2.18)

with m�1 > m�2 > m�3 , i. e. the third dark generation is the lightest state, and we assume
it to form the DM of the universe. Due to the complexity of the mass corrections it is not
possible to provide an analytical expression for W and thus, calculating analytical conditions
that the model parameters have to fulfil in order to generate a particular mass splitting, as
was done in [17], is not possible.

In DMFV models with Dirac fermions DM stability is guaranteed by an unbroken Z3 sym-
metry which follows from the flavour symmetry [16, 17, 19]1. However, for Majorana DM this
symmetry cannot be present due to its non-trivial representation being complex. Hence, we
impose a Z2 symmetry under which only the new particles � and � are charged in order to
forbid the decay of � and � into final states with SM particles only. The lightest flavour of
the DM triplet � is then rendered stable, as long as its mass is smaller than the mass of the
coloured scalar boson �. Thus, we additionally choose

m� < m� . (2.19)

3 Collider Phenomenology

Searches for new particles at the LHC lead to stringent constraints on the model presented
above. We discuss these constraints in this section to determine the experimentally excluded
regions in the parameter space of our model.

1
An analogous residual symmetry had previously been found in the case of DM models with MFV [4].
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variety of realisations of conversion-driven freeze-out [24, 25] within the model. In this freeze-
out scenario, the coupling of the DM state can be orders of magnitude weaker than that of a
WIMP, consistent of course with the null-results in canonical WIMP searches. At the same
time, the heavier states of the DM multiplet and/or the scalar mediator can drive e�cient
annihilation in the early Universe due to sizeable couplings to the SM. This opens up several
interesting variations of the model that lead to cosmologically viable freeze-out scenarios that
have not yet been explored.

The computation of the relic density is more involved than in the case of a WIMP. The
chemical equilibrium between the NP particles cannot be assumed in conversion-driven freeze-
out, since the chemical decoupling of DM is initiated by semi-e�cient conversion processes
between DM and the heavier NP states. In fact, the chemical decoupling within the NP sector
generally interferes with the decoupling of the NP sector from the SM bath [24]. Hence, to
compute the relic density, a coupled set of (four) Boltzmann equations has to be solved.

The remainder of this paper is structured as follows. In Sec. 2, we introduce the model under
consideration. In Sec. 3, we detail the DM relic density computation and discuss possible freeze-
out scenarios. In Sec. 4, we perform several phenomenological scans in the identified scenarios.
Finally, collider signatures and constraints are studied in Sec. 5 before concluding in Sec. 6.
Appendix A provides analytical expressions for the annihilation and conversion rates used in
the relic density computation while in App. B we show exemplary solutions of the Boltzmann
equations for the evolution of the particle abundances.

2 Particle physics model

The simplified Majorana FDM model that we consider in the present analysis was originally
introduced in Ref. [17]. DM is represented by a Majorana fermion � which is singlet under the
SM gauge group but transforms as a flavour triplet under a new approximate global flavour
symmetry O(3)� in the dark sector. Its coupling to the right-handed up-type quarks of the SM
is mediated by a scalar field � which carries the same gauge quantum numbers as the up-type
quarks, i. e. � ⇠ (3,1, 2/3). To ensure DM stability, the new fields are further charged under
a discrete Z2 symmetry. The Lagrangian is given by

L = LSM +
1

2

�
i�̄/@� � M��̄�

�
� (�ij ūRi�j� + h.c.)

+(Dµ�)†(Dµ�) � m2

�
�†� + �H��†�H†H + ���

⇣
�†�

⌘2

, (2.1)

where � is a four-component Majorana spinor. The model is assumed to obey the Dark Minimal
Flavour Violation (DMFV) hypothesis, which requires the flavour-violating coupling matrix �
to be the only new source violating the flavour symmetry of the model

Gflavour = U(3)Q ⇥ U(3)u ⇥ U(3)d ⇥ O(3)� . (2.2)

The DM mass matrix M� can thus be written as

M� = m�

h
+ ⌘ Re(�†�) + O(�4)

i
(2.3)

in terms of the DMFV spurion expansion.
The flavour-violating coupling matrix � is a generic complex 3 ⇥ 3 matrix. However, the
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Finally, collider signatures and constraints are studied in Sec. 5 before concluding in Sec. 6.
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where � is a four-component Majorana spinor. The model is assumed to obey the Dark Minimal
Flavour Violation (DMFV) hypothesis, which requires the flavour-violating coupling matrix �
to be the only new source violating the flavour symmetry of the model

Gflavour = U(3)Q ⇥ U(3)u ⇥ U(3)d ⇥ O(3)� . (2.2)

The DM mass matrix M� can thus be written as

M� = m�

h
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in terms of the DMFV spurion expansion.
The flavour-violating coupling matrix � is a generic complex 3 ⇥ 3 matrix. However, the
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The expansion parameter ⌘ is an additional parameter of the simplified model that accounts for
our ignorance of the UV completion of the theory. In order to ensure that the mass corrections
always reduce the DM mass with respect to the leading-order mass parameter m�, we choose
⌘ < 0.

The expression in eq. (2.14) di↵ers from the one employed in the case of Dirac DM [17]
– the second summand in the round brackets is required in order to render the mass matrix
symmetric, as required for Majorana fermions. Inserting our parametrization for � we find
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(d⇤ OT D2 O d + d OT D2 O d⇤) + O(�4)
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Note that in contrast to the Dirac fermion case the mass matrix M� is not diagonal per se, i.e.
there is a misalignment between the flavour and the mass eigenstates for �. The diagonalization
of M� can be achieved through an Autonne-Takagi factorization [26,27], where

M� = W T MD

� W . (2.16)

Here, MD
� is a diagonal matrix with real positive entries and W is an orthogonal matrix, since

the mass matrix M� is real. The necessary field redefinition �L ! W�L then transforms the
coupling of the DM field � to the SM quarks uR to

�̃ = �W T . (2.17)

We further arrange the rows of W in such a way that we always have

MD

� = diag(m�1 , m�2 , m�3) , (2.18)

with m�1 > m�2 > m�3 , i. e. the third dark generation is the lightest state, and we assume
it to form the DM of the universe. Due to the complexity of the mass corrections it is not
possible to provide an analytical expression for W and thus, calculating analytical conditions
that the model parameters have to fulfil in order to generate a particular mass splitting, as
was done in [17], is not possible.

In DMFV models with Dirac fermions DM stability is guaranteed by an unbroken Z3 sym-
metry which follows from the flavour symmetry [16, 17, 19]1. However, for Majorana DM this
symmetry cannot be present due to its non-trivial representation being complex. Hence, we
impose a Z2 symmetry under which only the new particles � and � are charged in order to
forbid the decay of � and � into final states with SM particles only. The lightest flavour of
the DM triplet � is then rendered stable, as long as its mass is smaller than the mass of the
coloured scalar boson �. Thus, we additionally choose

m� < m� . (2.19)

3 Collider Phenomenology

Searches for new particles at the LHC lead to stringent constraints on the model presented
above. We discuss these constraints in this section to determine the experimentally excluded
regions in the parameter space of our model.
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variety of realisations of conversion-driven freeze-out [24, 25] within the model. In this freeze-
out scenario, the coupling of the DM state can be orders of magnitude weaker than that of a
WIMP, consistent of course with the null-results in canonical WIMP searches. At the same
time, the heavier states of the DM multiplet and/or the scalar mediator can drive e�cient
annihilation in the early Universe due to sizeable couplings to the SM. This opens up several
interesting variations of the model that lead to cosmologically viable freeze-out scenarios that
have not yet been explored.

The computation of the relic density is more involved than in the case of a WIMP. The
chemical equilibrium between the NP particles cannot be assumed in conversion-driven freeze-
out, since the chemical decoupling of DM is initiated by semi-e�cient conversion processes
between DM and the heavier NP states. In fact, the chemical decoupling within the NP sector
generally interferes with the decoupling of the NP sector from the SM bath [24]. Hence, to
compute the relic density, a coupled set of (four) Boltzmann equations has to be solved.

The remainder of this paper is structured as follows. In Sec. 2, we introduce the model under
consideration. In Sec. 3, we detail the DM relic density computation and discuss possible freeze-
out scenarios. In Sec. 4, we perform several phenomenological scans in the identified scenarios.
Finally, collider signatures and constraints are studied in Sec. 5 before concluding in Sec. 6.
Appendix A provides analytical expressions for the annihilation and conversion rates used in
the relic density computation while in App. B we show exemplary solutions of the Boltzmann
equations for the evolution of the particle abundances.

2 Particle physics model

The simplified Majorana FDM model that we consider in the present analysis was originally
introduced in Ref. [17]. DM is represented by a Majorana fermion � which is singlet under the
SM gauge group but transforms as a flavour triplet under a new approximate global flavour
symmetry O(3)� in the dark sector. Its coupling to the right-handed up-type quarks of the SM
is mediated by a scalar field � which carries the same gauge quantum numbers as the up-type
quarks, i. e. � ⇠ (3,1, 2/3). To ensure DM stability, the new fields are further charged under
a discrete Z2 symmetry. The Lagrangian is given by

L = LSM +
1
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�
�†� + �H��†�H†H + ���

⇣
�†�

⌘2

, (2.1)

where � is a four-component Majorana spinor. The model is assumed to obey the Dark Minimal
Flavour Violation (DMFV) hypothesis, which requires the flavour-violating coupling matrix �
to be the only new source violating the flavour symmetry of the model

Gflavour = U(3)Q ⇥ U(3)u ⇥ U(3)d ⇥ O(3)� . (2.2)

The DM mass matrix M� can thus be written as

M� = m�

h
+ ⌘ Re(�†�) + O(�4)

i
(2.3)

in terms of the DMFV spurion expansion.
The flavour-violating coupling matrix � is a generic complex 3 ⇥ 3 matrix. However, the
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out, since the chemical decoupling of DM is initiated by semi-e�cient conversion processes
between DM and the heavier NP states. In fact, the chemical decoupling within the NP sector
generally interferes with the decoupling of the NP sector from the SM bath [24]. Hence, to
compute the relic density, a coupled set of (four) Boltzmann equations has to be solved.

The remainder of this paper is structured as follows. In Sec. 2, we introduce the model under
consideration. In Sec. 3, we detail the DM relic density computation and discuss possible freeze-
out scenarios. In Sec. 4, we perform several phenomenological scans in the identified scenarios.
Finally, collider signatures and constraints are studied in Sec. 5 before concluding in Sec. 6.
Appendix A provides analytical expressions for the annihilation and conversion rates used in
the relic density computation while in App. B we show exemplary solutions of the Boltzmann
equations for the evolution of the particle abundances.

2 Particle physics model

The simplified Majorana FDM model that we consider in the present analysis was originally
introduced in Ref. [17]. DM is represented by a Majorana fermion � which is singlet under the
SM gauge group but transforms as a flavour triplet under a new approximate global flavour
symmetry O(3)� in the dark sector. Its coupling to the right-handed up-type quarks of the SM
is mediated by a scalar field � which carries the same gauge quantum numbers as the up-type
quarks, i. e. � ⇠ (3,1, 2/3). To ensure DM stability, the new fields are further charged under
a discrete Z2 symmetry. The Lagrangian is given by
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where � is a four-component Majorana spinor. The model is assumed to obey the Dark Minimal
Flavour Violation (DMFV) hypothesis, which requires the flavour-violating coupling matrix �
to be the only new source violating the flavour symmetry of the model

Gflavour = U(3)Q ⇥ U(3)u ⇥ U(3)d ⇥ O(3)� . (2.2)

The DM mass matrix M� can thus be written as
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in terms of the DMFV spurion expansion.
The flavour-violating coupling matrix � is a generic complex 3 ⇥ 3 matrix. However, the
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The expansion parameter ⌘ is an additional parameter of the simplified model that accounts for
our ignorance of the UV completion of the theory. In order to ensure that the mass corrections
always reduce the DM mass with respect to the leading-order mass parameter m�, we choose
⌘ < 0.

The expression in eq. (2.14) di↵ers from the one employed in the case of Dirac DM [17]
– the second summand in the round brackets is required in order to render the mass matrix
symmetric, as required for Majorana fermions. Inserting our parametrization for � we find

M�,ij = m�

⇢
� |⌘|

2
(d⇤ OT D2 O d + d OT D2 O d⇤) + O(�4)

�

ij

. (2.15)

Note that in contrast to the Dirac fermion case the mass matrix M� is not diagonal per se, i.e.
there is a misalignment between the flavour and the mass eigenstates for �. The diagonalization
of M� can be achieved through an Autonne-Takagi factorization [26,27], where

M� = W T MD

� W . (2.16)

Here, MD
� is a diagonal matrix with real positive entries and W is an orthogonal matrix, since

the mass matrix M� is real. The necessary field redefinition �L ! W�L then transforms the
coupling of the DM field � to the SM quarks uR to

�̃ = �W T . (2.17)

We further arrange the rows of W in such a way that we always have

MD

� = diag(m�1 , m�2 , m�3) , (2.18)

with m�1 > m�2 > m�3 , i. e. the third dark generation is the lightest state, and we assume
it to form the DM of the universe. Due to the complexity of the mass corrections it is not
possible to provide an analytical expression for W and thus, calculating analytical conditions
that the model parameters have to fulfil in order to generate a particular mass splitting, as
was done in [17], is not possible.

In DMFV models with Dirac fermions DM stability is guaranteed by an unbroken Z3 sym-
metry which follows from the flavour symmetry [16, 17, 19]1. However, for Majorana DM this
symmetry cannot be present due to its non-trivial representation being complex. Hence, we
impose a Z2 symmetry under which only the new particles � and � are charged in order to
forbid the decay of � and � into final states with SM particles only. The lightest flavour of
the DM triplet � is then rendered stable, as long as its mass is smaller than the mass of the
coloured scalar boson �. Thus, we additionally choose

m� < m� . (2.19)

3 Collider Phenomenology

Searches for new particles at the LHC lead to stringent constraints on the model presented
above. We discuss these constraints in this section to determine the experimentally excluded
regions in the parameter space of our model.

1
An analogous residual symmetry had previously been found in the case of DM models with MFV [4].
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FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.

SM

��� � �� ��� ����
��-��

��-��

��-��

��-�

��-�

Y
=

n
/s

x = m�/T

(time →)

3 �
3

�
3

Jan Heisig                                                                                                                                                                    3

(⌦h2)Planck ' 0.12



Dark matter freeze-out

SM

SM

4

re
la

ti
ve

ra
te

�
/H

mX1/T

X2X2 ⇥ SM

X2 ⇥ X1 SM

ab
un

da
nc

e

mX1/T

X1X2

neq

FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
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process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
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⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.
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We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point

⇥
h
2

��/10�7

0

1
0
0

1
0
0

CE

decay only

�h2 = 0.12

FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.
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⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.
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is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point

⇥
h
2

��/10�7

0

1
0
0

1
0
0

CE

decay only

�h2 = 0.12

FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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variety of realisations of conversion-driven freeze-out [24, 25] within the model. In this freeze-
out scenario, the coupling of the DM state can be orders of magnitude weaker than that of a
WIMP, consistent of course with the null-results in canonical WIMP searches. At the same
time, the heavier states of the DM multiplet and/or the scalar mediator can drive e�cient
annihilation in the early Universe due to sizeable couplings to the SM. This opens up several
interesting variations of the model that lead to cosmologically viable freeze-out scenarios that
have not yet been explored.

The computation of the relic density is more involved than in the case of a WIMP. The
chemical equilibrium between the NP particles cannot be assumed in conversion-driven freeze-
out, since the chemical decoupling of DM is initiated by semi-e�cient conversion processes
between DM and the heavier NP states. In fact, the chemical decoupling within the NP sector
generally interferes with the decoupling of the NP sector from the SM bath [24]. Hence, to
compute the relic density, a coupled set of (four) Boltzmann equations has to be solved.

The remainder of this paper is structured as follows. In Sec. 2, we introduce the model under
consideration. In Sec. 3, we detail the DM relic density computation and discuss possible freeze-
out scenarios. In Sec. 4, we perform several phenomenological scans in the identified scenarios.
Finally, collider signatures and constraints are studied in Sec. 5 before concluding in Sec. 6.
Appendix A provides analytical expressions for the annihilation and conversion rates used in
the relic density computation while in App. B we show exemplary solutions of the Boltzmann
equations for the evolution of the particle abundances.

2 Particle physics model

The simplified Majorana FDM model that we consider in the present analysis was originally
introduced in Ref. [17]. DM is represented by a Majorana fermion � which is singlet under the
SM gauge group but transforms as a flavour triplet under a new approximate global flavour
symmetry O(3)� in the dark sector. Its coupling to the right-handed up-type quarks of the SM
is mediated by a scalar field � which carries the same gauge quantum numbers as the up-type
quarks, i. e. � ⇠ (3,1, 2/3). To ensure DM stability, the new fields are further charged under
a discrete Z2 symmetry. The Lagrangian is given by

L = LSM +
1

2

�
i�̄/@� � M��̄�

�
� (�ij ūRi�j� + h.c.)

+(Dµ�)†(Dµ�) � m2

�
�†� + �H��†�H†H + ���

⇣
�†�

⌘2

, (2.1)

where � is a four-component Majorana spinor. The model is assumed to obey the Dark Minimal
Flavour Violation (DMFV) hypothesis, which requires the flavour-violating coupling matrix �
to be the only new source violating the flavour symmetry of the model

Gflavour = U(3)Q ⇥ U(3)u ⇥ U(3)d ⇥ O(3)� . (2.2)

The DM mass matrix M� can thus be written as

M� = m�

h
+ ⌘ Re(�†�) + O(�4)

i
(2.3)

in terms of the DMFV spurion expansion.
The flavour-violating coupling matrix � is a generic complex 3 ⇥ 3 matrix. However, the

4

The expansion parameter ⌘ is an additional parameter of the simplified model that accounts for
our ignorance of the UV completion of the theory. In order to ensure that the mass corrections
always reduce the DM mass with respect to the leading-order mass parameter m�, we choose
⌘ < 0.

The expression in eq. (2.14) di↵ers from the one employed in the case of Dirac DM [17]
– the second summand in the round brackets is required in order to render the mass matrix
symmetric, as required for Majorana fermions. Inserting our parametrization for � we find

M�,ij = m�

⇢
� |⌘|

2
(d⇤ OT D2 O d + d OT D2 O d⇤) + O(�4)

�

ij

. (2.15)

Note that in contrast to the Dirac fermion case the mass matrix M� is not diagonal per se, i.e.
there is a misalignment between the flavour and the mass eigenstates for �. The diagonalization
of M� can be achieved through an Autonne-Takagi factorization [26,27], where

M� = W T MD

� W . (2.16)

Here, MD
� is a diagonal matrix with real positive entries and W is an orthogonal matrix, since

the mass matrix M� is real. The necessary field redefinition �L ! W�L then transforms the
coupling of the DM field � to the SM quarks uR to

�̃ = �W T . (2.17)

We further arrange the rows of W in such a way that we always have

MD

� = diag(m�1 , m�2 , m�3) , (2.18)

with m�1 > m�2 > m�3 , i. e. the third dark generation is the lightest state, and we assume
it to form the DM of the universe. Due to the complexity of the mass corrections it is not
possible to provide an analytical expression for W and thus, calculating analytical conditions
that the model parameters have to fulfil in order to generate a particular mass splitting, as
was done in [17], is not possible.

In DMFV models with Dirac fermions DM stability is guaranteed by an unbroken Z3 sym-
metry which follows from the flavour symmetry [16, 17, 19]1. However, for Majorana DM this
symmetry cannot be present due to its non-trivial representation being complex. Hence, we
impose a Z2 symmetry under which only the new particles � and � are charged in order to
forbid the decay of � and � into final states with SM particles only. The lightest flavour of
the DM triplet � is then rendered stable, as long as its mass is smaller than the mass of the
coloured scalar boson �. Thus, we additionally choose

m� < m� . (2.19)

3 Collider Phenomenology

Searches for new particles at the LHC lead to stringent constraints on the model presented
above. We discuss these constraints in this section to determine the experimentally excluded
regions in the parameter space of our model.

1
An analogous residual symmetry had previously been found in the case of DM models with MFV [4].
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LHC signatures



It was shown in [28] that for models with a coloured t-channel mediator the most stringent
limits arise in general from the pair-production of the mediator, subsequently decaying into
quarks and missing transverse energy (/ET ), as opposed to searches for monojet+/ET . The
authors of [16] found very similar results for a DMFV model where � is a Dirac fermion and
couples to right-handed down-type quarks. We expect that this behaviour also applies to our
model and therefore focus on � pair production.

The relevant final states constrained by the LHC experiments are those of searches for
supersymmetric top squarks (tt̄ + /ET ) and squarks of the first two generations (jets+/ET ).
Note that the limits used in [17] to constrain the Dirac version of top-flavoured DM were
based on LHC run 1 data with

p
s = 8 TeV. Updated bounds resulting from a recast of

136 fb�1 of LHC run 2 data at
p

s = 13TeV were presented in [23]. In this study we will use
the same run 2 limits as in [23] to constrain our model of flavoured Majorana DM.

3.1 LHC Signatures from Mediator Pair-Production

Just like squarks in SUSY, the scalar boson � is a colour triplet that is odd under a Z2 symmetry
and is therefore produced in pairs through QCD interactions. Note that this production channel
neither depends on the DM mass m� nor on the coupling �.

However, � can also be pair-produced through processes involving the t-channel exchange of
�, as shown in Figure 3.1. These diagrams are proportional to �2. As � is a Majorana fermion
the production modes for � also include same-sign production channels, i.e. the mediator can
be produced as ��†, �� and �†�† pairs. Note that the production of a �� pair is enhanced by
the up quark parton distribution function (PDF) [29], due to the pair of valence up quarks

in the proton. As it is the mass term of eq. (2.5) that mixes �†
L

and �L, these production
channels are additionally proportional to the mass parameter m� of the Lagrangian.

Due to the Z2 symmetry introduced in section 2.3 the scalar boson � can only decay into
final states that include �. The by far dominant decay modes are then the ones into a single
quark qi accompanied by �j , where i, j are flavour indices, as depicted in Figure 3.2.

Combining the pair-production and decay of the mediator boson �, we find the following
parton level processes that are relevant for the LHC analysis:

pp ! � �† ! �i �j qk q̄l ,
pp ! � � ! �i �j qk ql ,
pp ! �† �† ! �i �j q̄k q̄l .

(3.1)

Here, i, j, k and l are flavour indices. The explicit constellation of the final states at the LHC
depends on the SM flavour indices k and l. An (anti)quark of the first or second generation
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�j

�†

�

(a) ��† production

qi

qk

�j

�

�

(b) �� production

q̄i

q̄k
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�†

�†

(c) �†�† production

Figure 3.1: Feynman diagrams of the t-channel � exchange production modes of �.
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neutral, unlike in the case of a long-lived �, the existence of a charged track cannot be exploited.
At the same time, due to the small mass splitting among the �, the jets resulting from their
decay tend to be very soft, rendering current displaced jet searches insensitive. However, the
scenario can be constrained by /ET searches, see Tab. 5.1, mostly due to �-pair production and
their subsequent prompt decay into �2 and/or �1. We also note that the large lifetime of the
neutral �i decaying into a quark pair makes it an interesting scenario for dedicated long-lived
particle detectors outside the caverns of the main LHC experiments, such as MATHUSLA [67].

5.2 Model-specific signatures

As discussed in Sec. 5.1 and already found in Ref. [17], same-sign uu ! �� production signifi-
cantly enhances the cross-section for mediator pair production in our model. This process leads
to much stronger exclusion limits on Majorana DM in final states where the mediator charge
is not identified. In principle, these enhanced cross-sections could be used to distinguish our
Majorana flavoured DM model [17] from the corresponding flavoured DM model with Dirac
DM, studied in Refs. [14,23]. In practice, however, a distinction based solely on cross-sections
is challenging. On the one hand, precise measurements of absolute cross-sections are a di�cult
task at hadron colliders. On the other hand, the production of coloured particles at the LHC is
typically subject to large higher-order QCD corrections which have not been calculated in our
model. In what follows we hence investigate alternative options to discriminate between Dirac
and Majorana flavoured DM, by making use of signatures that rely on both the same-sign
uu ! �� production channel as well as the non-trivial flavour structure of our model.

5.2.1 Same-sign di-top + /ET

As pointed out in Ref. [17] the process uu ! �� with subsequent mediator decay to top and
DM leads to the same-sign signature tt + /ET with two positively charged top quarks, with
cross-sections in the fb regime. Experimentally, the distinction from the more common tt̄+ /ET

signature, prominent in supersymmetric models, is possible by requiring two positively charged
leptons from semileptonic top decays. Such an analysis has for instance been performed in the
CMS search for same-sign top signatures of Ref. [68].

There, a supersymmetric model is considered in which a pair of gluinos is produced, both
of which decay into a top or antitop associated with a stop. The stop is then assumed to
decay into a light quark and a neutralino, giving rise to the same-sign signatures ttjj + /ET

and t̄t̄jj + /ET . However, since this search assumes a small mass splitting of roughly 20 GeV
between the stop and the neutralino, the jets in the final state are very soft. Therefore, in order
to obtain a leading-order estimate of the constraints imposed by this search on our model, we
calculate the production rates of the two same-sign final states ttjj + /ET as well as t̄t̄jj + /ET

and compare them with the upper limits provided in Ref. [68]. We also ignore the kinematic
di↵erences that arise from distinct spin-statistics, as � is a scalar whereas gluinos are fermions.
Given that we do not expect the e�ciencies of the analysis to be strongly kinematic-dependent,
we assume this to only cause a negligible di↵erence in the upper limits from Ref. [68].

For the calculation of the leading-order production cross section of the two same-sign final
states we use a FeynRules [69] implementation of our model, generate a UFO file, and employ
MadGraph5 aMC@NLO [70] to generate events. We here consider the flavour- and CP-
conserving case with ✓ij = �ij = �ij = �i = 0, since we are interested in the strongest possible
constraints this search places on the NP masses m� and m�3 . Allowing for non-vanishing
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It was shown in [28] that for models with a coloured t-channel mediator the most stringent
limits arise in general from the pair-production of the mediator, subsequently decaying into
quarks and missing transverse energy (/ET ), as opposed to searches for monojet+/ET . The
authors of [16] found very similar results for a DMFV model where � is a Dirac fermion and
couples to right-handed down-type quarks. We expect that this behaviour also applies to our
model and therefore focus on � pair production.

The relevant final states constrained by the LHC experiments are those of searches for
supersymmetric top squarks (tt̄ + /ET ) and squarks of the first two generations (jets+/ET ).
Note that the limits used in [17] to constrain the Dirac version of top-flavoured DM were
based on LHC run 1 data with

p
s = 8 TeV. Updated bounds resulting from a recast of

136 fb�1 of LHC run 2 data at
p

s = 13TeV were presented in [23]. In this study we will use
the same run 2 limits as in [23] to constrain our model of flavoured Majorana DM.

3.1 LHC Signatures from Mediator Pair-Production

Just like squarks in SUSY, the scalar boson � is a colour triplet that is odd under a Z2 symmetry
and is therefore produced in pairs through QCD interactions. Note that this production channel
neither depends on the DM mass m� nor on the coupling �.

However, � can also be pair-produced through processes involving the t-channel exchange of
�, as shown in Figure 3.1. These diagrams are proportional to �2. As � is a Majorana fermion
the production modes for � also include same-sign production channels, i.e. the mediator can
be produced as ��†, �� and �†�† pairs. Note that the production of a �� pair is enhanced by
the up quark parton distribution function (PDF) [29], due to the pair of valence up quarks

in the proton. As it is the mass term of eq. (2.5) that mixes �†
L

and �L, these production
channels are additionally proportional to the mass parameter m� of the Lagrangian.

Due to the Z2 symmetry introduced in section 2.3 the scalar boson � can only decay into
final states that include �. The by far dominant decay modes are then the ones into a single
quark qi accompanied by �j , where i, j are flavour indices, as depicted in Figure 3.2.

Combining the pair-production and decay of the mediator boson �, we find the following
parton level processes that are relevant for the LHC analysis:

pp ! � �† ! �i �j qk q̄l ,
pp ! � � ! �i �j qk ql ,
pp ! �† �† ! �i �j q̄k q̄l .

(3.1)

Here, i, j, k and l are flavour indices. The explicit constellation of the final states at the LHC
depends on the SM flavour indices k and l. An (anti)quark of the first or second generation
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Figure 3.1: Feynman diagrams of the t-channel � exchange production modes of �.
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neutral, unlike in the case of a long-lived �, the existence of a charged track cannot be exploited.
At the same time, due to the small mass splitting among the �, the jets resulting from their
decay tend to be very soft, rendering current displaced jet searches insensitive. However, the
scenario can be constrained by /ET searches, see Tab. 5.1, mostly due to �-pair production and
their subsequent prompt decay into �2 and/or �1. We also note that the large lifetime of the
neutral �i decaying into a quark pair makes it an interesting scenario for dedicated long-lived
particle detectors outside the caverns of the main LHC experiments, such as MATHUSLA [67].

5.2 Model-specific signatures

As discussed in Sec. 5.1 and already found in Ref. [17], same-sign uu ! �� production signifi-
cantly enhances the cross-section for mediator pair production in our model. This process leads
to much stronger exclusion limits on Majorana DM in final states where the mediator charge
is not identified. In principle, these enhanced cross-sections could be used to distinguish our
Majorana flavoured DM model [17] from the corresponding flavoured DM model with Dirac
DM, studied in Refs. [14,23]. In practice, however, a distinction based solely on cross-sections
is challenging. On the one hand, precise measurements of absolute cross-sections are a di�cult
task at hadron colliders. On the other hand, the production of coloured particles at the LHC is
typically subject to large higher-order QCD corrections which have not been calculated in our
model. In what follows we hence investigate alternative options to discriminate between Dirac
and Majorana flavoured DM, by making use of signatures that rely on both the same-sign
uu ! �� production channel as well as the non-trivial flavour structure of our model.

5.2.1 Same-sign di-top + /ET

As pointed out in Ref. [17] the process uu ! �� with subsequent mediator decay to top and
DM leads to the same-sign signature tt + /ET with two positively charged top quarks, with
cross-sections in the fb regime. Experimentally, the distinction from the more common tt̄+ /ET

signature, prominent in supersymmetric models, is possible by requiring two positively charged
leptons from semileptonic top decays. Such an analysis has for instance been performed in the
CMS search for same-sign top signatures of Ref. [68].

There, a supersymmetric model is considered in which a pair of gluinos is produced, both
of which decay into a top or antitop associated with a stop. The stop is then assumed to
decay into a light quark and a neutralino, giving rise to the same-sign signatures ttjj + /ET

and t̄t̄jj + /ET . However, since this search assumes a small mass splitting of roughly 20 GeV
between the stop and the neutralino, the jets in the final state are very soft. Therefore, in order
to obtain a leading-order estimate of the constraints imposed by this search on our model, we
calculate the production rates of the two same-sign final states ttjj + /ET as well as t̄t̄jj + /ET

and compare them with the upper limits provided in Ref. [68]. We also ignore the kinematic
di↵erences that arise from distinct spin-statistics, as � is a scalar whereas gluinos are fermions.
Given that we do not expect the e�ciencies of the analysis to be strongly kinematic-dependent,
we assume this to only cause a negligible di↵erence in the upper limits from Ref. [68].

For the calculation of the leading-order production cross section of the two same-sign final
states we use a FeynRules [69] implementation of our model, generate a UFO file, and employ
MadGraph5 aMC@NLO [70] to generate events. We here consider the flavour- and CP-
conserving case with ✓ij = �ij = �ij = �i = 0, since we are interested in the strongest possible
constraints this search places on the NP masses m� and m�3 . Allowing for non-vanishing
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LHC signatures

It was shown in [28] that for models with a coloured t-channel mediator the most stringent
limits arise in general from the pair-production of the mediator, subsequently decaying into
quarks and missing transverse energy (/ET ), as opposed to searches for monojet+/ET . The
authors of [16] found very similar results for a DMFV model where � is a Dirac fermion and
couples to right-handed down-type quarks. We expect that this behaviour also applies to our
model and therefore focus on � pair production.

The relevant final states constrained by the LHC experiments are those of searches for
supersymmetric top squarks (tt̄ + /ET ) and squarks of the first two generations (jets+/ET ).
Note that the limits used in [17] to constrain the Dirac version of top-flavoured DM were
based on LHC run 1 data with
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s = 8 TeV. Updated bounds resulting from a recast of

136 fb�1 of LHC run 2 data at
p

s = 13TeV were presented in [23]. In this study we will use
the same run 2 limits as in [23] to constrain our model of flavoured Majorana DM.

3.1 LHC Signatures from Mediator Pair-Production

Just like squarks in SUSY, the scalar boson � is a colour triplet that is odd under a Z2 symmetry
and is therefore produced in pairs through QCD interactions. Note that this production channel
neither depends on the DM mass m� nor on the coupling �.

However, � can also be pair-produced through processes involving the t-channel exchange of
�, as shown in Figure 3.1. These diagrams are proportional to �2. As � is a Majorana fermion
the production modes for � also include same-sign production channels, i.e. the mediator can
be produced as ��†, �� and �†�† pairs. Note that the production of a �� pair is enhanced by
the up quark parton distribution function (PDF) [29], due to the pair of valence up quarks

in the proton. As it is the mass term of eq. (2.5) that mixes �†
L

and �L, these production
channels are additionally proportional to the mass parameter m� of the Lagrangian.

Due to the Z2 symmetry introduced in section 2.3 the scalar boson � can only decay into
final states that include �. The by far dominant decay modes are then the ones into a single
quark qi accompanied by �j , where i, j are flavour indices, as depicted in Figure 3.2.

Combining the pair-production and decay of the mediator boson �, we find the following
parton level processes that are relevant for the LHC analysis:

pp ! � �† ! �i �j qk q̄l ,
pp ! � � ! �i �j qk ql ,
pp ! �† �† ! �i �j q̄k q̄l .

(3.1)

Here, i, j, k and l are flavour indices. The explicit constellation of the final states at the LHC
depends on the SM flavour indices k and l. An (anti)quark of the first or second generation

qi

q̄k

�j

�†

�

(a) ��† production

qi

qk

�j

�

�

(b) �� production

q̄i

q̄k

�j

�†

�†

(c) �†�† production

Figure 3.1: Feynman diagrams of the t-channel � exchange production modes of �.

8

large cross section 
[see also e.g. M. Garny, A. Ibarra, 

M. Pato, S. Vogl, 1306.6342] 

neutral, unlike in the case of a long-lived �, the existence of a charged track cannot be exploited.
At the same time, due to the small mass splitting among the �, the jets resulting from their
decay tend to be very soft, rendering current displaced jet searches insensitive. However, the
scenario can be constrained by /ET searches, see Tab. 5.1, mostly due to �-pair production and
their subsequent prompt decay into �2 and/or �1. We also note that the large lifetime of the
neutral �i decaying into a quark pair makes it an interesting scenario for dedicated long-lived
particle detectors outside the caverns of the main LHC experiments, such as MATHUSLA [67].

5.2 Model-specific signatures

As discussed in Sec. 5.1 and already found in Ref. [17], same-sign uu ! �� production signifi-
cantly enhances the cross-section for mediator pair production in our model. This process leads
to much stronger exclusion limits on Majorana DM in final states where the mediator charge
is not identified. In principle, these enhanced cross-sections could be used to distinguish our
Majorana flavoured DM model [17] from the corresponding flavoured DM model with Dirac
DM, studied in Refs. [14,23]. In practice, however, a distinction based solely on cross-sections
is challenging. On the one hand, precise measurements of absolute cross-sections are a di�cult
task at hadron colliders. On the other hand, the production of coloured particles at the LHC is
typically subject to large higher-order QCD corrections which have not been calculated in our
model. In what follows we hence investigate alternative options to discriminate between Dirac
and Majorana flavoured DM, by making use of signatures that rely on both the same-sign
uu ! �� production channel as well as the non-trivial flavour structure of our model.

5.2.1 Same-sign di-top + /ET

As pointed out in Ref. [17] the process uu ! �� with subsequent mediator decay to top and
DM leads to the same-sign signature tt + /ET with two positively charged top quarks, with
cross-sections in the fb regime. Experimentally, the distinction from the more common tt̄+ /ET

signature, prominent in supersymmetric models, is possible by requiring two positively charged
leptons from semileptonic top decays. Such an analysis has for instance been performed in the
CMS search for same-sign top signatures of Ref. [68].

There, a supersymmetric model is considered in which a pair of gluinos is produced, both
of which decay into a top or antitop associated with a stop. The stop is then assumed to
decay into a light quark and a neutralino, giving rise to the same-sign signatures ttjj + /ET

and t̄t̄jj + /ET . However, since this search assumes a small mass splitting of roughly 20 GeV
between the stop and the neutralino, the jets in the final state are very soft. Therefore, in order
to obtain a leading-order estimate of the constraints imposed by this search on our model, we
calculate the production rates of the two same-sign final states ttjj + /ET as well as t̄t̄jj + /ET

and compare them with the upper limits provided in Ref. [68]. We also ignore the kinematic
di↵erences that arise from distinct spin-statistics, as � is a scalar whereas gluinos are fermions.
Given that we do not expect the e�ciencies of the analysis to be strongly kinematic-dependent,
we assume this to only cause a negligible di↵erence in the upper limits from Ref. [68].

For the calculation of the leading-order production cross section of the two same-sign final
states we use a FeynRules [69] implementation of our model, generate a UFO file, and employ
MadGraph5 aMC@NLO [70] to generate events. We here consider the flavour- and CP-
conserving case with ✓ij = �ij = �ij = �i = 0, since we are interested in the strongest possible
constraints this search places on the NP masses m� and m�3 . Allowing for non-vanishing
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Current constraints: canonical freeze-out
Table 5.1: Relevant LHC searches for each scenario identified in our SmodelS [46,47] analy-

sis. The first column contains the scenario, the second the search report number,
the third the center-of-mass energy of the LHC run the respective data set is based
on, and the fourth column contains the relevant signature.

scenario search
p
s signatures

canonic

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2018-12 [52] 13 TeV tops+/ET

ATLAS-SUSY-2018-22 [53] 13 TeV jets+/ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-19-009 [56] 13 TeV tops+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2013-21 [58] 8 TeV cc + /ET

ATLAS-SUSY-2014-03 [59] 8 TeV cc + /ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2016-26 [60] 13 TeV cc + /ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

C�2u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

CMS-SUS-16-032 [64] 13 TeV cc + /ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

17

Using SModelS 2 
[G. Alguero, JH, C. K. Khosa, S. Kraml et al. 2112.00769]  

Light shaded points:
95% CL excluded
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Current constraints: canonical freeze-out
Table 5.1: Relevant LHC searches for each scenario identified in our SmodelS [46,47] analy-

sis. The first column contains the scenario, the second the search report number,
the third the center-of-mass energy of the LHC run the respective data set is based
on, and the fourth column contains the relevant signature.

scenario search
p
s signatures

canonic

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2018-12 [52] 13 TeV tops+/ET

ATLAS-SUSY-2018-22 [53] 13 TeV jets+/ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-19-009 [56] 13 TeV tops+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2013-21 [58] 8 TeV cc + /ET

ATLAS-SUSY-2014-03 [59] 8 TeV cc + /ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2016-26 [60] 13 TeV cc + /ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

C�2u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

CMS-SUS-16-032 [64] 13 TeV cc + /ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

17

Using SModelS 2 
[G. Alguero, JH, C. K. Khosa, S. Kraml et al. 2112.00769]  

Excluded points: enhanced t-channel mediator production

Light shaded points:
95% CL excluded
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Current constraints: canonical freeze-out
Table 5.1: Relevant LHC searches for each scenario identified in our SmodelS [46,47] analy-

sis. The first column contains the scenario, the second the search report number,
the third the center-of-mass energy of the LHC run the respective data set is based
on, and the fourth column contains the relevant signature.

scenario search
p
s signatures

canonic

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2018-12 [52] 13 TeV tops+/ET

ATLAS-SUSY-2018-22 [53] 13 TeV jets+/ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-19-009 [56] 13 TeV tops+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2013-21 [58] 8 TeV cc + /ET

ATLAS-SUSY-2014-03 [59] 8 TeV cc + /ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2016-26 [60] 13 TeV cc + /ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

C�2u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

CMS-SUS-16-032 [64] 13 TeV cc + /ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

17

Using SModelS 2 
[G. Alguero, JH, C. K. Khosa, S. Kraml et al. 2112.00769]  

Allowed points: complex decay patterns/non-prompt decays

Light shaded points:
95% CL excluded
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Constraints: conversion-driven freeze-out
Table 5.1: Relevant LHC searches for each scenario identified in our SmodelS [46,47] analy-

sis. The first column contains the scenario, the second the search report number,
the third the center-of-mass energy of the LHC run the respective data set is based
on, and the fourth column contains the relevant signature.

scenario search
p
s signatures

canonic

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2018-12 [52] 13 TeV tops+/ET

ATLAS-SUSY-2018-22 [53] 13 TeV jets+/ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-19-009 [56] 13 TeV tops+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2013-21 [58] 8 TeV cc + /ET

ATLAS-SUSY-2014-03 [59] 8 TeV cc + /ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2016-26 [60] 13 TeV cc + /ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

C�2u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

CMS-SUS-16-032 [64] 13 TeV cc + /ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

17

Using SModelS 2 
[G. Alguero, JH, C. K. Khosa, S. Kraml et al. 2112.00769]  

Table 5.1: Relevant LHC searches for each scenario identified in our SmodelS [46,47] analy-
sis. The first column contains the scenario, the second the search report number,
the third the center-of-mass energy of the LHC run the respective data set is based
on, and the fourth column contains the relevant signature.

scenario search
p
s signatures

canonic

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2018-12 [52] 13 TeV tops+/ET

ATLAS-SUSY-2018-22 [53] 13 TeV jets+/ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-19-009 [56] 13 TeV tops+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2013-21 [58] 8 TeV cc + /ET

ATLAS-SUSY-2014-03 [59] 8 TeV cc + /ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2016-26 [60] 13 TeV cc + /ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

C�2u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

CMS-SUS-16-032 [64] 13 TeV cc + /ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

17

Table 5.1: Relevant LHC searches for each scenario identified in our SmodelS [46,47] analy-
sis. The first column contains the scenario, the second the search report number,
the third the center-of-mass energy of the LHC run the respective data set is based
on, and the fourth column contains the relevant signature.

scenario search
p
s signatures

canonic

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2018-12 [52] 13 TeV tops+/ET

ATLAS-SUSY-2018-22 [53] 13 TeV jets+/ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-19-009 [56] 13 TeV tops+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2013-21 [58] 8 TeV cc + /ET

ATLAS-SUSY-2014-03 [59] 8 TeV cc + /ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2016-26 [60] 13 TeV cc + /ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

C�2u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

CMS-SUS-16-032 [64] 13 TeV cc + /ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

17

▪ Small DM coupling: long-lived particles 

Light shaded points:
95% CL excluded
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Constraints: conversion-driven freeze-out
Table 5.1: Relevant LHC searches for each scenario identified in our SmodelS [46,47] analy-

sis. The first column contains the scenario, the second the search report number,
the third the center-of-mass energy of the LHC run the respective data set is based
on, and the fourth column contains the relevant signature.

scenario search
p
s signatures

canonic

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2018-12 [52] 13 TeV tops+/ET

ATLAS-SUSY-2018-22 [53] 13 TeV jets+/ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-19-009 [56] 13 TeV tops+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2013-21 [58] 8 TeV cc + /ET

ATLAS-SUSY-2014-03 [59] 8 TeV cc + /ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2016-26 [60] 13 TeV cc + /ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

C�2u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

CMS-SUS-16-032 [64] 13 TeV cc + /ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

17

Using SModelS 2 
[G. Alguero, JH, C. K. Khosa, S. Kraml et al. 2112.00769]  

Table 5.1: Relevant LHC searches for each scenario identified in our SmodelS [46,47] analy-
sis. The first column contains the scenario, the second the search report number,
the third the center-of-mass energy of the LHC run the respective data set is based
on, and the fourth column contains the relevant signature.

scenario search
p
s signatures

canonic

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2018-12 [52] 13 TeV tops+/ET

ATLAS-SUSY-2018-22 [53] 13 TeV jets+/ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-19-009 [56] 13 TeV tops+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2013-21 [58] 8 TeV cc + /ET

ATLAS-SUSY-2014-03 [59] 8 TeV cc + /ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2016-26 [60] 13 TeV cc + /ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

C�2u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

CMS-SUS-16-032 [64] 13 TeV cc + /ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

17

Table 5.1: Relevant LHC searches for each scenario identified in our SmodelS [46,47] analy-
sis. The first column contains the scenario, the second the search report number,
the third the center-of-mass energy of the LHC run the respective data set is based
on, and the fourth column contains the relevant signature.

scenario search
p
s signatures

canonic

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2018-12 [52] 13 TeV tops+/ET

ATLAS-SUSY-2018-22 [53] 13 TeV jets+/ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-19-009 [56] 13 TeV tops+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2013-21 [58] 8 TeV cc + /ET

ATLAS-SUSY-2014-03 [59] 8 TeV cc + /ET

ATLAS-SUSY-2016-07 [50] 13 TeV jets+/ET

ATLAS-SUSY-2016-15 [51] 13 TeV tops+/ET

ATLAS-SUSY-2016-26 [60] 13 TeV cc + /ET

CMS-SUS-16-033 [54] 13 TeV jets+/ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

CMS-SUS-19-006 [45] 13 TeV jets+/ET

CMS-SUS-20-002 [57] 13 TeV tops+/ET

C�1u

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

C�2u

ATLAS-SUSY-2013-02 [49] 8 TeV jets+/ET

ATLAS-SUSY-2016-32 [62] 13 TeV stable R-hadron
CMS-PAS-EXO-16-036 [63] 13 TeV stable R-hadron

CMS-SUS-16-032 [64] 13 TeV cc + /ET

CMS-SUS-16-036 [55] 13 TeV jets+/ET

CMS-SUS-16-049 [61] 13 TeV tops+/ET

17

Intermediate lifetimes (mm–m): 
great potential, current searches
do not apply

▪ Small DM coupling: long-lived particles 

Light shaded points:
95% CL excluded
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It was shown in [28] that for models with a coloured t-channel mediator the most stringent
limits arise in general from the pair-production of the mediator, subsequently decaying into
quarks and missing transverse energy (/ET ), as opposed to searches for monojet+/ET . The
authors of [16] found very similar results for a DMFV model where � is a Dirac fermion and
couples to right-handed down-type quarks. We expect that this behaviour also applies to our
model and therefore focus on � pair production.

The relevant final states constrained by the LHC experiments are those of searches for
supersymmetric top squarks (tt̄ + /ET ) and squarks of the first two generations (jets+/ET ).
Note that the limits used in [17] to constrain the Dirac version of top-flavoured DM were
based on LHC run 1 data with

p
s = 8 TeV. Updated bounds resulting from a recast of

136 fb�1 of LHC run 2 data at
p

s = 13TeV were presented in [23]. In this study we will use
the same run 2 limits as in [23] to constrain our model of flavoured Majorana DM.

3.1 LHC Signatures from Mediator Pair-Production

Just like squarks in SUSY, the scalar boson � is a colour triplet that is odd under a Z2 symmetry
and is therefore produced in pairs through QCD interactions. Note that this production channel
neither depends on the DM mass m� nor on the coupling �.

However, � can also be pair-produced through processes involving the t-channel exchange of
�, as shown in Figure 3.1. These diagrams are proportional to �2. As � is a Majorana fermion
the production modes for � also include same-sign production channels, i.e. the mediator can
be produced as ��†, �� and �†�† pairs. Note that the production of a �� pair is enhanced by
the up quark parton distribution function (PDF) [29], due to the pair of valence up quarks

in the proton. As it is the mass term of eq. (2.5) that mixes �†
L

and �L, these production
channels are additionally proportional to the mass parameter m� of the Lagrangian.

Due to the Z2 symmetry introduced in section 2.3 the scalar boson � can only decay into
final states that include �. The by far dominant decay modes are then the ones into a single
quark qi accompanied by �j , where i, j are flavour indices, as depicted in Figure 3.2.

Combining the pair-production and decay of the mediator boson �, we find the following
parton level processes that are relevant for the LHC analysis:

pp ! � �† ! �i �j qk q̄l ,
pp ! � � ! �i �j qk ql ,
pp ! �† �† ! �i �j q̄k q̄l .

(3.1)

Here, i, j, k and l are flavour indices. The explicit constellation of the final states at the LHC
depends on the SM flavour indices k and l. An (anti)quark of the first or second generation

qi

q̄k

�j

�†

�

(a) ��† production

qi

qk

�j

�

�

(b) �� production

q̄i

q̄k

�j

�†

�†

(c) �†�† production

Figure 3.1: Feynman diagrams of the t-channel � exchange production modes of �.

8

large cross section 
[see also e.g. M. Garny, A. Ibarra, 

M. Pato, S. Vogl, 1306.6342] 

neutral, unlike in the case of a long-lived �, the existence of a charged track cannot be exploited.
At the same time, due to the small mass splitting among the �, the jets resulting from their
decay tend to be very soft, rendering current displaced jet searches insensitive. However, the
scenario can be constrained by /ET searches, see Tab. 5.1, mostly due to �-pair production and
their subsequent prompt decay into �2 and/or �1. We also note that the large lifetime of the
neutral �i decaying into a quark pair makes it an interesting scenario for dedicated long-lived
particle detectors outside the caverns of the main LHC experiments, such as MATHUSLA [67].

5.2 Model-specific signatures

As discussed in Sec. 5.1 and already found in Ref. [17], same-sign uu ! �� production signifi-
cantly enhances the cross-section for mediator pair production in our model. This process leads
to much stronger exclusion limits on Majorana DM in final states where the mediator charge
is not identified. In principle, these enhanced cross-sections could be used to distinguish our
Majorana flavoured DM model [17] from the corresponding flavoured DM model with Dirac
DM, studied in Refs. [14,23]. In practice, however, a distinction based solely on cross-sections
is challenging. On the one hand, precise measurements of absolute cross-sections are a di�cult
task at hadron colliders. On the other hand, the production of coloured particles at the LHC is
typically subject to large higher-order QCD corrections which have not been calculated in our
model. In what follows we hence investigate alternative options to discriminate between Dirac
and Majorana flavoured DM, by making use of signatures that rely on both the same-sign
uu ! �� production channel as well as the non-trivial flavour structure of our model.

5.2.1 Same-sign di-top + /ET

As pointed out in Ref. [17] the process uu ! �� with subsequent mediator decay to top and
DM leads to the same-sign signature tt + /ET with two positively charged top quarks, with
cross-sections in the fb regime. Experimentally, the distinction from the more common tt̄+ /ET

signature, prominent in supersymmetric models, is possible by requiring two positively charged
leptons from semileptonic top decays. Such an analysis has for instance been performed in the
CMS search for same-sign top signatures of Ref. [68].

There, a supersymmetric model is considered in which a pair of gluinos is produced, both
of which decay into a top or antitop associated with a stop. The stop is then assumed to
decay into a light quark and a neutralino, giving rise to the same-sign signatures ttjj + /ET

and t̄t̄jj + /ET . However, since this search assumes a small mass splitting of roughly 20 GeV
between the stop and the neutralino, the jets in the final state are very soft. Therefore, in order
to obtain a leading-order estimate of the constraints imposed by this search on our model, we
calculate the production rates of the two same-sign final states ttjj + /ET as well as t̄t̄jj + /ET

and compare them with the upper limits provided in Ref. [68]. We also ignore the kinematic
di↵erences that arise from distinct spin-statistics, as � is a scalar whereas gluinos are fermions.
Given that we do not expect the e�ciencies of the analysis to be strongly kinematic-dependent,
we assume this to only cause a negligible di↵erence in the upper limits from Ref. [68].

For the calculation of the leading-order production cross section of the two same-sign final
states we use a FeynRules [69] implementation of our model, generate a UFO file, and employ
MadGraph5 aMC@NLO [70] to generate events. We here consider the flavour- and CP-
conserving case with ✓ij = �ij = �ij = �i = 0, since we are interested in the strongest possible
constraints this search places on the NP masses m� and m�3 . Allowing for non-vanishing

20

Majorana-specific signatures

➔ Same-sign quark searches promising 
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Same-sign top searches in SUSY                  and 
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Figure 3.4: Constraints on the final state jj + /ET obtained from [35].

can be seen explicitly in Figure 3.3b. The excluded region grows quickly for increasing D1

and non-vanishing DM mass m�. As explained above, this dependence on m� originates
from the Majorana nature of � necessary for this contribution. Thus, even for the maximally
constraining case of D1 = D2 = D3 = 1.5 regions with a small m� and m� & 1 TeV are not
excluded.

The results of recasting the jj + /ET limits are shown in Figure 3.4. In this case we fix
the value of D1 = D2 and vary the value of D3. In contrast to the final states with top
flavour, increasing the value of D3 reduces the branching ratio into this final state. At the
same time, both the mediator pair-production cross section and the final state branching ratio
grow with increasing D1 = D2. The pattern in Figure 3.4 matches this expectation. We
observe that an increasing value of D3 shrinks the excluded area. When comparing Figure
3.4a and Figure 3.4b, we also see that the excluded region grows sizeably when the values of
D1 and D2 are increased. While this in general is due to an increased production cross section
and branching ratio, it partially originates – in analogy to the final states with top flavour –
from the production rate of the same-sign intermediate �� state that grows for an increasing
value of D1 and is again governed by the mass parameter m�. Just as for the final states with
top flavour, regions with a small m� are therefore not excluded for su�ciently high mediator
masses m� & 1.5 TeV. Overall, comparing Figure 3.3 and Figure 3.4 shows that the limits
for final states with two jets are significantly more constraining for large D1 = D2 than the
limits for final states with top flavour. As there is no interplay between a decreased branching
ratio into the final state and a concurrent increased production of the intermediate state when
increasing the value of D1, this was to be expected. Another reason is that for degenerate
couplings Di the branching ratio of the final state with jj + /ET is larger, due to the larger
multiplicity of possible parton-level final states (u- and c-jets).

In total, we conclude that for both signatures the same-sign contributions present only in
the Majorana DM model constrain a significant part of the m� � m� plane. In order to avoid
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neutral, unlike in the case of a long-lived �, the existence of a charged track cannot be exploited.
At the same time, due to the small mass splitting among the �, the jets resulting from their
decay tend to be very soft, rendering current displaced jet searches insensitive. However, the
scenario can be constrained by /ET searches, see Tab. 5.1, mostly due to �-pair production and
their subsequent prompt decay into �2 and/or �1. We also note that the large lifetime of the
neutral �i decaying into a quark pair makes it an interesting scenario for dedicated long-lived
particle detectors outside the caverns of the main LHC experiments, such as MATHUSLA [67].

5.2 Model-specific signatures

As discussed in Sec. 5.1 and already found in Ref. [17], same-sign uu ! �� production signifi-
cantly enhances the cross-section for mediator pair production in our model. This process leads
to much stronger exclusion limits on Majorana DM in final states where the mediator charge
is not identified. In principle, these enhanced cross-sections could be used to distinguish our
Majorana flavoured DM model [17] from the corresponding flavoured DM model with Dirac
DM, studied in Refs. [14,23]. In practice, however, a distinction based solely on cross-sections
is challenging. On the one hand, precise measurements of absolute cross-sections are a di�cult
task at hadron colliders. On the other hand, the production of coloured particles at the LHC is
typically subject to large higher-order QCD corrections which have not been calculated in our
model. In what follows we hence investigate alternative options to discriminate between Dirac
and Majorana flavoured DM, by making use of signatures that rely on both the same-sign
uu ! �� production channel as well as the non-trivial flavour structure of our model.

5.2.1 Same-sign di-top + /ET

As pointed out in Ref. [17] the process uu ! �� with subsequent mediator decay to top and
DM leads to the same-sign signature tt + /ET with two positively charged top quarks, with
cross-sections in the fb regime. Experimentally, the distinction from the more common tt̄+ /ET

signature, prominent in supersymmetric models, is possible by requiring two positively charged
leptons from semileptonic top decays. Such an analysis has for instance been performed in the
CMS search for same-sign top signatures of Ref. [68].

There, a supersymmetric model is considered in which a pair of gluinos is produced, both
of which decay into a top or antitop associated with a stop. The stop is then assumed to
decay into a light quark and a neutralino, giving rise to the same-sign signatures ttjj + /ET

and t̄t̄jj + /ET . However, since this search assumes a small mass splitting of roughly 20 GeV
between the stop and the neutralino, the jets in the final state are very soft. Therefore, in order
to obtain a leading-order estimate of the constraints imposed by this search on our model, we
calculate the production rates of the two same-sign final states ttjj + /ET as well as t̄t̄jj + /ET

and compare them with the upper limits provided in Ref. [68]. We also ignore the kinematic
di↵erences that arise from distinct spin-statistics, as � is a scalar whereas gluinos are fermions.
Given that we do not expect the e�ciencies of the analysis to be strongly kinematic-dependent,
we assume this to only cause a negligible di↵erence in the upper limits from Ref. [68].

For the calculation of the leading-order production cross section of the two same-sign final
states we use a FeynRules [69] implementation of our model, generate a UFO file, and employ
MadGraph5 aMC@NLO [70] to generate events. We here consider the flavour- and CP-
conserving case with ✓ij = �ij = �ij = �i = 0, since we are interested in the strongest possible
constraints this search places on the NP masses m� and m�3 . Allowing for non-vanishing
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Single-top charge asymmetry 

Comparing these limits with those found in Ref. [17], we see that the exclusions obtained
from the standard supersymmetric squark searches for jets+/ET and tops+/ET are significantly
stronger than those from the same-sign ttjj + /ET search considered here. The origin of this
di↵erence is twofold. On the one hand, the requirement of two extra jets, albeit soft, in the final
state reduces the total cross-section, as it corresponds to a higher-order QCD contribution. On
the other hand, the requirement of two semileptonic tops in the final state in order to allow for
charge identification further suppresses the number of events down to about 4% of the total
ttjj + /ET rate. While the former suppression could be avoided by performing a dedicated
search for tt + /ET without extra jets, the latter is intrinsic to the determination of the top
quark charge. In the next section we therefore explore how to test the Majorana nature of
flavoured DM by making use of the top quark charge in single-top events.

5.2.2 Single-top charge asymmetry

Mediator pair production with subsequent decays into j + /ET and t+ /ET , respectively, induces
the flavour-violating final state tj + /ET . For the case of flavoured Dirac DM the prospects of
a dedicated search have been analysed in Ref. [23], with the result that the region of testable
parameter space can be significantly extended relative to only the flavour-conserving jj + /ET

and tt̄ + /ET . Noteworthy, the analysis strategy proposed in Ref. [23] involves a semileptonic
top quark in the final state, opening up the possibility to straightforwardly extend it with
charge identification.

In the case of Dirac DM only opposite-sign �†� pairs are produced, and therefore the cross-
section of final states with a top or anti-top are equal:

�Dirac(tj + /ET ) = �Dirac(t̄j + /ET ) . (5.1)

For Majorana DM however, also �� and �†�† pairs are produced, with the former being
substantially enhanced by the valence up-quark content of the proton. Hence we predict

�Majorana(tj + /ET ) > �Majorana(t̄j + /ET ) , (5.2)

where the magnitude of the di↵erence depends on the size of the Majorana DM mass as well
as its coupling strength to u quarks. As a quantitative measure of this e↵ect, we introduce the
charge asymmetry

atj =
�(tj + /ET ) � �(t̄j + /ET )

�(tj + /ET ) + �(t̄j + /ET )
(5.3)

Following the arguments given above, we expect2

Dirac DM ) atj ' 0 , (5.4)

Majorana DM ) atj > 0 . (5.5)

To estimate the feasibility of measuring atj at future LHC runs, we determine the tj + /ET

and t̄j + /ET cross-sections using MadGraph5 aMC@NLO [70], from which we calculate atj .
We consider a center-of-mass energy of

p
s = 14TeV. The result is shown in Fig. 5.3. In the

2In the Dirac case, processes with mediator single-production could give a non-zero contribution to atj ,
however these e↵ects are generally suppressed relative to the QCD-induced mediator pair-production and become
important only in the limit of large mediator masses.
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Consider charge asymmetry:
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Figure 5.3: Left panel: Prediction of the charge asymmetry, atj , (colour code) at the 14 TeV
LHC in comparison with constraints from tops+/ET (light grey) and jets+/ET

(darker grey) for D2 = 0, m� = 1200 GeV and m� = 400 GeV. Right panel:
Prediction of atj based on the viable parameter space for the canonical freeze-out
scenario (green) and the C�1u scenario (blue).

left panel we present the prediction for the charge asymmetry in the coupling plane (D1, D3)
for a benchmark scenario of m� = 1200 GeV, m�i = 400 GeV and D2 = 0. Parameter regions
excluded by jets+ /ET and tops+/ET according to the analysis in Ref. [17] are shaded in grey.
The asymmetry is found independent of the value of D3 but grows with increasing D1, as
expected from the underlying process of same-sign � pair-production. Large values atj ' 1 can
be reached close to the excluded region, suggesting relevant LHC production cross-sections.

To better assess the possibility of measuring atj at the LHC, the right panel of Fig. 5.3 relates
the charge asymmetry to the total cross section �tot = �(tj+ /ET )+�(t̄j+ /ET ), displaying viable
points identified in our numerical scans. In the canonical freeze-out scenario (green points) we
find total cross sections up to �tot ' 100 fb for O(1) values of atj , indicating that the charge
asymmetry is indeed a promising observable to test the nature of DM. For the conversion-
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▪ Flavored Majorana Dark Matter: 
   Large regions of viable parameter space

▪ Canonical and conversion-driven freeze-out

▪ Current gaps in LHC searches: 
   ▪ Complex decay chains 
   ▪ Long-lived particles (intermediate lifetimes)

▪ Majorana-specific signatures 
   ▪ Same-sign tops suffer from extra jets required
   ▪ Single-top charge asymmetry

Summary
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FIG. 1. Constraints on the t-channel DM models investigated that emerge from cosmological and astrophysical observables, as
well as from the measured Z-boson visible decay width. The coloured hypersurfaces displayed in the different (MX ,MY /MX�1)
planes correspond to scenarios that satisfy ⌦h2 ' 0.12 for a value of the coupling � reflected by the grey-scale colour map. The
left (right) panels correspond to models with self-conjugate (complex) DM, and we consider a scalar (top row), fermion (central
row), and vector (bottom row) DM candidate. The hatched regions denote exclusions from gamma-ray searches (‘ID gamma
rays’), searches in cosmic-ray antiprotons (‘ID anti-protons’), DM direct detection via spin-independent and spin-dependent
interactions (‘DD SI’ and ‘DD SD’, respectively), and Z-boson visible decays (‘Z decay’). For details we refer to sections II.2.5,
II.2.4 and to the end of section II.2.6.
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