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the LHCDMWG [2], and it is intended to provide a template for the presentation of the

LHC results at the winter conferences in 2016. It reflects the feedback obtained from the

participants and in subsequent iterations with members of the experiments and of the the-

ory community and it is based on work described recently in [3–9]. For earlier articles

discussing aspects of simplified s-channel DM models, see also [10–21].

The relevant details of simplified DM models involving vector, axial-vector, scalar

and pseudo-scalar s-channel mediators are first reviewed in Section 2. Section 3 presents a

recommendation for the primary treatment of LHC DM bounds and introduces all of the

basic assumptions entering the approach. Section 4 describes a well-defined translation

procedure, including all relevant formulas and corresponding references, that allows for

meaningful and fair comparisons with the limits obtained by DD and ID experiments.

2 Models considered

The recommendations in this proposal, adopt the model choices made for the early Run-2

LHC searches by the ATLAS/CMS DM Forum [1]. In this document we discuss models

which assume that the DM particle is a Dirac fermion χ and that the particle mediating

the interaction (the “mediator”) is exchanged in the s-channel.1 After simplifying assump-

tions, each model is characterised by four parameters: the DM mass mDM, the mediator

mass Mmed, the universal mediator coupling to quarks gq and the mediator coupling to

DM gDM. Mediator couplings to leptons are always set to zero in order to avoid the strin-

gent LHC bounds from di-lepton searches. In the limit of largeMmed, these (and all) models

converge to a universal set of operators in an effective field theory (EFT) [13, 14, 26–29].

In this section, we review the models and give the formulas for the total decay width of

the mediators in each case.

2.1 Vector and axial-vector models

The two models with a spin-1 mediator Z �
, have the following interaction Lagrangians

Lvector = −gDMZ �
µχ̄γ

µχ− gq
�

q=u,d,s,c,b,t

Z �
µq̄γ

µq , (2.1)

Laxial-vector = −gDMZ �
µχ̄γ

µγ5χ− gq
�

q=u,d,s,c,b,t

Z �
µq̄γ

µγ5q . (2.2)

Note that the universality of the coupling gq guarantees that the above spin-1 simplified

models are minimal flavour violating (MFV) [30], which is crucial to avoid the severe

existing constraints arising from quark flavour physics.

The minimal decay width of the mediator is given by the sum of the partial widths for

all decays into DM and quarks that are kinematically accessible. For the vector mediator,

1An orthogonal set of models describe t-channel exchange [22–25]. This class of simplified DM models

is left for future iterations and will thus not be discussed in the following.

– 2 –

the partial widths are given by

Γχχ̄
vector =

g2DMMmed

12π
(1− 4zDM)

1/2
(1 + 2zDM) , (2.3)

Γqq̄
vector =

g2qMmed

4π
(1− 4zq)

1/2
(1 + 2zq) , (2.4)

where zDM,q = m2
DM,q/M

2
med and the two different types of contribution to the width vanish

for Mmed < 2mDM,q. The corresponding expressions for the axial-vector mediator are

Γχχ̄
axial-vector =

g2DMMmed

12π
(1− 4zDM)

3/2 , (2.5)

Γqq̄
axial-vector =

g2q Mmed

4π
(1− 4zq)

3/2 . (2.6)

2.2 Scalar and pseudo-scalar models

The two models with a spin-0 mediator φ are described by

Lscalar = −gDMφχ̄χ− gq
φ√
2

�

q=u,d,s,c,b,t

yq q̄q , (2.7)

Lpseudo-scalar = −igDMφχ̄γ5χ− igq
φ√
2

�

q=u,d,s,c,b,t

yq q̄γ5q , (2.8)

where yq =
√
2mq/v are the SM quark Yukawa couplings with v � 246 GeV the Higgs vac-

uum expectation value. These interactions are again compatible with the MFV hypothesis.

In these models, there is a third contribution to the minimal width of the mediator,

which arises from loop-induced decays into gluons. For the scalar mediator, the individual

contributions are given by

Γχχ̄
scalar =

g2DMMmed

8π

�
1− 4z2DM

�3/2
, (2.9)

Γqq̄
scalar =

3g2q y
2
q Mmed

16π

�
1− 4z2q

�3/2
, (2.10)

Γgg
scalar =

α2
s g

2
qM

3
med

32π3v2
��fscalar(4zt)

��2 , (2.11)

while the corresponding expressions in the pseudo-scalar case read

Γχχ̄
pseudo-scalar =

g2DMMmed

8π

�
1− 4z2DM

�1/2
, (2.12)

Γqq̄
pseudo-scalar =

3g2q y
2
q Mmed

16π

�
1− 4z2q

�1/2
, (2.13)

Γgg
pseudo-scalar =

α2
s g

2
qM

3
med

32π3v2
��fpseudo-scalar(4zt)

��2 . (2.14)

Here the form factors take the form

fscalar(τ) = τ

�
1 + (1− τ)arctan2

�
1√
τ − 1

��
, (2.15)

fpseudo-scalar(τ) = τ arctan2
�

1√
τ − 1

�
. (2.16)

– 3 –

Simplified s-channel models for Dirac DM:
(assuming Minimal Flavor Violation [D’Ambrosio et al. 2002])

[LHC DM WG: 1603.04156]▪ Spin-1 mediator:

▪ Spin-0 mediator:

18 atlas+cms dark matter forum

V, A(Mmed)

q̄

q

χ̄(mχ)

χ(mχ)g

gq gDM

Figure 2.1: Representative Feynman

diagram showing the pair production

of Dark Matter particles in association

with a parton from the initial state via

a vector or axial-vector mediator. The

cross section and kinematics depend

upon the mediator and Dark Matter

masses, and the mediator couplings to

Dark Matter and quarks respectively:

(Mmed, mχ, gχ, gq).

Lvector = gq ∑
q=u,d,s,c,b,t

Z�
µ q̄γµq + gχZ�

µχ̄γµχ (2.1)

Laxial−vector = gq ∑
q=u,d,s,c,b,t

Z�
µ q̄γµγ5q + gχZ�

µχ̄γµγ5χ. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also

possible to consider other models in which mixed vector and axial-

vector couplings are considered, for instance the couplings to the

quarks are axial-vector whereas those to DM are vector. As men-

tioned in the Introduction, when no additional visible or invisible

decays contribute to the width of the mediator, the minimal width

is fixed by the choices of couplings gq and gχ. The effect of larger

widths is discussed in Section 2.5.2. For the vector and axial-vector

models, the minimal width is:

ΓV

min
=

g2
χ Mmed

12π

�
1 +

2m2
χ

M2

med

�
βDMθ(Mmed − 2mχ) (2.3)

+ ∑
q

3g2
qMmed

12π

�
1 +

2m2
q

M2

med

�
βqθ(Mmed − 2mq),

ΓA

min
=

g2
χ Mmed

12π
β3

DMθ(Mmed − 2mχ) (2.4)

+ ∑
q

3g2
qMmed

12π
β3

qθ(Mmed − 2mq) .

θ(x) denotes the Heaviside step function, and β f =

�
1 −

4m2

f
M2

med

is the velocity of the fermion f with mass m f in the mediator

rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both

vector and axial-vector mediators assuming the coupling choice

gq = gχ = 1. With this choice of the couplings, the dominant con-

tribution to the minimal width comes from the quarks, due to the

combined quark number and color factor enhancement. We specif-

ically assume that the vector mediator does not couple to leptons.

If such a coupling were present, it would have a minor effect in in-

creasing the mediator width, but it would also bring in constraints

from measurements of the Drell-Yan process that would unneces-

sarily restrict the model space.

32 atlas+cms dark matter forum

S, P

g

q

χ̄

χq

(a)

S, P

g

g

χ̄

χ

g

(b)

Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.

complex phenomenology with respect to what considered in this
Section (for a more complete discussion, see Refs. [BFG15; HR15]).
In the interest of simplicity, we do not study models including
those interactions in this report as early Run-2 benchmark models,
but we give an example of a model of this kind in Appendix A.4.

Relative to the vector and axial-vector models discussed above,
the scalar models are distinguished by the special consequences
of the MFV assumption: the very narrow width of the mediator
and its extreme sensitivity to which decays are kinematically avail-
able, and the loop-induced coupling to gluons. The interaction
Lagrangians are

Lφ = gχφχ̄χ +
φ√
2 ∑

i

�
guyu

i ūiui + gdyd
i d̄idi + g�y�i �̄i�i

�
, (2.6)

La = igχaχ̄γ5χ +
ia√

2 ∑
i

�
guyu

i ūiγ5ui + gdyd
i d̄iγ5di+

g�y�i �̄iγ5�i

�
. (2.7)

where φ and a are respectively the scalar and pseudoscalar media-
tors, and the Yukawa couplings y f

i are normalized to the Higgs vev
as y f

i =
√

2m f
i /v.

The couplings to fermions are proportional to the SM Higgs
couplings, yet one is still allowed to adjust an overall strength of the
coupling to charged leptons and the relative couplings of u- and d-
type quarks. As in the preceding sections, for the sake of simplicity
and straightforward comparison, we reduce the couplings to the
SM fermions to a single universal parameter gq ≡ gu = gd = g�.
Unlike the vector and axial-vector models, the scalar mediators are
allowed to couple to leptons.4 4 This contribution plays no role

for most of the parameter space
considered. The choice to allow
lepton couplings follows Refs. [BFG15;
Har+15].

The relative discovery and exclusion power of each search can
be compared in this framework. However, we again emphasize the
importance of searching the full set of allowed channels in case vio-
lations of these simplifying assumptions lead to significant modifi-
cations of the decay rates that unexpectedly favor different channels
than the mix obtained under our assumptions. The coupling gχ

parametrizes the entire dependence on the structure between the
mediator and the dark sector.
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Figure 2.22: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with tt̄ (or bb̄).

the pMSSM) privilege the coupling of spin-0 mediators to down
generation quarks. This assumption motivates the study of final
states involving b-quarks as a complementary search to the tt̄+DM
models, to directly probe the b-quark coupling. An example of such
a model can be found in Ref. [BFG15] and can be obtained by re-
placing top quarks with b quarks in Fig. 2.22. Note that, because
of the kinematics features of b quark production relative to heavy t
quark production, a bb̄+DM final state may only yield one experi-
mentally visible b quark, leading to a mono-b signature in a model
that conserves b flavor.

Dedicated implementations of these models for the work of
this Forum are available at LO+PS accuracy, even though the state
of the art is set to improve on a timescale beyond that for early
Run-2 DM searches as detailed in Section 4.1.5. The studies in this
Section have been produced using a leading order UFO model
within MadGraph5_aMC@NLO 2.2.2 [Alw+14; All+14; Deg+12]
using pythia 8 for the parton shower.

2.2.3.1 Parameter scan

The parameter scan for the dedicated tt̄+/ET searches has been stud-
ied in detail to target the production mechanism of DM associated
with heavy flavor quarks, and shares many details of the scan for
the scalar model with a gluon radiation. The benchmark points
scanning the model parameters have been selected to ensure that
the kinematic features of the parameter space are sufficiently rep-
resented. Detailed studies were performed to identify points in the
mχ, mφ,a, gχ, gq (and Γφ,a) parameter space that differ significantly
from each other in terms of expected detector acceptance. Because
missing transverse momentum is the key observable for searches,
the mediator pT spectra is taken to represent the main kinemat-
ics of a model. Another consideration in determining the set of
benchmarks is to focus on the parameter space where we expect
the searches to be sensitive during the 2015 LHC run. Based on a
projected integrated luminosity of 30 fb−1 expected for 2015, we
disregard model points with a cross section times branching ratio
smaller than 0.1 fb, corresponding to a minimum of one expected
event assuming a 0.1% efficiency times acceptance.

The kinematics is most dependent on the masses mχ and mφ,a.
Figure 2.23 and 2.24 show typical dependencies for scalar and
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the LHCDMWG [2], and it is intended to provide a template for the presentation of the

LHC results at the winter conferences in 2016. It reflects the feedback obtained from the

participants and in subsequent iterations with members of the experiments and of the the-

ory community and it is based on work described recently in [3–9]. For earlier articles

discussing aspects of simplified s-channel DM models, see also [10–21].

The relevant details of simplified DM models involving vector, axial-vector, scalar

and pseudo-scalar s-channel mediators are first reviewed in Section 2. Section 3 presents a

recommendation for the primary treatment of LHC DM bounds and introduces all of the

basic assumptions entering the approach. Section 4 describes a well-defined translation

procedure, including all relevant formulas and corresponding references, that allows for

meaningful and fair comparisons with the limits obtained by DD and ID experiments.

2 Models considered

The recommendations in this proposal, adopt the model choices made for the early Run-2

LHC searches by the ATLAS/CMS DM Forum [1]. In this document we discuss models

which assume that the DM particle is a Dirac fermion χ and that the particle mediating

the interaction (the “mediator”) is exchanged in the s-channel.1 After simplifying assump-

tions, each model is characterised by four parameters: the DM mass mDM, the mediator

mass Mmed, the universal mediator coupling to quarks gq and the mediator coupling to

DM gDM. Mediator couplings to leptons are always set to zero in order to avoid the strin-

gent LHC bounds from di-lepton searches. In the limit of largeMmed, these (and all) models

converge to a universal set of operators in an effective field theory (EFT) [13, 14, 26–29].

In this section, we review the models and give the formulas for the total decay width of

the mediators in each case.

2.1 Vector and axial-vector models

The two models with a spin-1 mediator Z �
, have the following interaction Lagrangians

Lvector = −gDMZ �
µχ̄γ

µχ− gq
�

q=u,d,s,c,b,t

Z �
µq̄γ

µq , (2.1)

Laxial-vector = −gDMZ �
µχ̄γ

µγ5χ− gq
�

q=u,d,s,c,b,t

Z �
µq̄γ

µγ5q . (2.2)

Note that the universality of the coupling gq guarantees that the above spin-1 simplified

models are minimal flavour violating (MFV) [30], which is crucial to avoid the severe

existing constraints arising from quark flavour physics.

The minimal decay width of the mediator is given by the sum of the partial widths for

all decays into DM and quarks that are kinematically accessible. For the vector mediator,

1An orthogonal set of models describe t-channel exchange [22–25]. This class of simplified DM models

is left for future iterations and will thus not be discussed in the following.
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the partial widths are given by

Γχχ̄
vector =

g2DMMmed

12π
(1− 4zDM)

1/2
(1 + 2zDM) , (2.3)

Γqq̄
vector =

g2qMmed

4π
(1− 4zq)

1/2
(1 + 2zq) , (2.4)

where zDM,q = m2
DM,q/M

2
med and the two different types of contribution to the width vanish

for Mmed < 2mDM,q. The corresponding expressions for the axial-vector mediator are

Γχχ̄
axial-vector =

g2DMMmed

12π
(1− 4zDM)

3/2 , (2.5)

Γqq̄
axial-vector =

g2q Mmed

4π
(1− 4zq)

3/2 . (2.6)

2.2 Scalar and pseudo-scalar models

The two models with a spin-0 mediator φ are described by

Lscalar = −gDMφχ̄χ− gq
φ√
2

�

q=u,d,s,c,b,t

yq q̄q , (2.7)

Lpseudo-scalar = −igDMφχ̄γ5χ− igq
φ√
2

�

q=u,d,s,c,b,t

yq q̄γ5q , (2.8)

where yq =
√
2mq/v are the SM quark Yukawa couplings with v � 246 GeV the Higgs vac-

uum expectation value. These interactions are again compatible with the MFV hypothesis.

In these models, there is a third contribution to the minimal width of the mediator,

which arises from loop-induced decays into gluons. For the scalar mediator, the individual

contributions are given by

Γχχ̄
scalar =

g2DMMmed

8π

�
1− 4z2DM

�3/2
, (2.9)

Γqq̄
scalar =

3g2q y
2
q Mmed

16π

�
1− 4z2q

�3/2
, (2.10)

Γgg
scalar =

α2
s g

2
qM

3
med

32π3v2
��fscalar(4zt)

��2 , (2.11)

while the corresponding expressions in the pseudo-scalar case read

Γχχ̄
pseudo-scalar =

g2DMMmed

8π

�
1− 4z2DM

�1/2
, (2.12)

Γqq̄
pseudo-scalar =

3g2q y
2
q Mmed

16π

�
1− 4z2q

�1/2
, (2.13)

Γgg
pseudo-scalar =

α2
s g

2
qM

3
med

32π3v2
��fpseudo-scalar(4zt)

��2 . (2.14)

Here the form factors take the form

fscalar(τ) = τ

�
1 + (1− τ)arctan2

�
1√
τ − 1

��
, (2.15)

fpseudo-scalar(τ) = τ arctan2
�

1√
τ − 1

�
. (2.16)
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Figure 2.1: Representative Feynman

diagram showing the pair production

of Dark Matter particles in association

with a parton from the initial state via

a vector or axial-vector mediator. The

cross section and kinematics depend

upon the mediator and Dark Matter

masses, and the mediator couplings to

Dark Matter and quarks respectively:

(Mmed, mχ, gχ, gq).

Lvector = gq ∑
q=u,d,s,c,b,t

Z�
µ q̄γµq + gχZ�

µχ̄γµχ (2.1)

Laxial−vector = gq ∑
q=u,d,s,c,b,t

Z�
µ q̄γµγ5q + gχZ�

µχ̄γµγ5χ. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also

possible to consider other models in which mixed vector and axial-

vector couplings are considered, for instance the couplings to the

quarks are axial-vector whereas those to DM are vector. As men-

tioned in the Introduction, when no additional visible or invisible

decays contribute to the width of the mediator, the minimal width

is fixed by the choices of couplings gq and gχ. The effect of larger

widths is discussed in Section 2.5.2. For the vector and axial-vector

models, the minimal width is:

ΓV

min
=

g2
χ Mmed

12π

�
1 +

2m2
χ

M2

med

�
βDMθ(Mmed − 2mχ) (2.3)

+ ∑
q

3g2
qMmed

12π

�
1 +

2m2
q

M2

med

�
βqθ(Mmed − 2mq),

ΓA

min
=

g2
χ Mmed

12π
β3

DMθ(Mmed − 2mχ) (2.4)

+ ∑
q

3g2
qMmed

12π
β3

qθ(Mmed − 2mq) .

θ(x) denotes the Heaviside step function, and β f =

�
1 −

4m2

f
M2

med

is the velocity of the fermion f with mass m f in the mediator

rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both

vector and axial-vector mediators assuming the coupling choice

gq = gχ = 1. With this choice of the couplings, the dominant con-

tribution to the minimal width comes from the quarks, due to the

combined quark number and color factor enhancement. We specif-

ically assume that the vector mediator does not couple to leptons.

If such a coupling were present, it would have a minor effect in in-

creasing the mediator width, but it would also bring in constraints

from measurements of the Drell-Yan process that would unneces-

sarily restrict the model space.
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Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.

complex phenomenology with respect to what considered in this
Section (for a more complete discussion, see Refs. [BFG15; HR15]).
In the interest of simplicity, we do not study models including
those interactions in this report as early Run-2 benchmark models,
but we give an example of a model of this kind in Appendix A.4.

Relative to the vector and axial-vector models discussed above,
the scalar models are distinguished by the special consequences
of the MFV assumption: the very narrow width of the mediator
and its extreme sensitivity to which decays are kinematically avail-
able, and the loop-induced coupling to gluons. The interaction
Lagrangians are

Lφ = gχφχ̄χ +
φ√
2 ∑

i

�
guyu

i ūiui + gdyd
i d̄idi + g�y�i �̄i�i

�
, (2.6)

La = igχaχ̄γ5χ +
ia√

2 ∑
i

�
guyu

i ūiγ5ui + gdyd
i d̄iγ5di+

g�y�i �̄iγ5�i

�
. (2.7)

where φ and a are respectively the scalar and pseudoscalar media-
tors, and the Yukawa couplings y f

i are normalized to the Higgs vev
as y f

i =
√

2m f
i /v.

The couplings to fermions are proportional to the SM Higgs
couplings, yet one is still allowed to adjust an overall strength of the
coupling to charged leptons and the relative couplings of u- and d-
type quarks. As in the preceding sections, for the sake of simplicity
and straightforward comparison, we reduce the couplings to the
SM fermions to a single universal parameter gq ≡ gu = gd = g�.
Unlike the vector and axial-vector models, the scalar mediators are
allowed to couple to leptons.4 4 This contribution plays no role

for most of the parameter space
considered. The choice to allow
lepton couplings follows Refs. [BFG15;
Har+15].

The relative discovery and exclusion power of each search can
be compared in this framework. However, we again emphasize the
importance of searching the full set of allowed channels in case vio-
lations of these simplifying assumptions lead to significant modifi-
cations of the decay rates that unexpectedly favor different channels
than the mix obtained under our assumptions. The coupling gχ

parametrizes the entire dependence on the structure between the
mediator and the dark sector.
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Figure 2.22: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with tt̄ (or bb̄).

the pMSSM) privilege the coupling of spin-0 mediators to down
generation quarks. This assumption motivates the study of final
states involving b-quarks as a complementary search to the tt̄+DM
models, to directly probe the b-quark coupling. An example of such
a model can be found in Ref. [BFG15] and can be obtained by re-
placing top quarks with b quarks in Fig. 2.22. Note that, because
of the kinematics features of b quark production relative to heavy t
quark production, a bb̄+DM final state may only yield one experi-
mentally visible b quark, leading to a mono-b signature in a model
that conserves b flavor.

Dedicated implementations of these models for the work of
this Forum are available at LO+PS accuracy, even though the state
of the art is set to improve on a timescale beyond that for early
Run-2 DM searches as detailed in Section 4.1.5. The studies in this
Section have been produced using a leading order UFO model
within MadGraph5_aMC@NLO 2.2.2 [Alw+14; All+14; Deg+12]
using pythia 8 for the parton shower.

2.2.3.1 Parameter scan

The parameter scan for the dedicated tt̄+/ET searches has been stud-
ied in detail to target the production mechanism of DM associated
with heavy flavor quarks, and shares many details of the scan for
the scalar model with a gluon radiation. The benchmark points
scanning the model parameters have been selected to ensure that
the kinematic features of the parameter space are sufficiently rep-
resented. Detailed studies were performed to identify points in the
mχ, mφ,a, gχ, gq (and Γφ,a) parameter space that differ significantly
from each other in terms of expected detector acceptance. Because
missing transverse momentum is the key observable for searches,
the mediator pT spectra is taken to represent the main kinemat-
ics of a model. Another consideration in determining the set of
benchmarks is to focus on the parameter space where we expect
the searches to be sensitive during the 2015 LHC run. Based on a
projected integrated luminosity of 30 fb−1 expected for 2015, we
disregard model points with a cross section times branching ratio
smaller than 0.1 fb, corresponding to a minimum of one expected
event assuming a 0.1% efficiency times acceptance.

The kinematics is most dependent on the masses mχ and mφ,a.
Figure 2.23 and 2.24 show typical dependencies for scalar and
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the LHCDMWG [2], and it is intended to provide a template for the presentation of the

LHC results at the winter conferences in 2016. It reflects the feedback obtained from the

participants and in subsequent iterations with members of the experiments and of the the-

ory community and it is based on work described recently in [3–9]. For earlier articles

discussing aspects of simplified s-channel DM models, see also [10–21].

The relevant details of simplified DM models involving vector, axial-vector, scalar

and pseudo-scalar s-channel mediators are first reviewed in Section 2. Section 3 presents a

recommendation for the primary treatment of LHC DM bounds and introduces all of the

basic assumptions entering the approach. Section 4 describes a well-defined translation

procedure, including all relevant formulas and corresponding references, that allows for

meaningful and fair comparisons with the limits obtained by DD and ID experiments.

2 Models considered

The recommendations in this proposal, adopt the model choices made for the early Run-2

LHC searches by the ATLAS/CMS DM Forum [1]. In this document we discuss models

which assume that the DM particle is a Dirac fermion χ and that the particle mediating

the interaction (the “mediator”) is exchanged in the s-channel.1 After simplifying assump-

tions, each model is characterised by four parameters: the DM mass mDM, the mediator

mass Mmed, the universal mediator coupling to quarks gq and the mediator coupling to

DM gDM. Mediator couplings to leptons are always set to zero in order to avoid the strin-

gent LHC bounds from di-lepton searches. In the limit of largeMmed, these (and all) models

converge to a universal set of operators in an effective field theory (EFT) [13, 14, 26–29].

In this section, we review the models and give the formulas for the total decay width of

the mediators in each case.

2.1 Vector and axial-vector models

The two models with a spin-1 mediator Z �
, have the following interaction Lagrangians

Lvector = −gDMZ �
µχ̄γ

µχ− gq
�

q=u,d,s,c,b,t

Z �
µq̄γ

µq , (2.1)

Laxial-vector = −gDMZ �
µχ̄γ

µγ5χ− gq
�

q=u,d,s,c,b,t

Z �
µq̄γ

µγ5q . (2.2)

Note that the universality of the coupling gq guarantees that the above spin-1 simplified

models are minimal flavour violating (MFV) [30], which is crucial to avoid the severe

existing constraints arising from quark flavour physics.

The minimal decay width of the mediator is given by the sum of the partial widths for

all decays into DM and quarks that are kinematically accessible. For the vector mediator,

1An orthogonal set of models describe t-channel exchange [22–25]. This class of simplified DM models

is left for future iterations and will thus not be discussed in the following.
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the partial widths are given by

Γχχ̄
vector =

g2DMMmed

12π
(1− 4zDM)

1/2
(1 + 2zDM) , (2.3)

Γqq̄
vector =

g2qMmed

4π
(1− 4zq)

1/2
(1 + 2zq) , (2.4)

where zDM,q = m2
DM,q/M

2
med and the two different types of contribution to the width vanish

for Mmed < 2mDM,q. The corresponding expressions for the axial-vector mediator are

Γχχ̄
axial-vector =

g2DMMmed

12π
(1− 4zDM)

3/2 , (2.5)

Γqq̄
axial-vector =

g2q Mmed

4π
(1− 4zq)

3/2 . (2.6)

2.2 Scalar and pseudo-scalar models

The two models with a spin-0 mediator φ are described by

Lscalar = −gDMφχ̄χ− gq
φ√
2

�

q=u,d,s,c,b,t

yq q̄q , (2.7)

Lpseudo-scalar = −igDMφχ̄γ5χ− igq
φ√
2

�

q=u,d,s,c,b,t

yq q̄γ5q , (2.8)

where yq =
√
2mq/v are the SM quark Yukawa couplings with v � 246 GeV the Higgs vac-

uum expectation value. These interactions are again compatible with the MFV hypothesis.

In these models, there is a third contribution to the minimal width of the mediator,

which arises from loop-induced decays into gluons. For the scalar mediator, the individual

contributions are given by

Γχχ̄
scalar =

g2DMMmed

8π

�
1− 4z2DM

�3/2
, (2.9)

Γqq̄
scalar =

3g2q y
2
q Mmed

16π

�
1− 4z2q

�3/2
, (2.10)

Γgg
scalar =

α2
s g

2
qM

3
med

32π3v2
��fscalar(4zt)

��2 , (2.11)

while the corresponding expressions in the pseudo-scalar case read

Γχχ̄
pseudo-scalar =

g2DMMmed

8π

�
1− 4z2DM

�1/2
, (2.12)

Γqq̄
pseudo-scalar =

3g2q y
2
q Mmed

16π

�
1− 4z2q

�1/2
, (2.13)

Γgg
pseudo-scalar =

α2
s g

2
qM

3
med

32π3v2
��fpseudo-scalar(4zt)

��2 . (2.14)

Here the form factors take the form

fscalar(τ) = τ

�
1 + (1− τ)arctan2

�
1√
τ − 1

��
, (2.15)

fpseudo-scalar(τ) = τ arctan2
�

1√
τ − 1

�
. (2.16)
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Figure 2.1: Representative Feynman

diagram showing the pair production

of Dark Matter particles in association

with a parton from the initial state via

a vector or axial-vector mediator. The

cross section and kinematics depend

upon the mediator and Dark Matter

masses, and the mediator couplings to

Dark Matter and quarks respectively:

(Mmed, mχ, gχ, gq).

Lvector = gq ∑
q=u,d,s,c,b,t

Z�
µ q̄γµq + gχZ�

µχ̄γµχ (2.1)

Laxial−vector = gq ∑
q=u,d,s,c,b,t

Z�
µ q̄γµγ5q + gχZ�

µχ̄γµγ5χ. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also

possible to consider other models in which mixed vector and axial-

vector couplings are considered, for instance the couplings to the

quarks are axial-vector whereas those to DM are vector. As men-

tioned in the Introduction, when no additional visible or invisible

decays contribute to the width of the mediator, the minimal width

is fixed by the choices of couplings gq and gχ. The effect of larger

widths is discussed in Section 2.5.2. For the vector and axial-vector

models, the minimal width is:

ΓV

min
=

g2
χ Mmed

12π

�
1 +

2m2
χ

M2

med

�
βDMθ(Mmed − 2mχ) (2.3)

+ ∑
q

3g2
qMmed

12π

�
1 +

2m2
q

M2

med

�
βqθ(Mmed − 2mq),

ΓA

min
=

g2
χ Mmed

12π
β3

DMθ(Mmed − 2mχ) (2.4)

+ ∑
q

3g2
qMmed

12π
β3

qθ(Mmed − 2mq) .

θ(x) denotes the Heaviside step function, and β f =

�
1 −

4m2

f
M2

med

is the velocity of the fermion f with mass m f in the mediator

rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both

vector and axial-vector mediators assuming the coupling choice

gq = gχ = 1. With this choice of the couplings, the dominant con-

tribution to the minimal width comes from the quarks, due to the

combined quark number and color factor enhancement. We specif-

ically assume that the vector mediator does not couple to leptons.

If such a coupling were present, it would have a minor effect in in-

creasing the mediator width, but it would also bring in constraints

from measurements of the Drell-Yan process that would unneces-

sarily restrict the model space.
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Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.

complex phenomenology with respect to what considered in this
Section (for a more complete discussion, see Refs. [BFG15; HR15]).
In the interest of simplicity, we do not study models including
those interactions in this report as early Run-2 benchmark models,
but we give an example of a model of this kind in Appendix A.4.

Relative to the vector and axial-vector models discussed above,
the scalar models are distinguished by the special consequences
of the MFV assumption: the very narrow width of the mediator
and its extreme sensitivity to which decays are kinematically avail-
able, and the loop-induced coupling to gluons. The interaction
Lagrangians are

Lφ = gχφχ̄χ +
φ√
2 ∑

i

�
guyu

i ūiui + gdyd
i d̄idi + g�y�i �̄i�i

�
, (2.6)

La = igχaχ̄γ5χ +
ia√

2 ∑
i

�
guyu

i ūiγ5ui + gdyd
i d̄iγ5di+

g�y�i �̄iγ5�i

�
. (2.7)

where φ and a are respectively the scalar and pseudoscalar media-
tors, and the Yukawa couplings y f

i are normalized to the Higgs vev
as y f

i =
√

2m f
i /v.

The couplings to fermions are proportional to the SM Higgs
couplings, yet one is still allowed to adjust an overall strength of the
coupling to charged leptons and the relative couplings of u- and d-
type quarks. As in the preceding sections, for the sake of simplicity
and straightforward comparison, we reduce the couplings to the
SM fermions to a single universal parameter gq ≡ gu = gd = g�.
Unlike the vector and axial-vector models, the scalar mediators are
allowed to couple to leptons.4 4 This contribution plays no role

for most of the parameter space
considered. The choice to allow
lepton couplings follows Refs. [BFG15;
Har+15].

The relative discovery and exclusion power of each search can
be compared in this framework. However, we again emphasize the
importance of searching the full set of allowed channels in case vio-
lations of these simplifying assumptions lead to significant modifi-
cations of the decay rates that unexpectedly favor different channels
than the mix obtained under our assumptions. The coupling gχ

parametrizes the entire dependence on the structure between the
mediator and the dark sector.
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Figure 2.22: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with tt̄ (or bb̄).

the pMSSM) privilege the coupling of spin-0 mediators to down
generation quarks. This assumption motivates the study of final
states involving b-quarks as a complementary search to the tt̄+DM
models, to directly probe the b-quark coupling. An example of such
a model can be found in Ref. [BFG15] and can be obtained by re-
placing top quarks with b quarks in Fig. 2.22. Note that, because
of the kinematics features of b quark production relative to heavy t
quark production, a bb̄+DM final state may only yield one experi-
mentally visible b quark, leading to a mono-b signature in a model
that conserves b flavor.

Dedicated implementations of these models for the work of
this Forum are available at LO+PS accuracy, even though the state
of the art is set to improve on a timescale beyond that for early
Run-2 DM searches as detailed in Section 4.1.5. The studies in this
Section have been produced using a leading order UFO model
within MadGraph5_aMC@NLO 2.2.2 [Alw+14; All+14; Deg+12]
using pythia 8 for the parton shower.

2.2.3.1 Parameter scan

The parameter scan for the dedicated tt̄+/ET searches has been stud-
ied in detail to target the production mechanism of DM associated
with heavy flavor quarks, and shares many details of the scan for
the scalar model with a gluon radiation. The benchmark points
scanning the model parameters have been selected to ensure that
the kinematic features of the parameter space are sufficiently rep-
resented. Detailed studies were performed to identify points in the
mχ, mφ,a, gχ, gq (and Γφ,a) parameter space that differ significantly
from each other in terms of expected detector acceptance. Because
missing transverse momentum is the key observable for searches,
the mediator pT spectra is taken to represent the main kinemat-
ics of a model. Another consideration in determining the set of
benchmarks is to focus on the parameter space where we expect
the searches to be sensitive during the 2015 LHC run. Based on a
projected integrated luminosity of 30 fb−1 expected for 2015, we
disregard model points with a cross section times branching ratio
smaller than 0.1 fb, corresponding to a minimum of one expected
event assuming a 0.1% efficiency times acceptance.

The kinematics is most dependent on the masses mχ and mφ,a.
Figure 2.23 and 2.24 show typical dependencies for scalar and
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the LHCDMWG [2], and it is intended to provide a template for the presentation of the

LHC results at the winter conferences in 2016. It reflects the feedback obtained from the

participants and in subsequent iterations with members of the experiments and of the the-

ory community and it is based on work described recently in [3–9]. For earlier articles

discussing aspects of simplified s-channel DM models, see also [10–21].

The relevant details of simplified DM models involving vector, axial-vector, scalar

and pseudo-scalar s-channel mediators are first reviewed in Section 2. Section 3 presents a

recommendation for the primary treatment of LHC DM bounds and introduces all of the

basic assumptions entering the approach. Section 4 describes a well-defined translation

procedure, including all relevant formulas and corresponding references, that allows for

meaningful and fair comparisons with the limits obtained by DD and ID experiments.

2 Models considered

The recommendations in this proposal, adopt the model choices made for the early Run-2

LHC searches by the ATLAS/CMS DM Forum [1]. In this document we discuss models

which assume that the DM particle is a Dirac fermion χ and that the particle mediating

the interaction (the “mediator”) is exchanged in the s-channel.1 After simplifying assump-

tions, each model is characterised by four parameters: the DM mass mDM, the mediator

mass Mmed, the universal mediator coupling to quarks gq and the mediator coupling to

DM gDM. Mediator couplings to leptons are always set to zero in order to avoid the strin-

gent LHC bounds from di-lepton searches. In the limit of largeMmed, these (and all) models

converge to a universal set of operators in an effective field theory (EFT) [13, 14, 26–29].

In this section, we review the models and give the formulas for the total decay width of

the mediators in each case.

2.1 Vector and axial-vector models

The two models with a spin-1 mediator Z �
, have the following interaction Lagrangians

Lvector = −gDMZ �
µχ̄γ

µχ− gq
�

q=u,d,s,c,b,t

Z �
µq̄γ

µq , (2.1)

Laxial-vector = −gDMZ �
µχ̄γ

µγ5χ− gq
�

q=u,d,s,c,b,t

Z �
µq̄γ

µγ5q . (2.2)

Note that the universality of the coupling gq guarantees that the above spin-1 simplified

models are minimal flavour violating (MFV) [30], which is crucial to avoid the severe

existing constraints arising from quark flavour physics.

The minimal decay width of the mediator is given by the sum of the partial widths for

all decays into DM and quarks that are kinematically accessible. For the vector mediator,

1An orthogonal set of models describe t-channel exchange [22–25]. This class of simplified DM models

is left for future iterations and will thus not be discussed in the following.
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the partial widths are given by

Γχχ̄
vector =

g2DMMmed

12π
(1− 4zDM)

1/2
(1 + 2zDM) , (2.3)

Γqq̄
vector =

g2qMmed

4π
(1− 4zq)

1/2
(1 + 2zq) , (2.4)

where zDM,q = m2
DM,q/M

2
med and the two different types of contribution to the width vanish

for Mmed < 2mDM,q. The corresponding expressions for the axial-vector mediator are

Γχχ̄
axial-vector =

g2DMMmed

12π
(1− 4zDM)

3/2 , (2.5)

Γqq̄
axial-vector =

g2q Mmed

4π
(1− 4zq)

3/2 . (2.6)

2.2 Scalar and pseudo-scalar models

The two models with a spin-0 mediator φ are described by

Lscalar = −gDMφχ̄χ− gq
φ√
2

�

q=u,d,s,c,b,t

yq q̄q , (2.7)

Lpseudo-scalar = −igDMφχ̄γ5χ− igq
φ√
2

�

q=u,d,s,c,b,t

yq q̄γ5q , (2.8)

where yq =
√
2mq/v are the SM quark Yukawa couplings with v � 246 GeV the Higgs vac-

uum expectation value. These interactions are again compatible with the MFV hypothesis.

In these models, there is a third contribution to the minimal width of the mediator,

which arises from loop-induced decays into gluons. For the scalar mediator, the individual

contributions are given by

Γχχ̄
scalar =

g2DMMmed

8π

�
1− 4z2DM

�3/2
, (2.9)

Γqq̄
scalar =

3g2q y
2
q Mmed

16π

�
1− 4z2q

�3/2
, (2.10)

Γgg
scalar =

α2
s g

2
qM

3
med

32π3v2
��fscalar(4zt)

��2 , (2.11)

while the corresponding expressions in the pseudo-scalar case read

Γχχ̄
pseudo-scalar =

g2DMMmed

8π

�
1− 4z2DM

�1/2
, (2.12)

Γqq̄
pseudo-scalar =

3g2q y
2
q Mmed

16π

�
1− 4z2q

�1/2
, (2.13)

Γgg
pseudo-scalar =

α2
s g

2
qM

3
med

32π3v2
��fpseudo-scalar(4zt)

��2 . (2.14)

Here the form factors take the form

fscalar(τ) = τ

�
1 + (1− τ)arctan2

�
1√
τ − 1

��
, (2.15)

fpseudo-scalar(τ) = τ arctan2
�

1√
τ − 1

�
. (2.16)
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Figure 2.1: Representative Feynman

diagram showing the pair production

of Dark Matter particles in association

with a parton from the initial state via

a vector or axial-vector mediator. The

cross section and kinematics depend

upon the mediator and Dark Matter

masses, and the mediator couplings to

Dark Matter and quarks respectively:

(Mmed, mχ, gχ, gq).

Lvector = gq ∑
q=u,d,s,c,b,t

Z�
µ q̄γµq + gχZ�

µχ̄γµχ (2.1)

Laxial−vector = gq ∑
q=u,d,s,c,b,t

Z�
µ q̄γµγ5q + gχZ�

µχ̄γµγ5χ. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also

possible to consider other models in which mixed vector and axial-

vector couplings are considered, for instance the couplings to the

quarks are axial-vector whereas those to DM are vector. As men-

tioned in the Introduction, when no additional visible or invisible

decays contribute to the width of the mediator, the minimal width

is fixed by the choices of couplings gq and gχ. The effect of larger

widths is discussed in Section 2.5.2. For the vector and axial-vector

models, the minimal width is:

ΓV

min
=

g2
χ Mmed

12π

�
1 +

2m2
χ

M2

med

�
βDMθ(Mmed − 2mχ) (2.3)

+ ∑
q

3g2
qMmed

12π

�
1 +

2m2
q

M2

med

�
βqθ(Mmed − 2mq),

ΓA

min
=

g2
χ Mmed

12π
β3

DMθ(Mmed − 2mχ) (2.4)

+ ∑
q

3g2
qMmed

12π
β3

qθ(Mmed − 2mq) .

θ(x) denotes the Heaviside step function, and β f =

�
1 −

4m2

f
M2

med

is the velocity of the fermion f with mass m f in the mediator

rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both

vector and axial-vector mediators assuming the coupling choice

gq = gχ = 1. With this choice of the couplings, the dominant con-

tribution to the minimal width comes from the quarks, due to the

combined quark number and color factor enhancement. We specif-

ically assume that the vector mediator does not couple to leptons.

If such a coupling were present, it would have a minor effect in in-

creasing the mediator width, but it would also bring in constraints

from measurements of the Drell-Yan process that would unneces-

sarily restrict the model space.
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Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.

complex phenomenology with respect to what considered in this
Section (for a more complete discussion, see Refs. [BFG15; HR15]).
In the interest of simplicity, we do not study models including
those interactions in this report as early Run-2 benchmark models,
but we give an example of a model of this kind in Appendix A.4.

Relative to the vector and axial-vector models discussed above,
the scalar models are distinguished by the special consequences
of the MFV assumption: the very narrow width of the mediator
and its extreme sensitivity to which decays are kinematically avail-
able, and the loop-induced coupling to gluons. The interaction
Lagrangians are

Lφ = gχφχ̄χ +
φ√
2 ∑

i

�
guyu

i ūiui + gdyd
i d̄idi + g�y�i �̄i�i

�
, (2.6)

La = igχaχ̄γ5χ +
ia√

2 ∑
i

�
guyu

i ūiγ5ui + gdyd
i d̄iγ5di+

g�y�i �̄iγ5�i

�
. (2.7)

where φ and a are respectively the scalar and pseudoscalar media-
tors, and the Yukawa couplings y f

i are normalized to the Higgs vev
as y f

i =
√

2m f
i /v.

The couplings to fermions are proportional to the SM Higgs
couplings, yet one is still allowed to adjust an overall strength of the
coupling to charged leptons and the relative couplings of u- and d-
type quarks. As in the preceding sections, for the sake of simplicity
and straightforward comparison, we reduce the couplings to the
SM fermions to a single universal parameter gq ≡ gu = gd = g�.
Unlike the vector and axial-vector models, the scalar mediators are
allowed to couple to leptons.4 4 This contribution plays no role

for most of the parameter space
considered. The choice to allow
lepton couplings follows Refs. [BFG15;
Har+15].

The relative discovery and exclusion power of each search can
be compared in this framework. However, we again emphasize the
importance of searching the full set of allowed channels in case vio-
lations of these simplifying assumptions lead to significant modifi-
cations of the decay rates that unexpectedly favor different channels
than the mix obtained under our assumptions. The coupling gχ

parametrizes the entire dependence on the structure between the
mediator and the dark sector.
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Figure 2.22: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with tt̄ (or bb̄).

the pMSSM) privilege the coupling of spin-0 mediators to down
generation quarks. This assumption motivates the study of final
states involving b-quarks as a complementary search to the tt̄+DM
models, to directly probe the b-quark coupling. An example of such
a model can be found in Ref. [BFG15] and can be obtained by re-
placing top quarks with b quarks in Fig. 2.22. Note that, because
of the kinematics features of b quark production relative to heavy t
quark production, a bb̄+DM final state may only yield one experi-
mentally visible b quark, leading to a mono-b signature in a model
that conserves b flavor.

Dedicated implementations of these models for the work of
this Forum are available at LO+PS accuracy, even though the state
of the art is set to improve on a timescale beyond that for early
Run-2 DM searches as detailed in Section 4.1.5. The studies in this
Section have been produced using a leading order UFO model
within MadGraph5_aMC@NLO 2.2.2 [Alw+14; All+14; Deg+12]
using pythia 8 for the parton shower.

2.2.3.1 Parameter scan

The parameter scan for the dedicated tt̄+/ET searches has been stud-
ied in detail to target the production mechanism of DM associated
with heavy flavor quarks, and shares many details of the scan for
the scalar model with a gluon radiation. The benchmark points
scanning the model parameters have been selected to ensure that
the kinematic features of the parameter space are sufficiently rep-
resented. Detailed studies were performed to identify points in the
mχ, mφ,a, gχ, gq (and Γφ,a) parameter space that differ significantly
from each other in terms of expected detector acceptance. Because
missing transverse momentum is the key observable for searches,
the mediator pT spectra is taken to represent the main kinemat-
ics of a model. Another consideration in determining the set of
benchmarks is to focus on the parameter space where we expect
the searches to be sensitive during the 2015 LHC run. Based on a
projected integrated luminosity of 30 fb−1 expected for 2015, we
disregard model points with a cross section times branching ratio
smaller than 0.1 fb, corresponding to a minimum of one expected
event assuming a 0.1% efficiency times acceptance.

The kinematics is most dependent on the masses mχ and mφ,a.
Figure 2.23 and 2.24 show typical dependencies for scalar and

[DM Forum: 1507.00966]mt ≫ mq  ! Top-philic Dark Matter
[see also e.g. Buckley et al. '14;  Haisch et al. '15; Harris et al. '14]
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Top-philic simplified DM model

2 Simplified top-philic dark matter model and its numerical implemen-
tation

The simplified top-philic dark matter model that we consider is constructed by supplement-

ing the Standard Model (SM) with a Dirac-type fermionic dark matter candidate X and a

scalar mediator Y0. The interactions of the two particles are described by the Lagrangian

LY0
t,X = −

�
gt

yt√
2
t̄t+ gX X̄X

�
Y0 , (2.1)

where the new physics interaction strengths are denoted by gt and gX for the mediator

couplings to the Standard Model sector and to dark matter respectively. We have assumed

v1: an ultraviolet-complete description v2: the minimal flavour violation [33] of the scalar

theory where the mediator couples to quarks with a strength proportional to the Standard

Model Yukawa couplings, so that we neglect all light quark flavour couplings and only

include the coupling of the mediator to the top quark, yt =
√
2mt/v where v = 246 GeV

is the Higgs vacuum expectation value and mt is the top quark mass. v1: Note that the

model in eq. (2.1) is neither complete, nor stable under radiative corrections. Couplings

to the top quark induce a mixing with the standard model Higgs, which we set to zero

by construction. In addition, loop corrections will also generate finite couplings to pairs

of W and Z bosons, which we will omit in the following. However, authors of ref. [34]

have shown that use of simplified models for LHC and future (feasible) collider studies is

within the bounds of perturbative unitarity. v2: Note that the above Lagrangian is not

invariant under the Standard Model gauge groups. In ultraviolet completions where Y0
comes from an SU(2)L doublet, as in the two Higgs doublet model, our simplified model

corresponds to scenarios with a high degree of alignment, such that the couplings of the

gauge bosons to the heavier CP -even scalar are suppressed, e.g. cos(β −α) ∼ 0. Scenarios

like this commonly occur within the framework of minimal supersymmetry. If the mediator

is a gauge singlet, a mixing between the mediator and the Higgs sector should be included,

leading to a more complex phenomenology as in so-called Higgs portal dark matter models;

see e.g. [35–38]. On the other hand, in ref. [34] it has been shown that use of simplified

models for LHC and future (feasible) collider studies is within the bounds of perturbative

unitarity.

The model contains four free parameters (two couplings and two masses),

{gt, gX , mX , mY } , (2.2)

while the width ΓY is fixed by the remaining model parameters. In addition to the La-

grangian of eq. (2.1), we could also have considered mediator couplings to leptons. They

however cannot be well constrained by LHC searches and dark matter direct detection data,

and we have excluded them from our model description. We will nonetheless comment on

their relevance for relic density predictions and dark matter indirect detection signals in

sections 3.1 and 3.3.

The Lagrangian of eq. (2.1) induces dimension-five couplings of the mediator to gluons

and photons via loop diagrams of top quarks. The loop-induced operators can be relevant
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like this commonly occur within the framework of minimal supersymmetry. If the mediator

is a gauge singlet, a mixing between the mediator and the Higgs sector should be included,

leading to a more complex phenomenology as in so-called Higgs portal dark matter models;

see e.g. [35–38]. On the other hand, in ref. [34] it has been shown that use of simplified

models for LHC and future (feasible) collider studies is within the bounds of perturbative

unitarity.

The model contains four free parameters (two couplings and two masses),

{gt, gX , mX , mY } , (2.2)

while the width ΓY is fixed by the remaining model parameters. In addition to the La-

grangian of eq. (2.1), we could also have considered mediator couplings to leptons. They

however cannot be well constrained by LHC searches and dark matter direct detection data,

and we have excluded them from our model description. We will nonetheless comment on

their relevance for relic density predictions and dark matter indirect detection signals in

sections 3.1 and 3.3.

The Lagrangian of eq. (2.1) induces dimension-five couplings of the mediator to gluons

and photons via loop diagrams of top quarks. The loop-induced operators can be relevant
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Arise from UV complete theories?

▪ Y0 could be part of an SU(2) doublet
  ! 2HDM with a large degree of alignment

▪ Y0 SM singlet  
  ! Higgs-Portal model 
  Additional phenomenological aspects

   ...

Dear Editor of JHEP,

Thank you for forwarding us the referee report on our manuscript ‘A
comprehensive approach to dark matter studies: exploration of simplified
top-philic models’.

Before coming to the minor issues pointed out by the referee we would
like to answer to its major concern about the choice of the simplified model.
The referee is right that addressing the issue of a proper UV completion
of the simplified model is relevant to make the model and our study more
compelling. Following the referee’s suggestion, we revised as

• in Sec. 1: added ref. [1] of the referee report (as [5]).

• below eq. (2.1): replaced “an ultraviolet-complete description” by “the
minimal flavour violation”.

• below eq. (2.1): replaced “Note that ...” by

“Note that the above Lagrangian is not invariant under the Stan-
dard Model gauge groups. In ultraviolet completions where Y0 comes
from an SU(2)L doublet, as in the two Higgs doublet model, our sim-
plified model corresponds to scenarios with a high degree of align-
ment, such that the couplings of the gauge bosons to the heavier
CP -even scalar are suppressed, e.g. cos(β − α) ∼ 0. Scenarios like
this commonly occur within the framework of minimal supersymme-
try. If the mediator is a gauge singlet, a mixing between the media-
tor and the Higgs sector should be included, leading to a more com-
plex phenomenology as in so-called Higgs portal dark matter models;
see e.g. [Baek:2011aa,Baek:2014jga,Baek:2015lna,Ko:2016xwd]. On the
other hand, in ref. [Englert:2016joy] it has been shown that use of sim-
plified models for LHC and future (feasible) collider studies is within
the bounds of perturbative unitarity.”

Notice however that the study of dark matter simplified models is now of
interest also for the experimental collaboration, see for instance the dark
matter forum document, see reference [6] in our manuscript.

In the following we address the 6 issues raised in her/his report.

1. We hope to have properly addressed this point with the modification
already mentioned above.

1

[see e.g. Kim et al. '08; Baek et al. '11, '14; Lopez-Honorez et al. '12; Khoze et al. '15; Ko, et al. '16]

[see e.g. Craig et al. '13; Carena et al. '13]

Four free parameters:



Plethora of signatures

mX > mt

Cosmology relic

indirect

mX < mt Planck, FermiLAT

Astrophysics mX > mY

direct mX > 1 GeV LUX, CDMSLite

Colliders

/ET
mY > 2mX +tt̄

mY > 2mX +j, +Z, +h

no /ET

mY > 2mt 4t

mY > 2mt tt̄

mY < 2mX , 2mt jj, γγ

Table 1. Signatures of our simplified top-philic dark matter model.

energy may include final state systems containing a top-quark pair and probe in this way the

associated production of a top-antitop-mediator system where the mediator subsequently

decays into a pair of dark matter particles. Alternatively, the mediator can be produced

via gluon fusion through top-quark loops, where the probe of the associated events consists

of tagging an extra radiated object. This yields the well-known monojet, mono-Z and

mono-Higgs signatures. We do not consider the monophoton channel, as photon emission

is forbidden at LO in our simplified model by means of charge conjugation invariance. The

second search category is related to final states without any missing energy, i.e. when the

mediator decays back into Standard Model particles. This includes decays into top-quarks,

leading to final states comprised of four top quarks, into a top-quark pair, as well as into

a dijet or a diphoton system via a loop-induced decay. This is, however, relevant only for

on-shell (or close to on-shell) mediator production.

We proceed with a description of the numerical setup for our calculations. In the

following sections, we explore the full four-dimensional model parameter space and present

results in terms of two-dimensional projections. We perform the four-dimensional sampling

using the MultiNest algorithm [31, 32], where we assume Jeffeys’ prior on all the free

parameters in order not to favour a particular mass or coupling scale. The choice of prior

ranges for the parameters is summarised in table 2, in which we have chosen to limit

the coupling values to a maximum of π to ensure perturbativity. We implement the relic
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FeynRules

2 Simplified top-philic dark matter model and its numerical implemen-
tation

The simplified top-philic dark matter model that we consider is constructed by supplement-

ing the Standard Model (SM) with a Dirac-type fermionic dark matter candidate X and a

scalar mediator Y0. The interactions of the two particles are described by the Lagrangian

LY0
t,X = −

�
gt

yt√
2
t̄t+ gX X̄X

�
Y0 , (2.1)

where the new physics interaction strengths are denoted by gt and gX for the mediator
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√
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by construction. In addition, loop corrections will also generate finite couplings to pairs
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have shown that use of simplified models for LHC and future (feasible) collider studies is

within the bounds of perturbative unitarity. v2: Note that the above Lagrangian is not

invariant under the Standard Model gauge groups. In ultraviolet completions where Y0
comes from an SU(2)L doublet, as in the two Higgs doublet model, our simplified model

corresponds to scenarios with a high degree of alignment, such that the couplings of the

gauge bosons to the heavier CP -even scalar are suppressed, e.g. cos(β −α) ∼ 0. Scenarios

like this commonly occur within the framework of minimal supersymmetry. If the mediator

is a gauge singlet, a mixing between the mediator and the Higgs sector should be included,

leading to a more complex phenomenology as in so-called Higgs portal dark matter models;

see e.g. [35–38]. On the other hand, in ref. [34] it has been shown that use of simplified

models for LHC and future (feasible) collider studies is within the bounds of perturbative

unitarity.

The model contains four free parameters (two couplings and two masses),

{gt, gX , mX , mY } , (2.2)

while the width ΓY is fixed by the remaining model parameters. In addition to the La-

grangian of eq. (2.1), we could also have considered mediator couplings to leptons. They

however cannot be well constrained by LHC searches and dark matter direct detection data,

and we have excluded them from our model description. We will nonetheless comment on

their relevance for relic density predictions and dark matter indirect detection signals in

sections 3.1 and 3.3.

The Lagrangian of eq. (2.1) induces dimension-five couplings of the mediator to gluons

and photons via loop diagrams of top quarks. The loop-induced operators can be relevant
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How to scan over the parameter space?

▪ Recommendation for LHC results: 
   Show mmed-mDM plane, slices in two couplings
   
▪ Other choices: consider width and product of couplings

Here:
▪ Vary all four parameters scanned with MultiNest 
  (nested sampling algorithm)  [Feroz et al. '13]

▪ Fitting DM relic density constraints [Planck collaboration '15]

  (freeze-out within model and standard thermal history)
▪ Present various projections

[LHC DM WG: 1603.04156]

[see e.g. Harris et al. '15; Heisig et al. '16]

MultiNest parameter Prior

log(mX/ GeV) 0 → 3

log(mY / GeV) 0 → 3.7

log(gX) −4 → log(π)

log(gt) −4 → log(π)

Table 2. MultiNest parameters and prior ranges for the four free parameters. All priors are

uniform over the indicated range.

Observable Value/Constraint Comment

Measurement ΩDMh2
0.1198± 0.0015 Planck 2015 [39]

Limits ΓY /mY < 0.2 Narrow width approximation

ΓY > 10
−11

GeV Ensures prompt decay at colliders

σSI
n < σSI

LUX (90% CL) LUX bound [40] (mX > 8 GeV)

σSI
n < σSI

CDMS (95% CL) CDMSlite bound [41] (1GeV < mX < 8GeV)

Table 3. Summary of the observables and constraints used in this analysis and encoded into our

MultiNest routine. The relic density constraints assume a Gaussian likelihood function, while the

direct detection limits use step likelihood functions smoothed with half a Gaussian.

density constraints intoMultiNest using a Gaussian likelihood profile, while for the direct

detection limits we assume a step likelihood function smoothed with half a Gaussian. In

addition, the sampling imposes that the model is consistent with values of ΓY such that

the mediator Y0 decays promptly within the LHC detectors. Table 3 summarises the

constraints that we have imposed on the model parameter space.

Throughout our study, we assume that X is the dominant dark matter component,

namely that it fully accommodates a relic density ΩDMh2 as measured by the Planck satel-

lite [39]. Concerning the direct detection of dark matter, we consider the currently most

stringent bounds on the spin-independent (SI) nucleon-DM cross section as measured by

LUX for dark matter withmX > 8 GeV [40] and by CDMSLite for 1 GeV< mX < 8 GeV [41].

In section 3.3, we focus on indirect detection constraints that are imposed on the basis of

the gamma-ray measurements achieved by the Fermi-LAT telescope [42, 43]. Those bounds

are however not applied at the level of the likelihood function encoded in our MultiNest

routine, and we have chosen instead to reprocess the scan results for those parameter

points that are consistent with both the relic density and direct detection considerations.

For the purpose of the relic density and direct detection cross section calculations, we

utilise both the MadDM [29, 30] and MicrOMEGAs [44] numerical packages, although

we only present the results obtained with MadDM. The consistency checks that we have

performed with both codes are detailed in appendix B.1.

We derive collider constraints on the simplified top-philic dark matter model using

the MG5 aMC [22] framework and the recast functionalities of MadAnalysis 5 [25–27]
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Figure 2. Results of our four-dimensional parameter scan using MadDM projected onto the

(mY ,mX) plane. The first three panels show the projections with the colourmap representing the

values of ΓY , gX and gt respectively. The right-most panel shows the zoomed-in upper right region

of the left-most panel. All represented points feature a relic density in agreement with Planck data

and ΓY /mY ≤ 0.2.

region of the parameter space has the particularity of not being reachable by traditional

monojet, monophoton, mono-Z and mono-Higgs searches at colliders. The decay of the

mediator into a pair of dark matter particles is indeed not kinematically allowed, so that

any new physics signal will not contain a large amount of missing energy. The model can

however be probed at colliders via dijet, diphoton, tt̄ (plus jets) and four-top analyses. We

elaborate on this point more in section 4.2. The characteristic mediator width ΓY in this

region tends to be extremely small, with values of at most 10
−4

GeV as shown in the top

left panel of figure 2. This is expected as the width is mostly controlled by the decays into

gluons, and into top quarks in the regions where this decay is kinematically allowed, the

decay into a pair of dark matter particles being forbidden.

In the region where mX � mt and mY � 2mt, the mediator decay into a tt̄ final state

is kinematically allowed and the dark matter annihilation cross section is driven by the

XX̄ → Y0 → tt̄ process. The only other parameter space region that is not ruled out by
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Relic density constraints

[Computed with MadDM, 
checked with mircOMEGAs]
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direct detection limits use step likelihood functions smoothed with half a Gaussian.

density constraints intoMultiNest using a Gaussian likelihood profile, while for the direct

detection limits we assume a step likelihood function smoothed with half a Gaussian. In

addition, the sampling imposes that the model is consistent with values of ΓY such that

the mediator Y0 decays promptly within the LHC detectors. Table 3 summarises the

constraints that we have imposed on the model parameter space.

Throughout our study, we assume that X is the dominant dark matter component,

namely that it fully accommodates a relic density ΩDMh2 as measured by the Planck satel-

lite [39]. Concerning the direct detection of dark matter, we consider the currently most

stringent bounds on the spin-independent (SI) nucleon-DM cross section as measured by

LUX for dark matter withmX > 8 GeV [40] and by CDMSLite for 1 GeV< mX < 8 GeV [41].

In section 3.3, we focus on indirect detection constraints that are imposed on the basis of

the gamma-ray measurements achieved by the Fermi-LAT telescope [42, 43]. Those bounds

are however not applied at the level of the likelihood function encoded in our MultiNest

routine, and we have chosen instead to reprocess the scan results for those parameter

points that are consistent with both the relic density and direct detection considerations.

For the purpose of the relic density and direct detection cross section calculations, we

utilise both the MadDM [29, 30] and MicrOMEGAs [44] numerical packages, although

we only present the results obtained with MadDM. The consistency checks that we have

performed with both codes are detailed in appendix B.1.

ΓY /mY < 0.2 (narrow width)

ΓY >10
−11

GeV (prompt decay)
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Table 1. Signatures of our simplified top-philic dark matter model.

energy may include final state systems containing a top-quark pair and probe in this way the

associated production of a top-antitop-mediator system where the mediator subsequently

decays into a pair of dark matter particles. Alternatively, the mediator can be produced

via gluon fusion through top-quark loops, where the probe of the associated events consists

of tagging an extra radiated object. This yields the well-known monojet, mono-Z and

mono-Higgs signatures. We do not consider the monophoton channel, as photon emission

is forbidden at LO in our simplified model by means of charge conjugation invariance. The

second search category is related to final states without any missing energy, i.e. when the

mediator decays back into Standard Model particles. This includes decays into top-quarks,

leading to final states comprised of four top quarks, into a top-quark pair, as well as into

a dijet or a diphoton system via a loop-induced decay. This is, however, relevant only for

on-shell (or close to on-shell) mediator production.

We proceed with a description of the numerical setup for our calculations. In the

following sections, we explore the full four-dimensional model parameter space and present

results in terms of two-dimensional projections. We perform the four-dimensional sampling

using the MultiNest algorithm [31, 32], where we assume Jeffeys’ prior on all the free

parameters in order not to favour a particular mass or coupling scale. The choice of prior

ranges for the parameters is summarised in table 2, in which we have chosen to limit

the coupling values to a maximum of π to ensure perturbativity. We implement the relic
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is kinematically allowed and the dark matter annihilation cross section is driven by the

XX̄ → Y0 → tt̄ process. The only other parameter space region that is not ruled out by
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(where appropriate). We apply the LHC constraints on the top-philic dark matter model

with two different procedures. On one side, similarly to what has been performed for

the indirect detection bounds, we reprocess the scenarios that accomodate the observed

relic density and that are compatible with LUX and CDMSLite data. However, we also

study the collider bounds on the parameter space independently of any astrophysics and

cosmology consideration and by relaxing the narrow width requirement (allowing ΓY /mY

to be of O(1)) as well. In order to increase the sensitivity of the LHC searches, we allow

for wider coupling ranges of 10−2 < gX < 2π and 10−2 < gt < 2π. The collider study

without any cosmological and astrophysical constraint therefore includes the cases where

the dark matter is not a standard thermal relic (i.e. its relic density is a result of a non-

thermal mechanism or a non-standard evolution of the Universe). Details are provided in

section 4 and appendix C for what concerns the validation of the CMS analyses that we

have implemented in MadAnalysis 5 for this work.

In conclusion to this section, we point out that even though our current work focuses

on a dark matter candidate which is a Dirac fermion, a more general implementation of

simplified dark matter models in FeynRules [23, 24] can also account for pseudoscalar

mediators as well as for CP -mixed states and for dark matter particles which are real

or complex scalars [45–47]. The corresponding model files have been used in this work

and can be downloaded from the FeynRules model repository [48] that also includes a

model where the mediator is a spin-1 state that couples to either a fermionic or a scalar

dark matter candidate [45]. All the models allow for the automated calculation of next-to-

leading-order (NLO) effects and loop-induced leading-order (LO) processes in QCD in the

context of LHC predictions.

3 Cosmological and astrophysical constraints

We begin our analysis of the simplified top-philic dark matter model with a detailed dis-

cussion of the cosmological and astrophysical constraints.

3.1 Constraints from dark matter relic density

Dark matter annihilation in the early Universe is determined, in the simplified top-philic

dark matter model, by a combination of three processes,

XX̄ → tt̄ (I) , XX̄ → gg (II) , and XX̄ → Y0Y0 (III) ,

where we have omitted the annihilation into photons as it is always suppressed compared to

the annihilation into gluons. The analytic expressions for the thermally averaged annihila-

tion cross section in the non-resonant region �σvrel� corresponding to each of the processes

listed above are provided in appendix B.2. The first two processes proceed via an s-channel

Y0 exchange (first two rows of table 1), while the third process consists of a t-channel X

exchange (third row of table 1). The resonance structure of the s-channel processes implies

that the width of Y0 potentially plays an important role in the determination of the relic

density assuming a dominant annihilation via the processes (I) and (II), while the effects of
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the Y0 width are mostly negligible if the annihilation dominantly proceeds via the t-channel

X exchange process (III).

According to the hierarchy between the dark matter mass mX , the mediator mass mY

and the top quark mass mt, different situations can occur. Qualitatively, one expects that:

• for mY � mX � mt: process (I) is dominant as the tree-level annihilation into a

pair of top quarks is kinematically allowed, the annihilation into gluons being loop

suppressed, and the one into a pair of mediators kinematically suppressed;

• for mX � mt, mY : dark matter annihilates into a pair of gluons as in process (II),

since it is the only kinematically allowed channel;

• for mt � mX � mY : relic density is determined by process (III) since annihilation

into top quarks is kinematically forbidden and the one into gluons occurs away from

the resonant pole of mY ;

• for mX > mt,mY and mY < 2mt: similarly to the case above, the dominant annihi-

lation mechanism is process (III), as annihilation into top quarks occurs far from the

resonant pole and is suppressed kinematically;

• for mX > mt,mY and mY > 2mt: processes (I) and (III) are competitive and the

dominant process among the two is determined by the hierarchy between the gt and

gX couplings.

Requiring our simplified top-philic dark matter model to result in a dark matter relic

density consistent with the most recent Planck measurements [39] implies strong constraints

on the viable regions of the parameter space. As an illustration, we consider the region of

the parameter space in which mt � mX � mY , where we expect the dominant annihilation

mechanism of dark matter to be process (III) and to give rise to a pair of mediators. In

this region, the thermally averaged annihilation cross section approximately reads

�σvrel�ann ∼ g4X
m2

X

∼ 10−9 GeV−2, (3.1)

so that it is clear that imposing that the relic density predictions agree with Planck data

leads to a stringent constraint on the ratio g2X/mX . The argument is more involved in pa-

rameter space regions where the total mediator width ΓY plays a role, as the relevant quan-

tity involved in the relic density calculation is in general not �σvrel�ann but
�
dx�σvrel�ann(x)

where x ≡ mX/T and �σvrel�ann is a non trivial function of x. This is especially true, for

instance, for the Breit-Wigner-type amplitudes that appear in processes (I) and (II).

In order to provide a more detailed quantitative analysis, we have performed a four-

dimensional scan the top-philic dark matter model parameter space and examined the

effects of imposing relic density constraints on the allowed/ruled out parameter sets. Fig-

ure 2 reveals the rich structure of the four-dimensional parameter space allowed by relic

density measurements. The bulk of the allowed parameter points lies in the region where

mX > mY , and the annihilation cross section is dominantly driven by process (III). This
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Relic density constraints

[Computed with MadDM, 
checked with mircOMEGAs]
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Figure 2. Results of our four-dimensional parameter scan using MadDM projected onto the

(mY ,mX) plane. The first three panels show the projections with the colourmap representing the

values of ΓY , gX and gt respectively. The right-most panel shows the zoomed-in upper right region

of the left-most panel. All represented points feature a relic density in agreement with Planck data

and ΓY /mY ≤ 0.2.

region of the parameter space has the particularity of not being reachable by traditional

monojet, monophoton, mono-Z and mono-Higgs searches at colliders. The decay of the

mediator into a pair of dark matter particles is indeed not kinematically allowed, so that

any new physics signal will not contain a large amount of missing energy. The model can

however be probed at colliders via dijet, diphoton, tt̄ (plus jets) and four-top analyses. We

elaborate on this point more in section 4.2. The characteristic mediator width ΓY in this

region tends to be extremely small, with values of at most 10
−4

GeV as shown in the top

left panel of figure 2. This is expected as the width is mostly controlled by the decays into

gluons, and into top quarks in the regions where this decay is kinematically allowed, the

decay into a pair of dark matter particles being forbidden.

In the region where mX � mt and mY � 2mt, the mediator decay into a tt̄ final state

is kinematically allowed and the dark matter annihilation cross section is driven by the

XX̄ → Y0 → tt̄ process. The only other parameter space region that is not ruled out by
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(where appropriate). We apply the LHC constraints on the top-philic dark matter model

with two different procedures. On one side, similarly to what has been performed for

the indirect detection bounds, we reprocess the scenarios that accomodate the observed

relic density and that are compatible with LUX and CDMSLite data. However, we also

study the collider bounds on the parameter space independently of any astrophysics and

cosmology consideration and by relaxing the narrow width requirement (allowing ΓY /mY

to be of O(1)) as well. In order to increase the sensitivity of the LHC searches, we allow

for wider coupling ranges of 10−2 < gX < 2π and 10−2 < gt < 2π. The collider study

without any cosmological and astrophysical constraint therefore includes the cases where

the dark matter is not a standard thermal relic (i.e. its relic density is a result of a non-

thermal mechanism or a non-standard evolution of the Universe). Details are provided in

section 4 and appendix C for what concerns the validation of the CMS analyses that we

have implemented in MadAnalysis 5 for this work.

In conclusion to this section, we point out that even though our current work focuses

on a dark matter candidate which is a Dirac fermion, a more general implementation of

simplified dark matter models in FeynRules [23, 24] can also account for pseudoscalar

mediators as well as for CP -mixed states and for dark matter particles which are real

or complex scalars [45–47]. The corresponding model files have been used in this work

and can be downloaded from the FeynRules model repository [48] that also includes a

model where the mediator is a spin-1 state that couples to either a fermionic or a scalar

dark matter candidate [45]. All the models allow for the automated calculation of next-to-

leading-order (NLO) effects and loop-induced leading-order (LO) processes in QCD in the

context of LHC predictions.

3 Cosmological and astrophysical constraints

We begin our analysis of the simplified top-philic dark matter model with a detailed dis-

cussion of the cosmological and astrophysical constraints.

3.1 Constraints from dark matter relic density

Dark matter annihilation in the early Universe is determined, in the simplified top-philic

dark matter model, by a combination of three processes,

XX̄ → tt̄ (I) , XX̄ → gg (II) , and XX̄ → Y0Y0 (III) ,

where we have omitted the annihilation into photons as it is always suppressed compared to

the annihilation into gluons. The analytic expressions for the thermally averaged annihila-

tion cross section in the non-resonant region �σvrel� corresponding to each of the processes

listed above are provided in appendix B.2. The first two processes proceed via an s-channel

Y0 exchange (first two rows of table 1), while the third process consists of a t-channel X

exchange (third row of table 1). The resonance structure of the s-channel processes implies

that the width of Y0 potentially plays an important role in the determination of the relic

density assuming a dominant annihilation via the processes (I) and (II), while the effects of
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the Y0 width are mostly negligible if the annihilation dominantly proceeds via the t-channel

X exchange process (III).

According to the hierarchy between the dark matter mass mX , the mediator mass mY

and the top quark mass mt, different situations can occur. Qualitatively, one expects that:

• for mY � mX � mt: process (I) is dominant as the tree-level annihilation into a

pair of top quarks is kinematically allowed, the annihilation into gluons being loop

suppressed, and the one into a pair of mediators kinematically suppressed;

• for mX � mt, mY : dark matter annihilates into a pair of gluons as in process (II),

since it is the only kinematically allowed channel;

• for mt � mX � mY : relic density is determined by process (III) since annihilation

into top quarks is kinematically forbidden and the one into gluons occurs away from

the resonant pole of mY ;

• for mX > mt,mY and mY < 2mt: similarly to the case above, the dominant annihi-

lation mechanism is process (III), as annihilation into top quarks occurs far from the

resonant pole and is suppressed kinematically;

• for mX > mt,mY and mY > 2mt: processes (I) and (III) are competitive and the

dominant process among the two is determined by the hierarchy between the gt and

gX couplings.

Requiring our simplified top-philic dark matter model to result in a dark matter relic

density consistent with the most recent Planck measurements [39] implies strong constraints

on the viable regions of the parameter space. As an illustration, we consider the region of

the parameter space in which mt � mX � mY , where we expect the dominant annihilation

mechanism of dark matter to be process (III) and to give rise to a pair of mediators. In

this region, the thermally averaged annihilation cross section approximately reads

�σvrel�ann ∼ g4X
m2

X

∼ 10−9 GeV−2, (3.1)

so that it is clear that imposing that the relic density predictions agree with Planck data

leads to a stringent constraint on the ratio g2X/mX . The argument is more involved in pa-

rameter space regions where the total mediator width ΓY plays a role, as the relevant quan-

tity involved in the relic density calculation is in general not �σvrel�ann but
�
dx�σvrel�ann(x)

where x ≡ mX/T and �σvrel�ann is a non trivial function of x. This is especially true, for

instance, for the Breit-Wigner-type amplitudes that appear in processes (I) and (II).

In order to provide a more detailed quantitative analysis, we have performed a four-

dimensional scan the top-philic dark matter model parameter space and examined the

effects of imposing relic density constraints on the allowed/ruled out parameter sets. Fig-

ure 2 reveals the rich structure of the four-dimensional parameter space allowed by relic

density measurements. The bulk of the allowed parameter points lies in the region where

mX > mY , and the annihilation cross section is dominantly driven by process (III). This
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mX > mt

Cosmology relic

indirect

mX < mt Planck, FermiLAT

Astrophysics mX > mY

direct mX > 1 GeV LUX, CDMSLite

Colliders

/ET
mY > 2mX +tt̄

mY > 2mX +j, +Z, +h

no /ET

mY > 2mt 4t

mY > 2mt tt̄

mY < 2mX , 2mt jj, γγ

Table 1. Signatures of our simplified top-philic dark matter model.

energy may include final state systems containing a top-quark pair and probe in this way the

associated production of a top-antitop-mediator system where the mediator subsequently

decays into a pair of dark matter particles. Alternatively, the mediator can be produced

via gluon fusion through top-quark loops, where the probe of the associated events consists

of tagging an extra radiated object. This yields the well-known monojet, mono-Z and

mono-Higgs signatures. We do not consider the monophoton channel, as photon emission

is forbidden at LO in our simplified model by means of charge conjugation invariance. The

second search category is related to final states without any missing energy, i.e. when the

mediator decays back into Standard Model particles. This includes decays into top-quarks,

leading to final states comprised of four top quarks, into a top-quark pair, as well as into

a dijet or a diphoton system via a loop-induced decay. This is, however, relevant only for

on-shell (or close to on-shell) mediator production.

We proceed with a description of the numerical setup for our calculations. In the

following sections, we explore the full four-dimensional model parameter space and present

results in terms of two-dimensional projections. We perform the four-dimensional sampling

using the MultiNest algorithm [31, 32], where we assume Jeffeys’ prior on all the free

parameters in order not to favour a particular mass or coupling scale. The choice of prior

ranges for the parameters is summarised in table 2, in which we have chosen to limit

the coupling values to a maximum of π to ensure perturbativity. We implement the relic
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Figure 2. Results of our four-dimensional parameter scan using MadDM projected onto the

(mY ,mX) plane. The first three panels show the projections with the colourmap representing the

values of ΓY , gX and gt respectively. The right-most panel shows the zoomed-in upper right region

of the left-most panel. All represented points feature a relic density in agreement with Planck data

and ΓY /mY ≤ 0.2.

region of the parameter space has the particularity of not being reachable by traditional

monojet, monophoton, mono-Z and mono-Higgs searches at colliders. The decay of the

mediator into a pair of dark matter particles is indeed not kinematically allowed, so that

any new physics signal will not contain a large amount of missing energy. The model can

however be probed at colliders via dijet, diphoton, tt̄ (plus jets) and four-top analyses. We

elaborate on this point more in section 4.2. The characteristic mediator width ΓY in this

region tends to be extremely small, with values of at most 10
−4

GeV as shown in the top

left panel of figure 2. This is expected as the width is mostly controlled by the decays into

gluons, and into top quarks in the regions where this decay is kinematically allowed, the

decay into a pair of dark matter particles being forbidden.

In the region where mX � mt and mY � 2mt, the mediator decay into a tt̄ final state

is kinematically allowed and the dark matter annihilation cross section is driven by the

XX̄ → Y0 → tt̄ process. The only other parameter space region that is not ruled out by
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(where appropriate). We apply the LHC constraints on the top-philic dark matter model

with two different procedures. On one side, similarly to what has been performed for

the indirect detection bounds, we reprocess the scenarios that accomodate the observed

relic density and that are compatible with LUX and CDMSLite data. However, we also

study the collider bounds on the parameter space independently of any astrophysics and

cosmology consideration and by relaxing the narrow width requirement (allowing ΓY /mY

to be of O(1)) as well. In order to increase the sensitivity of the LHC searches, we allow

for wider coupling ranges of 10−2 < gX < 2π and 10−2 < gt < 2π. The collider study

without any cosmological and astrophysical constraint therefore includes the cases where

the dark matter is not a standard thermal relic (i.e. its relic density is a result of a non-

thermal mechanism or a non-standard evolution of the Universe). Details are provided in

section 4 and appendix C for what concerns the validation of the CMS analyses that we

have implemented in MadAnalysis 5 for this work.

In conclusion to this section, we point out that even though our current work focuses

on a dark matter candidate which is a Dirac fermion, a more general implementation of

simplified dark matter models in FeynRules [23, 24] can also account for pseudoscalar

mediators as well as for CP -mixed states and for dark matter particles which are real

or complex scalars [45–47]. The corresponding model files have been used in this work

and can be downloaded from the FeynRules model repository [48] that also includes a

model where the mediator is a spin-1 state that couples to either a fermionic or a scalar

dark matter candidate [45]. All the models allow for the automated calculation of next-to-

leading-order (NLO) effects and loop-induced leading-order (LO) processes in QCD in the

context of LHC predictions.

3 Cosmological and astrophysical constraints

We begin our analysis of the simplified top-philic dark matter model with a detailed dis-

cussion of the cosmological and astrophysical constraints.

3.1 Constraints from dark matter relic density

Dark matter annihilation in the early Universe is determined, in the simplified top-philic

dark matter model, by a combination of three processes,

XX̄ → tt̄ (I) , XX̄ → gg (II) , and XX̄ → Y0Y0 (III) ,

where we have omitted the annihilation into photons as it is always suppressed compared to

the annihilation into gluons. The analytic expressions for the thermally averaged annihila-

tion cross section in the non-resonant region �σvrel� corresponding to each of the processes

listed above are provided in appendix B.2. The first two processes proceed via an s-channel

Y0 exchange (first two rows of table 1), while the third process consists of a t-channel X

exchange (third row of table 1). The resonance structure of the s-channel processes implies

that the width of Y0 potentially plays an important role in the determination of the relic

density assuming a dominant annihilation via the processes (I) and (II), while the effects of
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the Y0 width are mostly negligible if the annihilation dominantly proceeds via the t-channel

X exchange process (III).

According to the hierarchy between the dark matter mass mX , the mediator mass mY

and the top quark mass mt, different situations can occur. Qualitatively, one expects that:

• for mY � mX � mt: process (I) is dominant as the tree-level annihilation into a

pair of top quarks is kinematically allowed, the annihilation into gluons being loop

suppressed, and the one into a pair of mediators kinematically suppressed;

• for mX � mt, mY : dark matter annihilates into a pair of gluons as in process (II),

since it is the only kinematically allowed channel;

• for mt � mX � mY : relic density is determined by process (III) since annihilation

into top quarks is kinematically forbidden and the one into gluons occurs away from

the resonant pole of mY ;

• for mX > mt,mY and mY < 2mt: similarly to the case above, the dominant annihi-

lation mechanism is process (III), as annihilation into top quarks occurs far from the

resonant pole and is suppressed kinematically;

• for mX > mt,mY and mY > 2mt: processes (I) and (III) are competitive and the

dominant process among the two is determined by the hierarchy between the gt and

gX couplings.

Requiring our simplified top-philic dark matter model to result in a dark matter relic

density consistent with the most recent Planck measurements [39] implies strong constraints

on the viable regions of the parameter space. As an illustration, we consider the region of

the parameter space in which mt � mX � mY , where we expect the dominant annihilation

mechanism of dark matter to be process (III) and to give rise to a pair of mediators. In

this region, the thermally averaged annihilation cross section approximately reads

�σvrel�ann ∼ g4X
m2

X

∼ 10−9 GeV−2, (3.1)

so that it is clear that imposing that the relic density predictions agree with Planck data

leads to a stringent constraint on the ratio g2X/mX . The argument is more involved in pa-

rameter space regions where the total mediator width ΓY plays a role, as the relevant quan-

tity involved in the relic density calculation is in general not �σvrel�ann but
�
dx�σvrel�ann(x)

where x ≡ mX/T and �σvrel�ann is a non trivial function of x. This is especially true, for

instance, for the Breit-Wigner-type amplitudes that appear in processes (I) and (II).

In order to provide a more detailed quantitative analysis, we have performed a four-

dimensional scan the top-philic dark matter model parameter space and examined the

effects of imposing relic density constraints on the allowed/ruled out parameter sets. Fig-

ure 2 reveals the rich structure of the four-dimensional parameter space allowed by relic

density measurements. The bulk of the allowed parameter points lies in the region where

mX > mY , and the annihilation cross section is dominantly driven by process (III). This
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Figure 2. Results of our four-dimensional parameter scan using MadDM projected onto the

(mY ,mX) plane. The first three panels show the projections with the colourmap representing the

values of ΓY , gX and gt respectively. The right-most panel shows the zoomed-in upper right region

of the left-most panel. All represented points feature a relic density in agreement with Planck data

and ΓY /mY ≤ 0.2.

region of the parameter space has the particularity of not being reachable by traditional

monojet, monophoton, mono-Z and mono-Higgs searches at colliders. The decay of the

mediator into a pair of dark matter particles is indeed not kinematically allowed, so that

any new physics signal will not contain a large amount of missing energy. The model can

however be probed at colliders via dijet, diphoton, tt̄ (plus jets) and four-top analyses. We

elaborate on this point more in section 4.2. The characteristic mediator width ΓY in this

region tends to be extremely small, with values of at most 10
−4

GeV as shown in the top

left panel of figure 2. This is expected as the width is mostly controlled by the decays into

gluons, and into top quarks in the regions where this decay is kinematically allowed, the

decay into a pair of dark matter particles being forbidden.

In the region where mX � mt and mY � 2mt, the mediator decay into a tt̄ final state

is kinematically allowed and the dark matter annihilation cross section is driven by the

XX̄ → Y0 → tt̄ process. The only other parameter space region that is not ruled out by
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mX > mt

Cosmology relic

indirect

mX < mt Planck, FermiLAT

Astrophysics mX > mY

direct mX > 1 GeV LUX, CDMSLite

Colliders

/ET
mY > 2mX +tt̄

mY > 2mX +j, +Z, +h

no /ET

mY > 2mt 4t

mY > 2mt tt̄

mY < 2mX , 2mt jj, γγ

Table 1. Signatures of our simplified top-philic dark matter model.

energy may include final state systems containing a top-quark pair and probe in this way the

associated production of a top-antitop-mediator system where the mediator subsequently

decays into a pair of dark matter particles. Alternatively, the mediator can be produced

via gluon fusion through top-quark loops, where the probe of the associated events consists

of tagging an extra radiated object. This yields the well-known monojet, mono-Z and

mono-Higgs signatures. We do not consider the monophoton channel, as photon emission

is forbidden at LO in our simplified model by means of charge conjugation invariance. The

second search category is related to final states without any missing energy, i.e. when the

mediator decays back into Standard Model particles. This includes decays into top-quarks,

leading to final states comprised of four top quarks, into a top-quark pair, as well as into

a dijet or a diphoton system via a loop-induced decay. This is, however, relevant only for

on-shell (or close to on-shell) mediator production.

We proceed with a description of the numerical setup for our calculations. In the

following sections, we explore the full four-dimensional model parameter space and present

results in terms of two-dimensional projections. We perform the four-dimensional sampling

using the MultiNest algorithm [31, 32], where we assume Jeffeys’ prior on all the free

parameters in order not to favour a particular mass or coupling scale. The choice of prior

ranges for the parameters is summarised in table 2, in which we have chosen to limit

the coupling values to a maximum of π to ensure perturbativity. We implement the relic
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(where appropriate). We apply the LHC constraints on the top-philic dark matter model

with two different procedures. On one side, similarly to what has been performed for

the indirect detection bounds, we reprocess the scenarios that accomodate the observed

relic density and that are compatible with LUX and CDMSLite data. However, we also

study the collider bounds on the parameter space independently of any astrophysics and

cosmology consideration and by relaxing the narrow width requirement (allowing ΓY /mY

to be of O(1)) as well. In order to increase the sensitivity of the LHC searches, we allow

for wider coupling ranges of 10−2 < gX < 2π and 10−2 < gt < 2π. The collider study

without any cosmological and astrophysical constraint therefore includes the cases where

the dark matter is not a standard thermal relic (i.e. its relic density is a result of a non-

thermal mechanism or a non-standard evolution of the Universe). Details are provided in

section 4 and appendix C for what concerns the validation of the CMS analyses that we

have implemented in MadAnalysis 5 for this work.

In conclusion to this section, we point out that even though our current work focuses

on a dark matter candidate which is a Dirac fermion, a more general implementation of

simplified dark matter models in FeynRules [23, 24] can also account for pseudoscalar

mediators as well as for CP -mixed states and for dark matter particles which are real

or complex scalars [45–47]. The corresponding model files have been used in this work

and can be downloaded from the FeynRules model repository [48] that also includes a

model where the mediator is a spin-1 state that couples to either a fermionic or a scalar

dark matter candidate [45]. All the models allow for the automated calculation of next-to-

leading-order (NLO) effects and loop-induced leading-order (LO) processes in QCD in the

context of LHC predictions.

3 Cosmological and astrophysical constraints

We begin our analysis of the simplified top-philic dark matter model with a detailed dis-

cussion of the cosmological and astrophysical constraints.

3.1 Constraints from dark matter relic density

Dark matter annihilation in the early Universe is determined, in the simplified top-philic

dark matter model, by a combination of three processes,

XX̄ → tt̄ (I) , XX̄ → gg (II) , and XX̄ → Y0Y0 (III) ,

where we have omitted the annihilation into photons as it is always suppressed compared to

the annihilation into gluons. The analytic expressions for the thermally averaged annihila-

tion cross section in the non-resonant region �σvrel� corresponding to each of the processes

listed above are provided in appendix B.2. The first two processes proceed via an s-channel

Y0 exchange (first two rows of table 1), while the third process consists of a t-channel X

exchange (third row of table 1). The resonance structure of the s-channel processes implies

that the width of Y0 potentially plays an important role in the determination of the relic

density assuming a dominant annihilation via the processes (I) and (II), while the effects of
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the Y0 width are mostly negligible if the annihilation dominantly proceeds via the t-channel

X exchange process (III).

According to the hierarchy between the dark matter mass mX , the mediator mass mY

and the top quark mass mt, different situations can occur. Qualitatively, one expects that:

• for mY � mX � mt: process (I) is dominant as the tree-level annihilation into a

pair of top quarks is kinematically allowed, the annihilation into gluons being loop

suppressed, and the one into a pair of mediators kinematically suppressed;

• for mX � mt, mY : dark matter annihilates into a pair of gluons as in process (II),

since it is the only kinematically allowed channel;

• for mt � mX � mY : relic density is determined by process (III) since annihilation

into top quarks is kinematically forbidden and the one into gluons occurs away from

the resonant pole of mY ;

• for mX > mt,mY and mY < 2mt: similarly to the case above, the dominant annihi-

lation mechanism is process (III), as annihilation into top quarks occurs far from the

resonant pole and is suppressed kinematically;

• for mX > mt,mY and mY > 2mt: processes (I) and (III) are competitive and the

dominant process among the two is determined by the hierarchy between the gt and

gX couplings.

Requiring our simplified top-philic dark matter model to result in a dark matter relic

density consistent with the most recent Planck measurements [39] implies strong constraints

on the viable regions of the parameter space. As an illustration, we consider the region of

the parameter space in which mt � mX � mY , where we expect the dominant annihilation

mechanism of dark matter to be process (III) and to give rise to a pair of mediators. In

this region, the thermally averaged annihilation cross section approximately reads

�σvrel�ann ∼ g4X
m2

X

∼ 10−9 GeV−2, (3.1)

so that it is clear that imposing that the relic density predictions agree with Planck data

leads to a stringent constraint on the ratio g2X/mX . The argument is more involved in pa-

rameter space regions where the total mediator width ΓY plays a role, as the relevant quan-

tity involved in the relic density calculation is in general not �σvrel�ann but
�
dx�σvrel�ann(x)

where x ≡ mX/T and �σvrel�ann is a non trivial function of x. This is especially true, for

instance, for the Breit-Wigner-type amplitudes that appear in processes (I) and (II).

In order to provide a more detailed quantitative analysis, we have performed a four-

dimensional scan the top-philic dark matter model parameter space and examined the

effects of imposing relic density constraints on the allowed/ruled out parameter sets. Fig-

ure 2 reveals the rich structure of the four-dimensional parameter space allowed by relic

density measurements. The bulk of the allowed parameter points lies in the region where

mX > mY , and the annihilation cross section is dominantly driven by process (III). This
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Figure 2. Results of our four-dimensional parameter scan using MadDM projected onto the

(mY ,mX) plane. The first three panels show the projections with the colourmap representing the

values of ΓY , gX and gt respectively. The right-most panel shows the zoomed-in upper right region

of the left-most panel. All represented points feature a relic density in agreement with Planck data

and ΓY /mY ≤ 0.2.

region of the parameter space has the particularity of not being reachable by traditional

monojet, monophoton, mono-Z and mono-Higgs searches at colliders. The decay of the

mediator into a pair of dark matter particles is indeed not kinematically allowed, so that

any new physics signal will not contain a large amount of missing energy. The model can

however be probed at colliders via dijet, diphoton, tt̄ (plus jets) and four-top analyses. We

elaborate on this point more in section 4.2. The characteristic mediator width ΓY in this

region tends to be extremely small, with values of at most 10
−4

GeV as shown in the top

left panel of figure 2. This is expected as the width is mostly controlled by the decays into

gluons, and into top quarks in the regions where this decay is kinematically allowed, the

decay into a pair of dark matter particles being forbidden.

In the region where mX � mt and mY � 2mt, the mediator decay into a tt̄ final state

is kinematically allowed and the dark matter annihilation cross section is driven by the

XX̄ → Y0 → tt̄ process. The only other parameter space region that is not ruled out by
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mX > mt

Cosmology relic

indirect

mX < mt Planck, FermiLAT

Astrophysics mX > mY

direct mX > 1 GeV LUX, CDMSLite

Colliders

/ET
mY > 2mX +tt̄

mY > 2mX +j, +Z, +h

no /ET

mY > 2mt 4t

mY > 2mt tt̄

mY < 2mX , 2mt jj, γγ

Table 1. Signatures of our simplified top-philic dark matter model.

energy may include final state systems containing a top-quark pair and probe in this way the

associated production of a top-antitop-mediator system where the mediator subsequently

decays into a pair of dark matter particles. Alternatively, the mediator can be produced

via gluon fusion through top-quark loops, where the probe of the associated events consists

of tagging an extra radiated object. This yields the well-known monojet, mono-Z and

mono-Higgs signatures. We do not consider the monophoton channel, as photon emission

is forbidden at LO in our simplified model by means of charge conjugation invariance. The

second search category is related to final states without any missing energy, i.e. when the

mediator decays back into Standard Model particles. This includes decays into top-quarks,

leading to final states comprised of four top quarks, into a top-quark pair, as well as into

a dijet or a diphoton system via a loop-induced decay. This is, however, relevant only for

on-shell (or close to on-shell) mediator production.

We proceed with a description of the numerical setup for our calculations. In the

following sections, we explore the full four-dimensional model parameter space and present

results in terms of two-dimensional projections. We perform the four-dimensional sampling

using the MultiNest algorithm [31, 32], where we assume Jeffeys’ prior on all the free

parameters in order not to favour a particular mass or coupling scale. The choice of prior

ranges for the parameters is summarised in table 2, in which we have chosen to limit

the coupling values to a maximum of π to ensure perturbativity. We implement the relic
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(where appropriate). We apply the LHC constraints on the top-philic dark matter model

with two different procedures. On one side, similarly to what has been performed for

the indirect detection bounds, we reprocess the scenarios that accomodate the observed

relic density and that are compatible with LUX and CDMSLite data. However, we also

study the collider bounds on the parameter space independently of any astrophysics and

cosmology consideration and by relaxing the narrow width requirement (allowing ΓY /mY

to be of O(1)) as well. In order to increase the sensitivity of the LHC searches, we allow

for wider coupling ranges of 10−2 < gX < 2π and 10−2 < gt < 2π. The collider study

without any cosmological and astrophysical constraint therefore includes the cases where

the dark matter is not a standard thermal relic (i.e. its relic density is a result of a non-

thermal mechanism or a non-standard evolution of the Universe). Details are provided in

section 4 and appendix C for what concerns the validation of the CMS analyses that we

have implemented in MadAnalysis 5 for this work.

In conclusion to this section, we point out that even though our current work focuses

on a dark matter candidate which is a Dirac fermion, a more general implementation of

simplified dark matter models in FeynRules [23, 24] can also account for pseudoscalar

mediators as well as for CP -mixed states and for dark matter particles which are real

or complex scalars [45–47]. The corresponding model files have been used in this work

and can be downloaded from the FeynRules model repository [48] that also includes a

model where the mediator is a spin-1 state that couples to either a fermionic or a scalar

dark matter candidate [45]. All the models allow for the automated calculation of next-to-

leading-order (NLO) effects and loop-induced leading-order (LO) processes in QCD in the

context of LHC predictions.

3 Cosmological and astrophysical constraints

We begin our analysis of the simplified top-philic dark matter model with a detailed dis-

cussion of the cosmological and astrophysical constraints.

3.1 Constraints from dark matter relic density

Dark matter annihilation in the early Universe is determined, in the simplified top-philic

dark matter model, by a combination of three processes,

XX̄ → tt̄ (I) , XX̄ → gg (II) , and XX̄ → Y0Y0 (III) ,

where we have omitted the annihilation into photons as it is always suppressed compared to

the annihilation into gluons. The analytic expressions for the thermally averaged annihila-

tion cross section in the non-resonant region �σvrel� corresponding to each of the processes

listed above are provided in appendix B.2. The first two processes proceed via an s-channel

Y0 exchange (first two rows of table 1), while the third process consists of a t-channel X

exchange (third row of table 1). The resonance structure of the s-channel processes implies

that the width of Y0 potentially plays an important role in the determination of the relic

density assuming a dominant annihilation via the processes (I) and (II), while the effects of

– 9 –

(where appropriate). We apply the LHC constraints on the top-philic dark matter model

with two different procedures. On one side, similarly to what has been performed for

the indirect detection bounds, we reprocess the scenarios that accomodate the observed

relic density and that are compatible with LUX and CDMSLite data. However, we also

study the collider bounds on the parameter space independently of any astrophysics and

cosmology consideration and by relaxing the narrow width requirement (allowing ΓY /mY

to be of O(1)) as well. In order to increase the sensitivity of the LHC searches, we allow

for wider coupling ranges of 10−2 < gX < 2π and 10−2 < gt < 2π. The collider study

without any cosmological and astrophysical constraint therefore includes the cases where

the dark matter is not a standard thermal relic (i.e. its relic density is a result of a non-

thermal mechanism or a non-standard evolution of the Universe). Details are provided in

section 4 and appendix C for what concerns the validation of the CMS analyses that we

have implemented in MadAnalysis 5 for this work.

In conclusion to this section, we point out that even though our current work focuses

on a dark matter candidate which is a Dirac fermion, a more general implementation of

simplified dark matter models in FeynRules [23, 24] can also account for pseudoscalar

mediators as well as for CP -mixed states and for dark matter particles which are real

or complex scalars [45–47]. The corresponding model files have been used in this work

and can be downloaded from the FeynRules model repository [48] that also includes a

model where the mediator is a spin-1 state that couples to either a fermionic or a scalar

dark matter candidate [45]. All the models allow for the automated calculation of next-to-

leading-order (NLO) effects and loop-induced leading-order (LO) processes in QCD in the

context of LHC predictions.

3 Cosmological and astrophysical constraints

We begin our analysis of the simplified top-philic dark matter model with a detailed dis-

cussion of the cosmological and astrophysical constraints.

3.1 Constraints from dark matter relic density

Dark matter annihilation in the early Universe is determined, in the simplified top-philic

dark matter model, by a combination of three processes,

XX̄ → tt̄ (I) , XX̄ → gg (II) , and XX̄ → Y0Y0 (III) ,

where we have omitted the annihilation into photons as it is always suppressed compared to

the annihilation into gluons. The analytic expressions for the thermally averaged annihila-

tion cross section in the non-resonant region �σvrel� corresponding to each of the processes

listed above are provided in appendix B.2. The first two processes proceed via an s-channel

Y0 exchange (first two rows of table 1), while the third process consists of a t-channel X

exchange (third row of table 1). The resonance structure of the s-channel processes implies

that the width of Y0 potentially plays an important role in the determination of the relic

density assuming a dominant annihilation via the processes (I) and (II), while the effects of

– 9 –

(where appropriate). We apply the LHC constraints on the top-philic dark matter model

with two different procedures. On one side, similarly to what has been performed for

the indirect detection bounds, we reprocess the scenarios that accomodate the observed

relic density and that are compatible with LUX and CDMSLite data. However, we also

study the collider bounds on the parameter space independently of any astrophysics and

cosmology consideration and by relaxing the narrow width requirement (allowing ΓY /mY

to be of O(1)) as well. In order to increase the sensitivity of the LHC searches, we allow

for wider coupling ranges of 10−2 < gX < 2π and 10−2 < gt < 2π. The collider study

without any cosmological and astrophysical constraint therefore includes the cases where

the dark matter is not a standard thermal relic (i.e. its relic density is a result of a non-

thermal mechanism or a non-standard evolution of the Universe). Details are provided in

section 4 and appendix C for what concerns the validation of the CMS analyses that we

have implemented in MadAnalysis 5 for this work.

In conclusion to this section, we point out that even though our current work focuses

on a dark matter candidate which is a Dirac fermion, a more general implementation of

simplified dark matter models in FeynRules [23, 24] can also account for pseudoscalar

mediators as well as for CP -mixed states and for dark matter particles which are real

or complex scalars [45–47]. The corresponding model files have been used in this work

and can be downloaded from the FeynRules model repository [48] that also includes a

model where the mediator is a spin-1 state that couples to either a fermionic or a scalar

dark matter candidate [45]. All the models allow for the automated calculation of next-to-

leading-order (NLO) effects and loop-induced leading-order (LO) processes in QCD in the

context of LHC predictions.

3 Cosmological and astrophysical constraints

We begin our analysis of the simplified top-philic dark matter model with a detailed dis-

cussion of the cosmological and astrophysical constraints.

3.1 Constraints from dark matter relic density

Dark matter annihilation in the early Universe is determined, in the simplified top-philic

dark matter model, by a combination of three processes,

XX̄ → tt̄ (I) , XX̄ → gg (II) , and XX̄ → Y0Y0 (III) ,

where we have omitted the annihilation into photons as it is always suppressed compared to

the annihilation into gluons. The analytic expressions for the thermally averaged annihila-

tion cross section in the non-resonant region �σvrel� corresponding to each of the processes

listed above are provided in appendix B.2. The first two processes proceed via an s-channel

Y0 exchange (first two rows of table 1), while the third process consists of a t-channel X

exchange (third row of table 1). The resonance structure of the s-channel processes implies

that the width of Y0 potentially plays an important role in the determination of the relic

density assuming a dominant annihilation via the processes (I) and (II), while the effects of

– 9 –

the Y0 width are mostly negligible if the annihilation dominantly proceeds via the t-channel

X exchange process (III).

According to the hierarchy between the dark matter mass mX , the mediator mass mY

and the top quark mass mt, different situations can occur. Qualitatively, one expects that:

• for mY � mX � mt: process (I) is dominant as the tree-level annihilation into a

pair of top quarks is kinematically allowed, the annihilation into gluons being loop

suppressed, and the one into a pair of mediators kinematically suppressed;

• for mX � mt, mY : dark matter annihilates into a pair of gluons as in process (II),

since it is the only kinematically allowed channel;

• for mt � mX � mY : relic density is determined by process (III) since annihilation

into top quarks is kinematically forbidden and the one into gluons occurs away from

the resonant pole of mY ;

• for mX > mt,mY and mY < 2mt: similarly to the case above, the dominant annihi-

lation mechanism is process (III), as annihilation into top quarks occurs far from the

resonant pole and is suppressed kinematically;

• for mX > mt,mY and mY > 2mt: processes (I) and (III) are competitive and the

dominant process among the two is determined by the hierarchy between the gt and

gX couplings.

Requiring our simplified top-philic dark matter model to result in a dark matter relic

density consistent with the most recent Planck measurements [39] implies strong constraints

on the viable regions of the parameter space. As an illustration, we consider the region of

the parameter space in which mt � mX � mY , where we expect the dominant annihilation

mechanism of dark matter to be process (III) and to give rise to a pair of mediators. In

this region, the thermally averaged annihilation cross section approximately reads

�σvrel�ann ∼ g4X
m2

X

∼ 10−9 GeV−2, (3.1)

so that it is clear that imposing that the relic density predictions agree with Planck data

leads to a stringent constraint on the ratio g2X/mX . The argument is more involved in pa-

rameter space regions where the total mediator width ΓY plays a role, as the relevant quan-

tity involved in the relic density calculation is in general not �σvrel�ann but
�
dx�σvrel�ann(x)

where x ≡ mX/T and �σvrel�ann is a non trivial function of x. This is especially true, for

instance, for the Breit-Wigner-type amplitudes that appear in processes (I) and (II).

In order to provide a more detailed quantitative analysis, we have performed a four-

dimensional scan the top-philic dark matter model parameter space and examined the

effects of imposing relic density constraints on the allowed/ruled out parameter sets. Fig-

ure 2 reveals the rich structure of the four-dimensional parameter space allowed by relic

density measurements. The bulk of the allowed parameter points lies in the region where

mX > mY , and the annihilation cross section is dominantly driven by process (III). This
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the parameter space in which mt � mX � mY , where we expect the dominant annihilation

mechanism of dark matter to be process (III) and to give rise to a pair of mediators. In

this region, the thermally averaged annihilation cross section approximately reads

�σvrel�ann ∼ g4X
m2

X

∼ 10−9 GeV−2, (3.1)

so that it is clear that imposing that the relic density predictions agree with Planck data

leads to a stringent constraint on the ratio g2X/mX . The argument is more involved in pa-

rameter space regions where the total mediator width ΓY plays a role, as the relevant quan-

tity involved in the relic density calculation is in general not �σvrel�ann but
�
dx�σvrel�ann(x)

where x ≡ mX/T and �σvrel�ann is a non trivial function of x. This is especially true, for

instance, for the Breit-Wigner-type amplitudes that appear in processes (I) and (II).

In order to provide a more detailed quantitative analysis, we have performed a four-

dimensional scan the top-philic dark matter model parameter space and examined the

effects of imposing relic density constraints on the allowed/ruled out parameter sets. Fig-

ure 2 reveals the rich structure of the four-dimensional parameter space allowed by relic

density measurements. The bulk of the allowed parameter points lies in the region where

mX > mY , and the annihilation cross section is dominantly driven by process (III). This
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the Y0 width are mostly negligible if the annihilation dominantly proceeds via the t-channel

X exchange process (III).

According to the hierarchy between the dark matter mass mX , the mediator mass mY
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where x ≡ mX/T and �σvrel�ann is a non trivial function of x. This is especially true, for

instance, for the Breit-Wigner-type amplitudes that appear in processes (I) and (II).

In order to provide a more detailed quantitative analysis, we have performed a four-

dimensional scan the top-philic dark matter model parameter space and examined the

effects of imposing relic density constraints on the allowed/ruled out parameter sets. Fig-

ure 2 reveals the rich structure of the four-dimensional parameter space allowed by relic

density measurements. The bulk of the allowed parameter points lies in the region where

mX > mY , and the annihilation cross section is dominantly driven by process (III). This
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Figure 4. Results of our four-dimensional parameter scan using MadDM. The top left panel shows

the projection of the scan into the (mY ,mX) plane with a colourmap representing the values of

ΓY . The top right panel shows the projection of the allowed points into the (gX , gt) plane with a

colourmap given by mX . Finally the lower panel shows a projection onto the (mX , gt) plane with

a colourmap denoting the values of mY . All represented points feature a relic density in agreement

with Planck data, a narrow width mediator and accommodate the direct detection constraints.

parameter space. The annihilation of a XX̄ pair in the galactic halo (or in dense environ-

ments of galactic centers) and the subsequent production of a secondary gamma ray flux

is dictated by the same processes (I), (II) and (III) that set the relic abundance. These

processes give rise to a continuum of secondary photons due to the decay and subsequent

QED showering of the pair-produced top quarks, gluons and/or mediators. As already

mentioned in section 2, a direct coupling of the mediator to a pair of prompt photons is

induced at higher order in perturbation theory via a loop of top quarks. Hence, analogously

to process (II), the process XX̄ → γγ exists and yields the production of two monochro-

matic photons that could be detected in searches for lines in the gamma-ray spectrum.
2

v1: Finally, photons arising from process (III) and the subsequent decay of the mediator

2Dark matter annihilation into two prompt photons is always suppressed by a factor 8α2
e/9α

2
s with

respect to annihilation into a pair of jets in the considered class of scenarios.
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Figure 5. Dark matter annihilation cross section at present time that is relevant for gamma-ray

limits extracted from dwarf spheroidal galaxies measurements (left) and gamma-ray line searches

(right). We show a maximal estimate of (σvrel)tot and (σvrel)γγ obtained by choosing vrel = 2v∞,

where v∞ is the escape velocity for dwarf spheroidal galaxies and the galactic center, respectively.

All represented points are compatible with the relic density, a narrow width mediator and the direct

detection requirements.

into two photons do not provide a signal line as the mediators are in general not produced

at rest in the annihilation process. v2: see below.

Similarly to the relic density case, measurements of the gamma-ray fluxes can poten-

tially constrain the coupling gX for the t-channel process (III) or the product of couplings

gXgt in the case of an s-channel annihilation via the processes (I) and (II). However, it is

important to highlight the differences between factors which are constrained by the dark

matter relic density and by its indirect detection. The relic density is an integrated result

over the thermal history of the Universe. Hence, the width of the resonance is important,

even if |mY − 2mX | � ΓY (except in the case where mY � 2mX). Conversely, the char-

acteristic velocity of the dark matter particles today is of the order of v ∼ 10
−3

, implying

highly non-relativistic dark matter annihilation. The width of the mediator in an s-channel

dark matter annihilation process is hence relevant for indirect detection only in the case of

|mY − 2mX | � ΓY .

Searches for gamma-ray signals of dark matter annihilation weakly constrain our sim-

plified top-philic dark matter model. We have investigated results from gamma-ray line

searches in the inner galactic region [42], as well as continuum gamma-ray measurements

from dwarf spheroidal galaxies [41] and found no meaningful exclusion of the parameter

space once the relic density and direct detection constraints are imposed. The lack of addi-

tional useful bounds is expected, as the annihilation of dark matter in the present Universe

is p-wave suppressed, i.e. σvrel ∝ v2rel for all three annihilation channels (see appendix B.2

for more detail). This contrasts with scenarios in which the mediator is a pseudoscalar

state that implies that the p-wave suppression at low dark matter velocity is only present

for process (III), so that the gamma-ray constraints should be significantly stronger.

The gamma-ray line searches constrain the velocity-averaged cross section for the di-
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Figure 4. Results of our four-dimensional parameter scan using MadDM. The top left panel shows

the projection of the scan into the (mY ,mX) plane with a colourmap representing the values of

ΓY . The top right panel shows the projection of the allowed points into the (gX , gt) plane with a

colourmap given by mX . Finally the lower panel shows a projection onto the (mX , gt) plane with

a colourmap denoting the values of mY . All represented points feature a relic density in agreement

with Planck data, a narrow width mediator and accommodate the direct detection constraints.

parameter space. The annihilation of a XX̄ pair in the galactic halo (or in dense environ-

ments of galactic centers) and the subsequent production of a secondary gamma ray flux

is dictated by the same processes (I), (II) and (III) that set the relic abundance. These

processes give rise to a continuum of secondary photons due to the decay and subsequent

QED showering of the pair-produced top quarks, gluons and/or mediators. As already

mentioned in section 2, a direct coupling of the mediator to a pair of prompt photons is

induced at higher order in perturbation theory via a loop of top quarks. Hence, analogously

to process (II), the process XX̄ → γγ exists and yields the production of two monochro-

matic photons that could be detected in searches for lines in the gamma-ray spectrum.
2

v1: Finally, photons arising from process (III) and the subsequent decay of the mediator

2Dark matter annihilation into two prompt photons is always suppressed by a factor 8α2
e/9α

2
s with

respect to annihilation into a pair of jets in the considered class of scenarios.
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Collider searches

mX > mt

Cosmology relic

indirect

mX < mt Planck, FermiLAT

Astrophysics mX > mY

direct mX > 1 GeV LUX, CDMSLite

Colliders

/ET
mY > 2mX +tt̄

mY > 2mX +j, +Z, +h

no /ET

mY > 2mt 4t

mY > 2mt tt̄

mY < 2mX , 2mt jj, γγ

Table 1. Signatures of our simplified top-philic dark matter model.

energy may include final state systems containing a top-quark pair and probe in this way the

associated production of a top-antitop-mediator system where the mediator subsequently

decays into a pair of dark matter particles. Alternatively, the mediator can be produced

via gluon fusion through top-quark loops, where the probe of the associated events consists

of tagging an extra radiated object. This yields the well-known monojet, mono-Z and

mono-Higgs signatures. We do not consider the monophoton channel, as photon emission

is forbidden at LO in our simplified model by means of charge conjugation invariance. The

second search category is related to final states without any missing energy, i.e. when the

mediator decays back into Standard Model particles. This includes decays into top-quarks,

leading to final states comprised of four top quarks, into a top-quark pair, as well as into

a dijet or a diphoton system via a loop-induced decay. This is, however, relevant only for

on-shell (or close to on-shell) mediator production.

We proceed with a description of the numerical setup for our calculations. In the

following sections, we explore the full four-dimensional model parameter space and present

results in terms of two-dimensional projections. We perform the four-dimensional sampling

using the MultiNest algorithm [31, 32], where we assume Jeffeys’ prior on all the free

parameters in order not to favour a particular mass or coupling scale. The choice of prior

ranges for the parameters is summarised in table 2, in which we have chosen to limit

the coupling values to a maximum of π to ensure perturbativity. We implement the relic

– 7 –

Final state Imposed constraint Reference Comments

/ET + tt̄ MadAnalysis5 PAD (new) CMS [1504.03198] Semileptonic top-antitop decay
/ET + j MadAnalysis5 PAD (new) CMS [1408.3583]
/ET + Z σ(/ET > 150 GeV) < 0.85 fb CMS [1511.09375] Leptonic Z-boson decay
/ET + h σ(/ET > 150 GeV) < 3.6 fb ATLAS [1510.06218] h → bb̄ decay

jj σ(mY = 500 GeV) < 10 pb CMS [1604.08907] Only when mY > 500GeV
γγ σ(mY = 150 GeV) < 30 fb CMS [1506.02301] Only when mY > 150GeV
tt̄ σ(mY = 400 GeV) < 3 pb ATLAS [1505.07018] Only when mY > 400GeV
tt̄tt̄ σ < 32 fb CMS [1409.7339] Upper limit on the SM cross section

Table 4. Summary of the 8TeV LHC constraints used in this paper.

energy from 8 to 13 TeV is important for heavy mediators and the cross section can be

enhanced by about an order of magnitude. In the right panel of figure 6, we further show

first that the cross sections are constant when the dark matter particle pair is produced

through the decay of an on-shell mediator, and next that they are considerably suppressed

when the mediator is off-shell, especially for the tt̄XX̄ channel.

As already mentioned, the collider searches which provide the most relevant constraints

on simplified top-philic dark matter models are based on the production channels shown in

figure 6 and can in general be divided into two categories. The first category involves signals

with missing transverse energy originating from the production of dark matter particles

that do not leave any trace in the detectors and that are accompanied by one or more

Standard Model states. The most relevant searches of this type are the production of dark

matter in association with a top-quark pair and the loop-induced production of dark matter

in association with a jet, a Z boson or a Higgs boson. This is discussed in section 4.1.

The second category of searches relies on Y0 resonant contributions to Standard Model

processes. In our scenario, dijet, diphoton, top-pair and four-top searches are expected

to set constraints on the model parameter space. This is discussed in section 4.2. As

shown below, missing-energy-based searches and resonance searches are complementary

and necessary for the best exploration of the model parameter space at colliders.

In the rest of this section, we study collider constraints independently from the cosmo-

logical and astrophysical ones, and we dedicate section 5 to their combination. We moreover

allow the mediator couplings to be as large as 2π and do not impose any constraint on the

mediator width over mass ratio. We summarise the relevant 8 TeV LHC constraints used

in this study in table 4 and give details on the tt̄ + /ET and monojet searches that have

been recast in the MadAnalysis 5 framework in appendix C.

4.1 Constraints from searches with missing transverse energy

4.1.1 The tt̄+ /ET final state

Dark matter production in association with a top-quark pair (tt̄+ /ET ) has been explored

by both the ATLAS [71] and CMS [72] collaborations within the 8 TeV LHC dataset, and

limits have been derived in particular in the effective field theory approach [73, 74]. Such

analyses could however be used to derive constraints in other theoretical contexts, and we
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Figure 1. Ratio of the mediator width to its mass ΓY /mY (upper panels) and mediator branching
ratios (lower panels) as a function of the mediator mass for different coupling choices and a dark
matter mass fixed to mX = 50 GeV (solid lines) and 300 GeV (dashed lines).

masses. Light mediators with masses below the top-quark pair or the dark matter pair

decay thresholds are narrow states, while above these thresholds, large ΓY /mY values

are possible in particular for large couplings. For mediators with mY � mt,mX , the

dominant decay channel is into a pair of gluons. In contrast, heavy mediators with mass

mY > mt,mX decay predominantly into pairs of top quarks and/or dark matter particles,

where the exact details of the partial width values strongly depend on the masses and

couplings. The branching ratio of Y0 to photons is always suppressed, as argued above.

We present in appendix A the dependence of the ΓY /mY ratio on the gt and gX couplings

for different mass choices and on the mY and mX masses for different coupling choices.

Our top-philic dark matter model can be probed in different ways including astro-

physical and collider searches, as listed in table 1. The relative importance of the various

searches depends on the hierarchy of the dark matter, mediator and top-quark masses, as

well as on the hierarchy between the couplings. Starting with the dark matter relic density,

the annihilation cross section is dominated by subprocesses with top-quark final states for

mX > mt, and by annihilation into gluons and to a lesser extent photons for light dark

matter particles with mX < mt. If the mediator is lighter than the dark matter state,

an additional annihilation channel into a pair of mediators can open up. The annihilation

mechanisms into top-quarks, gluons/photons and mediators moreover provide an opportu-

nity to indirectly search for dark matter, e.g. in gamma-ray data. The interactions of the

dark matter particles with nuclei, relevant for direct detection experiments, proceed via

mediator exchanges. The mediator-nucleon coupling is in turn dominated by the scattering

off gluons through top-quark loops.

Dark matter production at the LHC proceeds either through the production of the

mediator in association with top quarks, or from gluon-fusion through top-quark loops.

Searches at the LHC can be classified into two categories regarding the nature of the final

states that can contain missing transverse energy /ET or not. Searches involving missing
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the PDFs being accessed via the LHAPDF library [61, 62]. We employ a five-flavour-

number scheme, and leading-order (LO) and next-to-leading-order (NLO) PDFs are used

where relevant. The renormalisation and factorisation scales are set to half the sum of the

transverse mass of all the final-state particles both for LO and NLO calculations, and the

scale uncertainty is estimated by varying the two scales independently by a factor of two

up and down. Additional details on the calculation of the Y0tt̄ cross section are provided

in ref. [45] while loop-induced processes are extensively documented in ref. [46].

10
1

10
2

10
3

m
Y 

[GeV]

0

5

10

σ
(1

3
T

eV
)/

σ
(8

T
eV

)

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

T
o

ta
l 

cr
o

ss
 s

ec
ti

o
n

s 
[p

b
] Y

0 
(NNLO)

Y
0 j (LO p

T

Y
0 >150)

8 TeV LHC

Y
0
tt (NLO)

2m
t

Y
0 

j (LO p
T

Y
0 >300)

Y
0 

Z (LO p
T

Y
0 >150)

Y
0 

h (LO p
T

Y
0 >150)

g
t 
= 1

10
1

10
2

m
X 

[GeV]

10
-4

10
-3

10
-2

10
-1

10
0

T
o

ta
l 

cr
o

ss
 s

ec
ti

o
n

s 
[p

b
]

10
-4

10
-3

10
-2

10
-1

10
0

pp→XXj

m
Y 

= 100 GeV

8 TeV LHC

m
Y 

= 50 GeV

g
t 
= g

X 
= 1

pp→XXtt (NLO)

(LO  MET >150 GeV)

Figure 6. Left: Total cross sections (with scale uncertainties) for various mediator production
channels (with gt = 1) at a centre-of-mass energy of

√
s = 8 TeV as a function of the mediator

mass. The NNLO cross section for single mediator production σ(Y0) is taken from the Higgs Cross
Section Working Group report, the Y0tt̄ one is computed at NLO accuracy and all other loop-
induced processes are evaluated at LO accuracy. The monojet (Y0j), mono-Z (Y0Z) and mono-
Higgs (Y0h) cross sections include a transverse momentum cut on the mediator as indicated in the
figure. In the lower panel, we show the ratios of the cross sections evaluated at a centre-of-mass
energy of

√
s = 13 TeV over those at 8 TeV. Right: Cross sections for tt̄+ /ET and monojet (with

/ET > 150 GeV) production for a mediator mass of mY = 50 and 100 GeV and at a centre-of-mass
energy of

√
s = 8 TeV given as a function of the dark matter mass.

All the cross sections shown in figure 6 are proportional to g2t and we therefore arbi-

trarily choose gt = 1 as a benchmark. In this case, sizeable cross sections of 101 − 103 pb

are expected for the production of light mediators with mY � 100 GeV at a centre-of-mass

energy of 8 TeV (left panel), the dominant mechanism being the loop-induced gg → Y0
production mode. Requiring an extra hard jet in the final state reduces the cross section

by a factor which depends on the missing energy (or the jet transverse momentum pT )

selection, and the production rates are not sensitive to the mediator mass as soon as the

latter is smaller than the /ET selection threshold. The cross sections for producing the

mediator in association with a Standard Model Higgs or Z boson are further suppressed.

In contrast, the cross section related to the production of the mediator in association with

a top-quark pair is significant for light mediators, but falls off quickly with the increase in

the mediator mass due to phase-space suppression. As a result, a change in the collider
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Mediator production

150GeV. In order to estimate a limit, we generate events for (mY ,mX) = (100, 10)GeV and

gt = gX = 1, and require the two b-quarks to have a transverse momentum pb1T > 100GeV

and pb2T > 25GeV, a pseudorapidity |ηb| < 2.5 and to be separated in the transverse plane

by an angular distance ∆R(b1, b2) < 1.5. Moreover, we only select events exhibiting at

least 150 GeV of missing transverse energy. We show again in figure 12 the /ET and lead-

ing b-quark transverse momentum distributions (blue lines) without and with applying the

above-mentioned selection requirements. We then include a b-tagging efficiency of 60% and

extract an upper limit on the gt coupling by comparing our results to the ATLAS limit.

Coupling values of gt > 2 are found to be excluded for mY > 2mX with mY < 100GeV.

All other parameter space regions suffer from the same limitations as the mono-Z case.

From our naive parton-level analysis, we have seen that mono-Z and mono-Higgs sig-

nals show promising signs of setting constraints on the parameter space of the model and

therefore deserve dedicated studies, which will be reported elsewhere (see also ref. [84]).

The sensitivity to such signals will benefit from applying more aggressive /ET thresholds

to ensure the reduction of the corresponding backgrounds. As seen in figure 12, we obtain

a rather hard /ET distribution [46], especially for mono-Z production. The result implies

that an increase in the /ET threshold requirement in future analyses could lead to a sig-

nificant improvement of the sensitivity, especially given the the fact that Standard Model

backgrounds rapidly fall off with the increase in missing energy.

4.2 Constraints from searches without missing transverse energy

Dijet and diphoton resonances

Dijet and diphoton resonance search results could (in principle) be used to constrain

the simplified top-philic dark matter model. Due to double-loop suppressions, mediator-

induced contributions to dijet and diphoton production are only relevant in the parameter

space regions where mY < 2mX , 2mt (i.e. where the mediator cannot decay into top quarks

and/or dark matter particles). The partial mediator decay rate into gluons is then always

dominant (as mentioned in section 2) since

Γ(Y0 → γγ)

Γ(Y0 → gg)
∼ 8

9

α2
e

α2
s
≈ 10

−3 . (4.2)

All LHC dijet resonance searches focus on the dijet high invariant-mass region, leading

to no useful constraints on the top-philic dark matter model. The lowest mediator mass

that is probed is ∼ 500 GeV, with a visible cross section restricted to be smaller than

10 pb [85].

Although the branching ratio of the mediator into a photon pair is very small, the

background associated with a diphoton signal is low so that one expects to be able to obtain

stringent constraints on the model from the diphoton search results. We focus here on the

CMS 8 TeV diphoton search [68] that investigates resonance masses ranging from 150 GeV

to 850 GeV and derives limits on the corresponding cross section. For instance, the 95% CL

upper bound on the mediator-induced diphoton production cross section σ(pp → Y0 → γγ)

is of 20 fb (4 fb) for a mediator mass of 150 GeV (300 GeV). Making use of the pp → Y0
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Figure 1. Ratio of the mediator width to its mass ΓY /mY (upper panels) and mediator branching
ratios (lower panels) as a function of the mediator mass for different coupling choices and a dark
matter mass fixed to mX = 50 GeV (solid lines) and 300 GeV (dashed lines).

masses. Light mediators with masses below the top-quark pair or the dark matter pair

decay thresholds are narrow states, while above these thresholds, large ΓY /mY values

are possible in particular for large couplings. For mediators with mY � mt,mX , the

dominant decay channel is into a pair of gluons. In contrast, heavy mediators with mass

mY > mt,mX decay predominantly into pairs of top quarks and/or dark matter particles,

where the exact details of the partial width values strongly depend on the masses and

couplings. The branching ratio of Y0 to photons is always suppressed, as argued above.

We present in appendix A the dependence of the ΓY /mY ratio on the gt and gX couplings

for different mass choices and on the mY and mX masses for different coupling choices.

Our top-philic dark matter model can be probed in different ways including astro-

physical and collider searches, as listed in table 1. The relative importance of the various

searches depends on the hierarchy of the dark matter, mediator and top-quark masses, as

well as on the hierarchy between the couplings. Starting with the dark matter relic density,

the annihilation cross section is dominated by subprocesses with top-quark final states for

mX > mt, and by annihilation into gluons and to a lesser extent photons for light dark

matter particles with mX < mt. If the mediator is lighter than the dark matter state,

an additional annihilation channel into a pair of mediators can open up. The annihilation

mechanisms into top-quarks, gluons/photons and mediators moreover provide an opportu-

nity to indirectly search for dark matter, e.g. in gamma-ray data. The interactions of the

dark matter particles with nuclei, relevant for direct detection experiments, proceed via

mediator exchanges. The mediator-nucleon coupling is in turn dominated by the scattering

off gluons through top-quark loops.

Dark matter production at the LHC proceeds either through the production of the

mediator in association with top quarks, or from gluon-fusion through top-quark loops.

Searches at the LHC can be classified into two categories regarding the nature of the final

states that can contain missing transverse energy /ET or not. Searches involving missing
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the PDFs being accessed via the LHAPDF library [61, 62]. We employ a five-flavour-

number scheme, and leading-order (LO) and next-to-leading-order (NLO) PDFs are used

where relevant. The renormalisation and factorisation scales are set to half the sum of the

transverse mass of all the final-state particles both for LO and NLO calculations, and the

scale uncertainty is estimated by varying the two scales independently by a factor of two

up and down. Additional details on the calculation of the Y0tt̄ cross section are provided

in ref. [45] while loop-induced processes are extensively documented in ref. [46].
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Figure 6. Left: Total cross sections (with scale uncertainties) for various mediator production
channels (with gt = 1) at a centre-of-mass energy of

√
s = 8 TeV as a function of the mediator

mass. The NNLO cross section for single mediator production σ(Y0) is taken from the Higgs Cross
Section Working Group report, the Y0tt̄ one is computed at NLO accuracy and all other loop-
induced processes are evaluated at LO accuracy. The monojet (Y0j), mono-Z (Y0Z) and mono-
Higgs (Y0h) cross sections include a transverse momentum cut on the mediator as indicated in the
figure. In the lower panel, we show the ratios of the cross sections evaluated at a centre-of-mass
energy of

√
s = 13 TeV over those at 8 TeV. Right: Cross sections for tt̄+ /ET and monojet (with

/ET > 150 GeV) production for a mediator mass of mY = 50 and 100 GeV and at a centre-of-mass
energy of

√
s = 8 TeV given as a function of the dark matter mass.

All the cross sections shown in figure 6 are proportional to g2t and we therefore arbi-

trarily choose gt = 1 as a benchmark. In this case, sizeable cross sections of 101 − 103 pb

are expected for the production of light mediators with mY � 100 GeV at a centre-of-mass

energy of 8 TeV (left panel), the dominant mechanism being the loop-induced gg → Y0
production mode. Requiring an extra hard jet in the final state reduces the cross section

by a factor which depends on the missing energy (or the jet transverse momentum pT )

selection, and the production rates are not sensitive to the mediator mass as soon as the

latter is smaller than the /ET selection threshold. The cross sections for producing the

mediator in association with a Standard Model Higgs or Z boson are further suppressed.

In contrast, the cross section related to the production of the mediator in association with

a top-quark pair is significant for light mediators, but falls off quickly with the increase in

the mediator mass due to phase-space suppression. As a result, a change in the collider
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150GeV. In order to estimate a limit, we generate events for (mY ,mX) = (100, 10)GeV and

gt = gX = 1, and require the two b-quarks to have a transverse momentum pb1T > 100GeV

and pb2T > 25GeV, a pseudorapidity |ηb| < 2.5 and to be separated in the transverse plane

by an angular distance ∆R(b1, b2) < 1.5. Moreover, we only select events exhibiting at

least 150 GeV of missing transverse energy. We show again in figure 12 the /ET and lead-

ing b-quark transverse momentum distributions (blue lines) without and with applying the

above-mentioned selection requirements. We then include a b-tagging efficiency of 60% and

extract an upper limit on the gt coupling by comparing our results to the ATLAS limit.

Coupling values of gt > 2 are found to be excluded for mY > 2mX with mY < 100GeV.

All other parameter space regions suffer from the same limitations as the mono-Z case.

From our naive parton-level analysis, we have seen that mono-Z and mono-Higgs sig-

nals show promising signs of setting constraints on the parameter space of the model and

therefore deserve dedicated studies, which will be reported elsewhere (see also ref. [84]).

The sensitivity to such signals will benefit from applying more aggressive /ET thresholds

to ensure the reduction of the corresponding backgrounds. As seen in figure 12, we obtain

a rather hard /ET distribution [46], especially for mono-Z production. The result implies

that an increase in the /ET threshold requirement in future analyses could lead to a sig-

nificant improvement of the sensitivity, especially given the the fact that Standard Model

backgrounds rapidly fall off with the increase in missing energy.

4.2 Constraints from searches without missing transverse energy

Dijet and diphoton resonances

Dijet and diphoton resonance search results could (in principle) be used to constrain

the simplified top-philic dark matter model. Due to double-loop suppressions, mediator-

induced contributions to dijet and diphoton production are only relevant in the parameter

space regions where mY < 2mX , 2mt (i.e. where the mediator cannot decay into top quarks

and/or dark matter particles). The partial mediator decay rate into gluons is then always

dominant (as mentioned in section 2) since

Γ(Y0 → γγ)

Γ(Y0 → gg)
∼ 8

9

α2
e

α2
s
≈ 10

−3 . (4.2)

All LHC dijet resonance searches focus on the dijet high invariant-mass region, leading

to no useful constraints on the top-philic dark matter model. The lowest mediator mass

that is probed is ∼ 500 GeV, with a visible cross section restricted to be smaller than

10 pb [85].

Although the branching ratio of the mediator into a photon pair is very small, the

background associated with a diphoton signal is low so that one expects to be able to obtain

stringent constraints on the model from the diphoton search results. We focus here on the

CMS 8 TeV diphoton search [68] that investigates resonance masses ranging from 150 GeV

to 850 GeV and derives limits on the corresponding cross section. For instance, the 95% CL

upper bound on the mediator-induced diphoton production cross section σ(pp → Y0 → γγ)

is of 20 fb (4 fb) for a mediator mass of 150 GeV (300 GeV). Making use of the pp → Y0
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Figure 1. Ratio of the mediator width to its mass ΓY /mY (upper panels) and mediator branching
ratios (lower panels) as a function of the mediator mass for different coupling choices and a dark
matter mass fixed to mX = 50 GeV (solid lines) and 300 GeV (dashed lines).

masses. Light mediators with masses below the top-quark pair or the dark matter pair

decay thresholds are narrow states, while above these thresholds, large ΓY /mY values

are possible in particular for large couplings. For mediators with mY � mt,mX , the

dominant decay channel is into a pair of gluons. In contrast, heavy mediators with mass

mY > mt,mX decay predominantly into pairs of top quarks and/or dark matter particles,

where the exact details of the partial width values strongly depend on the masses and

couplings. The branching ratio of Y0 to photons is always suppressed, as argued above.

We present in appendix A the dependence of the ΓY /mY ratio on the gt and gX couplings

for different mass choices and on the mY and mX masses for different coupling choices.

Our top-philic dark matter model can be probed in different ways including astro-

physical and collider searches, as listed in table 1. The relative importance of the various

searches depends on the hierarchy of the dark matter, mediator and top-quark masses, as

well as on the hierarchy between the couplings. Starting with the dark matter relic density,

the annihilation cross section is dominated by subprocesses with top-quark final states for

mX > mt, and by annihilation into gluons and to a lesser extent photons for light dark

matter particles with mX < mt. If the mediator is lighter than the dark matter state,

an additional annihilation channel into a pair of mediators can open up. The annihilation

mechanisms into top-quarks, gluons/photons and mediators moreover provide an opportu-

nity to indirectly search for dark matter, e.g. in gamma-ray data. The interactions of the

dark matter particles with nuclei, relevant for direct detection experiments, proceed via

mediator exchanges. The mediator-nucleon coupling is in turn dominated by the scattering

off gluons through top-quark loops.

Dark matter production at the LHC proceeds either through the production of the

mediator in association with top quarks, or from gluon-fusion through top-quark loops.

Searches at the LHC can be classified into two categories regarding the nature of the final

states that can contain missing transverse energy /ET or not. Searches involving missing
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the PDFs being accessed via the LHAPDF library [61, 62]. We employ a five-flavour-

number scheme, and leading-order (LO) and next-to-leading-order (NLO) PDFs are used

where relevant. The renormalisation and factorisation scales are set to half the sum of the

transverse mass of all the final-state particles both for LO and NLO calculations, and the

scale uncertainty is estimated by varying the two scales independently by a factor of two

up and down. Additional details on the calculation of the Y0tt̄ cross section are provided

in ref. [45] while loop-induced processes are extensively documented in ref. [46].
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Figure 6. Left: Total cross sections (with scale uncertainties) for various mediator production
channels (with gt = 1) at a centre-of-mass energy of

√
s = 8 TeV as a function of the mediator

mass. The NNLO cross section for single mediator production σ(Y0) is taken from the Higgs Cross
Section Working Group report, the Y0tt̄ one is computed at NLO accuracy and all other loop-
induced processes are evaluated at LO accuracy. The monojet (Y0j), mono-Z (Y0Z) and mono-
Higgs (Y0h) cross sections include a transverse momentum cut on the mediator as indicated in the
figure. In the lower panel, we show the ratios of the cross sections evaluated at a centre-of-mass
energy of

√
s = 13 TeV over those at 8 TeV. Right: Cross sections for tt̄+ /ET and monojet (with

/ET > 150 GeV) production for a mediator mass of mY = 50 and 100 GeV and at a centre-of-mass
energy of

√
s = 8 TeV given as a function of the dark matter mass.

All the cross sections shown in figure 6 are proportional to g2t and we therefore arbi-

trarily choose gt = 1 as a benchmark. In this case, sizeable cross sections of 101 − 103 pb

are expected for the production of light mediators with mY � 100 GeV at a centre-of-mass

energy of 8 TeV (left panel), the dominant mechanism being the loop-induced gg → Y0
production mode. Requiring an extra hard jet in the final state reduces the cross section

by a factor which depends on the missing energy (or the jet transverse momentum pT )

selection, and the production rates are not sensitive to the mediator mass as soon as the

latter is smaller than the /ET selection threshold. The cross sections for producing the

mediator in association with a Standard Model Higgs or Z boson are further suppressed.

In contrast, the cross section related to the production of the mediator in association with

a top-quark pair is significant for light mediators, but falls off quickly with the increase in

the mediator mass due to phase-space suppression. As a result, a change in the collider
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Collider searches

mX > mt

Cosmology relic

indirect

mX < mt Planck, FermiLAT

Astrophysics mX > mY

direct mX > 1 GeV LUX, CDMSLite

Colliders

/ET
mY > 2mX +tt̄

mY > 2mX +j, +Z, +h

no /ET

mY > 2mt 4t

mY > 2mt tt̄

mY < 2mX , 2mt jj, γγ

Table 1. Signatures of our simplified top-philic dark matter model.

energy may include final state systems containing a top-quark pair and probe in this way the

associated production of a top-antitop-mediator system where the mediator subsequently

decays into a pair of dark matter particles. Alternatively, the mediator can be produced

via gluon fusion through top-quark loops, where the probe of the associated events consists

of tagging an extra radiated object. This yields the well-known monojet, mono-Z and

mono-Higgs signatures. We do not consider the monophoton channel, as photon emission

is forbidden at LO in our simplified model by means of charge conjugation invariance. The

second search category is related to final states without any missing energy, i.e. when the

mediator decays back into Standard Model particles. This includes decays into top-quarks,

leading to final states comprised of four top quarks, into a top-quark pair, as well as into

a dijet or a diphoton system via a loop-induced decay. This is, however, relevant only for

on-shell (or close to on-shell) mediator production.

We proceed with a description of the numerical setup for our calculations. In the

following sections, we explore the full four-dimensional model parameter space and present

results in terms of two-dimensional projections. We perform the four-dimensional sampling

using the MultiNest algorithm [31, 32], where we assume Jeffeys’ prior on all the free

parameters in order not to favour a particular mass or coupling scale. The choice of prior

ranges for the parameters is summarised in table 2, in which we have chosen to limit

the coupling values to a maximum of π to ensure perturbativity. We implement the relic

– 7 –

Final state Imposed constraint Reference Comments

/ET + tt̄ MadAnalysis5 PAD (new) CMS [1504.03198] Semileptonic top-antitop decay
/ET + j MadAnalysis5 PAD (new) CMS [1408.3583]
/ET + Z σ(/ET > 150 GeV) < 0.85 fb CMS [1511.09375] Leptonic Z-boson decay
/ET + h σ(/ET > 150 GeV) < 3.6 fb ATLAS [1510.06218] h → bb̄ decay

jj σ(mY = 500 GeV) < 10 pb CMS [1604.08907] Only when mY > 500GeV
γγ σ(mY = 150 GeV) < 30 fb CMS [1506.02301] Only when mY > 150GeV
tt̄ σ(mY = 400 GeV) < 3 pb ATLAS [1505.07018] Only when mY > 400GeV
tt̄tt̄ σ < 32 fb CMS [1409.7339] Upper limit on the SM cross section

Table 4. Summary of the 8TeV LHC constraints used in this paper.

energy from 8 to 13 TeV is important for heavy mediators and the cross section can be

enhanced by about an order of magnitude. In the right panel of figure 6, we further show

first that the cross sections are constant when the dark matter particle pair is produced

through the decay of an on-shell mediator, and next that they are considerably suppressed

when the mediator is off-shell, especially for the tt̄XX̄ channel.

As already mentioned, the collider searches which provide the most relevant constraints

on simplified top-philic dark matter models are based on the production channels shown in

figure 6 and can in general be divided into two categories. The first category involves signals

with missing transverse energy originating from the production of dark matter particles

that do not leave any trace in the detectors and that are accompanied by one or more

Standard Model states. The most relevant searches of this type are the production of dark

matter in association with a top-quark pair and the loop-induced production of dark matter

in association with a jet, a Z boson or a Higgs boson. This is discussed in section 4.1.

The second category of searches relies on Y0 resonant contributions to Standard Model

processes. In our scenario, dijet, diphoton, top-pair and four-top searches are expected

to set constraints on the model parameter space. This is discussed in section 4.2. As

shown below, missing-energy-based searches and resonance searches are complementary

and necessary for the best exploration of the model parameter space at colliders.

In the rest of this section, we study collider constraints independently from the cosmo-

logical and astrophysical ones, and we dedicate section 5 to their combination. We moreover

allow the mediator couplings to be as large as 2π and do not impose any constraint on the

mediator width over mass ratio. We summarise the relevant 8 TeV LHC constraints used

in this study in table 4 and give details on the tt̄ + /ET and monojet searches that have

been recast in the MadAnalysis 5 framework in appendix C.

4.1 Constraints from searches with missing transverse energy

4.1.1 The tt̄+ /ET final state

Dark matter production in association with a top-quark pair (tt̄+ /ET ) has been explored

by both the ATLAS [71] and CMS [72] collaborations within the 8 TeV LHC dataset, and

limits have been derived in particular in the effective field theory approach [73, 74]. Such

analyses could however be used to derive constraints in other theoretical contexts, and we
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Figure 9. Differential distributions for /ET , MT (�, /ET ) and MW
T2 for the three scenarios of table 5

at LO and NLO. The distributions are normalised to 100, 10 and 1 for Scenarios I, II and III respec-

tively, and the scale uncertainty bands obtained by varying the renormalisation and factorisation

scale in the range of 0.5µ0 < µR,F < 2µ0 are also shown.
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(mY , mX) σLO [pb] CLLO [%] σNLO [pb] CLNLO [%]

I (150, 25) GeV 0.658+34.9%
−24.0% 98.7+0.8%

−13.0% 0.773+6.1%
−10.1% 95.0+2.7%

−0.4%

II (40, 30) GeV 0.776+34.2%
−24.1% 74.7+19.7%

−17.7% 0.926+5.7%
−10.4% 84.2+0.4%

−14.4%

III (240, 100) GeV 0.187+37.1%
−24.4% 91.6+6.4%

−18.1% 0.216+6.7%
−11.4% 86.5+8.6%

−5.5%

Table 5. Benchmark scenarios used to investigate the impact of the NLO corrections on the
tt̄+ /ET CMS search. The LO and NLO cross sections at 8TeV LHC are shown together with the
CL exclusion obtained from MadAnalysis 5. The uncertainties originating from scale variation
(0.5µ0 < µR,F < 2µ0) are also shown.

the scenarios I, II and III respectively to ensure that they are all clearly visible in the

figure. Moreover, we also indicate the scale uncertainty bands that have been obtained

from a scale variation of 0.5µ0 < µR,F < 2µ0. In agreement with the findings of ref. [45],

higher-order corrections have a rather mild effect on the distribution shapes for all key

observables. Using NLO predictions however leads to a significant reduction of the scale

uncertainties compared to the LO case. In table 5, one can also see that the use of NLO

predictions leads to a significant reduction of the uncertainty in the cross section which

propagates down to the CLs. NLO predictions therefore allow us to draw more reliable

conclusions on whether a parameter point is excluded.

4.1.2 Mono-X final states

In addition to the constraints that can be derived by means of tt̄+ /ET probes and that have

been discussed in the previous section, mono-X searches can also be relevant for obtaining

bounds on our top-philic dark matter model. Monojet [64, 75, 76], mono-Z [65, 77–80]

and mono-Higgs [66, 81–83] signals have been searched for during the first run of the LHC,

and these search results could be recast to constrain the dark matter model studied in

this work. In contrast to tree-level dark matter production in association with a pair of

top quarks, the production of a pair of dark matter particles with a jet, a Z-boson or

a Higgs boson proceeds via a gluon fusion top-quark loop diagram. Although they have

been largely studied by ATLAS and CMS, monophoton analyses cannot be used as charge

conjugation invariance forbids the existence of a monophoton signal for the spin-0 mediator

scenario.

Monojet

We start by discussing constraints that can be imposed by the CMS 8 TeV monojet anal-

ysis [64]. For this study, hard-scattering events are generated at the LO accuracy within

MG5 aMC, and the matching with parton showers is made with Pythia 6. The results

are analysed in MadAnalysis 5 that also takes care of the detector simulation using

its interface with Delphes 3. This recasting procedure allows us to exclude any specific

parameter space point at any desired confidence level, our exclusion being conservatively

derived on the basis of the signal region that drives the strongest bound. This limitation

is related to the lack of public information, the statistical model used by CMS for the
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Figure 7. LO cross sections (left) and corresponding K-factors (right) for pp → tt̄XX̄ at
√
s =

8TeV as a function of the mediator and dark matter masses. The top and dark matter couplings
to the mediator are set to 4.

Figure 8. Constraints on simplified top-philic dark matter scenarios from the CMS 8TeV tt̄+ /ET

analysis [72]. The top and dark matter couplings to the mediator are set to 4 while the mediator
and dark matter masses are allowed to vary freely. LO and NLO exclusions are respectively shown
in the left and right panels of the figure.

and this small 10% shift in the cross section does not lead to any significant change. For

larger mediator masses, the K-factors are ∼ 1 and therefore do not imply a modification of

the exclusion regions, if the central prediction at the default choice of scale is considered.

However, the inclusion of NLO corrections significantly reduces the theoretical error and

thus leads to sharper exclusion bounds as discussed below.

In order to further investigate the effects of the NLO corrections, we select three bench-

mark scenarios for which we perform a detailed study. These benchmarks are defined in

table 5 where they are presented along with the corresponding LO and NLO cross-sections

and the CL exclusion obtained with MadAnalysis 5. As discussed in appendix C.1, the

most relevant observables for this analysis consist of the /ET , MT (�, /ET ) and MW
T2 for which

distributions are shown in figure 9. We normalise the distributions to 100, 10 and 1 for
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Figure 7. LO cross sections (left) and corresponding K-factors (right) for pp → tt̄XX̄ at
√
s =

8TeV as a function of the mediator and dark matter masses. The top and dark matter couplings
to the mediator are set to 4.

Figure 8. Constraints on simplified top-philic dark matter scenarios from the CMS 8TeV tt̄+ /ET

analysis [72]. The top and dark matter couplings to the mediator are set to 4 while the mediator
and dark matter masses are allowed to vary freely. LO and NLO exclusions are respectively shown
in the left and right panels of the figure.

and this small 10% shift in the cross section does not lead to any significant change. For

larger mediator masses, the K-factors are ∼ 1 and therefore do not imply a modification of

the exclusion regions, if the central prediction at the default choice of scale is considered.

However, the inclusion of NLO corrections significantly reduces the theoretical error and

thus leads to sharper exclusion bounds as discussed below.

In order to further investigate the effects of the NLO corrections, we select three bench-

mark scenarios for which we perform a detailed study. These benchmarks are defined in

table 5 where they are presented along with the corresponding LO and NLO cross-sections

and the CL exclusion obtained with MadAnalysis 5. As discussed in appendix C.1, the

most relevant observables for this analysis consist of the /ET , MT (�, /ET ) and MW
T2 for which

distributions are shown in figure 9. We normalise the distributions to 100, 10 and 1 for
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▪ Recasting of CMS 1504.03198 tt+MET(semi-leptonic) in MA5
▪ 3 benchmark scenarios: moderate K-factor, reduced scale uncertainies



MET+jet (LO loop-induced) 

Figure 10. Constraints on the simplified top-philic dark matter model from the CMS 8 TeV

monojet analysis [64]. The top and dark matter couplings to the mediator are set to 4 while the

mediator and dark matter masses are allowed to vary freely.

combination being not available. One can find more details for the recasting procedure in

appendix C.2.

Similar to the tt̄+ /ET analysis of the previous section, we perform a two-dimensional

scan on the mediator and dark matter masses while fixing both new physics couplings to

gt = gX = 4 (as in figure 5 in ref. [8]). Figure 10 shows our results, where we represent

the scenarios excluded at the 40%, 68% and 95% CL. The bulk of the excluded points lie

again in the triangular low-mass region where the mediator resonantly decays into a pair

of dark matter particles. Except for the small subset of points excluded at the 40% and

68% CL in the region where mY < 2mX , the extent of the exclusion region is determined

by the significant reduction of the monojet cross section below the resonant production

threshold already presented in figure 6. The pp → Y0j cross section indeed rapidly falls

with mY , reaching levels beyond the sensitivity of the 8 TeV search at mY ∼ 500 GeV. In

addition to the decrease of the Y0j production cross section, the opening of the mediator

decay mode into a top-antitop system when mY > 2mt leads to a further reduction of the

monojet production rate. In comparison with the tt̄+ /ET case, the monojet search overall

appears to be more constraining, especially for higher mediator mass values thanks to the

larger monojet cross section.

As shown in ref. [46], the shape of key monojet differential distributions differs in

the resonant and in the off-shell parameter space regions. While the total cross section

falls dramatically in the off-shell region mY < 2mX (as shown in figure 6), the /ET and

jet transverse momentum distributions tend to be harder for off-shell production. We

demonstrate this feature with a detailed investigation of three benchmark points defined

in table 6. They consist of two resonant scenarios with different mediator masses and one

non-resonant scenario. The monojet production rate is also indicated in the table, and

we present normalised distributions relevant for the monojet analysis in figure 11. The

off-shell scenario yields harder distributions compared to the resonant cases. This implies
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▪ Recasting of CMS 1408.3583 jet+MET in MA5
▪ 3 benchmark scenarios: 

(mY , mX) σLO [pb]

(100, 10) GeV 0.605

(300, 10) GeV 0.194

(100, 100) GeV 0.00261

Table 6. Benchmarks used to investigate the differential distributions related to the CMS monojet
analysis. The corresponding cross sections for a /ET > 150 GeV selection are shown in the second
column.
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Figure 11. Differential distributions for the missing transverse energy /ET and the hardest jet
transverse momentum pT (j1) for the three scenarios defined in table 6. The distributions are
normalised to one.

that a larger fraction of events features high missing transverse energy (/ET >250 GeV) and

populates the different signal regions of the CMS analysis. As a result, a better sensitivity

is found than what one might expect from considering the total cross section alone. This

feature leads to the exclusion of dark matter scenarios where mY < 2mX , as depicted in

figure 10.

In our simulation of the monojet signal, we have ignored the possible impact of the

merging of event samples featuring different final state jet multiplicities. A reliable de-

scription of the high transverse momentum spectra of the leading jet typically necessitates

the merging of event samples including at least one and two jets in the final state [46]. We

have explicitly verified that for both resonant and off-shell scenarios, employing a merged

sample does not have a big impact on the /ET distribution and therefore on the resulting

exclusion contours. This originates from the analysis selection strategy that requires one

single hard jet and rather loose requirements on the second jet, so that the configuration

that dominates consists of a single hard jet recoiling against the missing energy. Such a

configuration is described similarly by the one-jet and merged samples. We nevertheless

stress that the importance of the merging procedure has to be checked on a case-by-case

basis as this depends on the analysis, so that higher multiplicity samples might be necessary

to accurately describe the relevant distributions.
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monojet analysis [64]. The top and dark matter couplings to the mediator are set to 4 while the

mediator and dark matter masses are allowed to vary freely.

combination being not available. One can find more details for the recasting procedure in

appendix C.2.

Similar to the tt̄+ /ET analysis of the previous section, we perform a two-dimensional

scan on the mediator and dark matter masses while fixing both new physics couplings to

gt = gX = 4 (as in figure 5 in ref. [8]). Figure 10 shows our results, where we represent

the scenarios excluded at the 40%, 68% and 95% CL. The bulk of the excluded points lie

again in the triangular low-mass region where the mediator resonantly decays into a pair

of dark matter particles. Except for the small subset of points excluded at the 40% and

68% CL in the region where mY < 2mX , the extent of the exclusion region is determined

by the significant reduction of the monojet cross section below the resonant production

threshold already presented in figure 6. The pp → Y0j cross section indeed rapidly falls

with mY , reaching levels beyond the sensitivity of the 8 TeV search at mY ∼ 500 GeV. In

addition to the decrease of the Y0j production cross section, the opening of the mediator

decay mode into a top-antitop system when mY > 2mt leads to a further reduction of the

monojet production rate. In comparison with the tt̄+ /ET case, the monojet search overall

appears to be more constraining, especially for higher mediator mass values thanks to the

larger monojet cross section.

As shown in ref. [46], the shape of key monojet differential distributions differs in

the resonant and in the off-shell parameter space regions. While the total cross section

falls dramatically in the off-shell region mY < 2mX (as shown in figure 6), the /ET and

jet transverse momentum distributions tend to be harder for off-shell production. We

demonstrate this feature with a detailed investigation of three benchmark points defined

in table 6. They consist of two resonant scenarios with different mediator masses and one

non-resonant scenario. The monojet production rate is also indicated in the table, and

we present normalised distributions relevant for the monojet analysis in figure 11. The

off-shell scenario yields harder distributions compared to the resonant cases. This implies
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(mY , mX) σLO [pb] CLLO [%] σNLO [pb] CLNLO [%]

I (150, 25) GeV 0.658+34.9%
−24.0% 98.7+0.8%

−13.0% 0.773+6.1%
−10.1% 95.0+2.7%

−0.4%

II (40, 30) GeV 0.776+34.2%
−24.1% 74.7+19.7%

−17.7% 0.926+5.7%
−10.4% 84.2+0.4%

−14.4%

III (240, 100) GeV 0.187+37.1%
−24.4% 91.6+6.4%

−18.1% 0.216+6.7%
−11.4% 86.5+8.6%

−5.5%

Table 5. Benchmark scenarios used to investigate the impact of the NLO corrections on the
tt̄+ /ET CMS search. The LO and NLO cross sections at 8TeV LHC are shown together with the
CL exclusion obtained from MadAnalysis 5. The uncertainties originating from scale variation
(0.5µ0 < µR,F < 2µ0) are also shown.

the scenarios I, II and III respectively to ensure that they are all clearly visible in the

figure. Moreover, we also indicate the scale uncertainty bands that have been obtained

from a scale variation of 0.5µ0 < µR,F < 2µ0. In agreement with the findings of ref. [45],

higher-order corrections have a rather mild effect on the distribution shapes for all key

observables. Using NLO predictions however leads to a significant reduction of the scale

uncertainties compared to the LO case. In table 5, one can also see that the use of NLO

predictions leads to a significant reduction of the uncertainty in the cross section which

propagates down to the CLs. NLO predictions therefore allow us to draw more reliable

conclusions on whether a parameter point is excluded.

4.1.2 Mono-X final states

In addition to the constraints that can be derived by means of tt̄+ /ET probes and that have

been discussed in the previous section, mono-X searches can also be relevant for obtaining

bounds on our top-philic dark matter model. Monojet [64, 75, 76], mono-Z [65, 77–80]

and mono-Higgs [66, 81–83] signals have been searched for during the first run of the LHC,

and these search results could be recast to constrain the dark matter model studied in

this work. In contrast to tree-level dark matter production in association with a pair of

top quarks, the production of a pair of dark matter particles with a jet, a Z-boson or

a Higgs boson proceeds via a gluon fusion top-quark loop diagram. Although they have

been largely studied by ATLAS and CMS, monophoton analyses cannot be used as charge

conjugation invariance forbids the existence of a monophoton signal for the spin-0 mediator

scenario.

Monojet

We start by discussing constraints that can be imposed by the CMS 8 TeV monojet anal-

ysis [64]. For this study, hard-scattering events are generated at the LO accuracy within

MG5 aMC, and the matching with parton showers is made with Pythia 6. The results

are analysed in MadAnalysis 5 that also takes care of the detector simulation using

its interface with Delphes 3. This recasting procedure allows us to exclude any specific

parameter space point at any desired confidence level, our exclusion being conservatively

derived on the basis of the signal region that drives the strongest bound. This limitation

is related to the lack of public information, the statistical model used by CMS for the
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(mY , mX) σLO [pb]

(100, 10) GeV 0.605

(300, 10) GeV 0.194

(100, 100) GeV 0.00261

Table 6. Benchmarks used to investigate the differential distributions related to the CMS monojet
analysis. The corresponding cross sections for a /ET > 150 GeV selection are shown in the second
column.
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Figure 11. Differential distributions for the missing transverse energy /ET and the hardest jet
transverse momentum pT (j1) for the three scenarios defined in table 6. The distributions are
normalised to one.

that a larger fraction of events features high missing transverse energy (/ET >250 GeV) and

populates the different signal regions of the CMS analysis. As a result, a better sensitivity

is found than what one might expect from considering the total cross section alone. This

feature leads to the exclusion of dark matter scenarios where mY < 2mX , as depicted in

figure 10.

In our simulation of the monojet signal, we have ignored the possible impact of the

merging of event samples featuring different final state jet multiplicities. A reliable de-

scription of the high transverse momentum spectra of the leading jet typically necessitates

the merging of event samples including at least one and two jets in the final state [46]. We

have explicitly verified that for both resonant and off-shell scenarios, employing a merged

sample does not have a big impact on the /ET distribution and therefore on the resulting

exclusion contours. This originates from the analysis selection strategy that requires one

single hard jet and rather loose requirements on the second jet, so that the configuration

that dominates consists of a single hard jet recoiling against the missing energy. Such a

configuration is described similarly by the one-jet and merged samples. We nevertheless

stress that the importance of the merging procedure has to be checked on a case-by-case

basis as this depends on the analysis, so that higher multiplicity samples might be necessary

to accurately describe the relevant distributions.
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that a larger fraction of events features high missing transverse energy (/ET >250 GeV) and

populates the different signal regions of the CMS analysis. As a result, a better sensitivity

is found than what one might expect from considering the total cross section alone. This

feature leads to the exclusion of dark matter scenarios where mY < 2mX , as depicted in

figure 10.

In our simulation of the monojet signal, we have ignored the possible impact of the

merging of event samples featuring different final state jet multiplicities. A reliable de-

scription of the high transverse momentum spectra of the leading jet typically necessitates

the merging of event samples including at least one and two jets in the final state [46]. We

have explicitly verified that for both resonant and off-shell scenarios, employing a merged

sample does not have a big impact on the /ET distribution and therefore on the resulting

exclusion contours. This originates from the analysis selection strategy that requires one

single hard jet and rather loose requirements on the second jet, so that the configuration

that dominates consists of a single hard jet recoiling against the missing energy. Such a

configuration is described similarly by the one-jet and merged samples. We nevertheless

stress that the importance of the merging procedure has to be checked on a case-by-case

basis as this depends on the analysis, so that higher multiplicity samples might be necessary

to accurately describe the relevant distributions.
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that a larger fraction of events features high missing transverse energy (/ET >250 GeV) and

populates the different signal regions of the CMS analysis. As a result, a better sensitivity

is found than what one might expect from considering the total cross section alone. This

feature leads to the exclusion of dark matter scenarios where mY < 2mX , as depicted in

figure 10.

In our simulation of the monojet signal, we have ignored the possible impact of the

merging of event samples featuring different final state jet multiplicities. A reliable de-

scription of the high transverse momentum spectra of the leading jet typically necessitates

the merging of event samples including at least one and two jets in the final state [46]. We

have explicitly verified that for both resonant and off-shell scenarios, employing a merged

sample does not have a big impact on the /ET distribution and therefore on the resulting

exclusion contours. This originates from the analysis selection strategy that requires one

single hard jet and rather loose requirements on the second jet, so that the configuration

that dominates consists of a single hard jet recoiling against the missing energy. Such a

configuration is described similarly by the one-jet and merged samples. We nevertheless

stress that the importance of the merging procedure has to be checked on a case-by-case

basis as this depends on the analysis, so that higher multiplicity samples might be necessary

to accurately describe the relevant distributions.
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▪ Higher senstivity for mono-jet than tt+MET
▪ tt+MET gains from higher CM Energies



Mono-Z and mono-Higgs
▪ Leptonic mono-Z search CMS [1511.09375]

▪ Mono-Higgs (bb) search ATLAS [1510.06218]

▪ Parton-level analysis compared to upper limits:

▪ Couplings              excluded for                      with
▪ Promising for future analysis

Figure 12. Distributions of missing transverse energy and of the transverse momentum of the lead-

ing lepton (b-quark) for mono-Z (-Higgs) production at
√
s = 8TeV for (mY ,mX) = (100, 10)GeV

and (gt, gX) = (1, 1), without and with including the analysis selections.

Mono-Z and mono-Higgs

In addition to the use of monojet processes, we explore the possibility of constraining the

parameter space of our model using mono-Z and mono-Higgs production. While the pro-

duction rates are much smaller than the monojet rate as seen in figure 6, the backgrounds

can be also small. Therefore, these search channels can be sensitive to the top-philic sim-

plified dark matter model, as we will see below. Here, instead of employing a full recasting

procedure as in the tt̄ + /ET and monojet analyses, we perform parton-level analyses to

provide rough estimates of the constraints on our model parameters.

We rely on the CMS search for dark matter production in association with a Z-boson

that decays leptonically [65], in which a 95% CL upper limit on the visible cross section of

0.85 fb is obtained once a /ET requirement of at least 150GeV and the minimal detector

selection requirements for the leptons (p�T > 20GeV and |η�| < 2.5) are considered. We

generate events for this process, and after applying the above fiducial selection requirements

we obtain a cross section of 0.30 fb for (mY ,mX) = (100, 10)GeV and gt = gX = 1. We

show in figure 12 the /ET and leading lepton transverse momentum distributions (red lines)

without and with applying the selection strategy. While we have not performed a detailed

study, simple estimates show good prospects for setting limits on the parameter space of

the model using the mono-Z analysis results. Using the upper limit of 0.85 fb, scenarios

with couplings close to gt ∼ 2 could be excluded in the resonant region (mY > 2mX)

with mY < 100GeV. For larger mediator masses, the cross section starts to fall due to

the reduction of the phase space. In the off-shell region (mY < 2mX), the mono-Z cross

section suffers from the same drastic decrease seen in figure 6 for the tt̄+ /ET and monojet

cases.

The same procedure can be repeated to constrain the parameter space of the model us-

ing mono-Higgs events on the basis of the results of the ATLAS search for dark matter pro-

duction in association with a Higgs boson decaying into two bottom quarks [66]. This search

results in a 95% CL upper limit on the visible cross section of 3.6 fb for a /ET threshold of
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150GeV. In order to estimate a limit, we generate events for (mY ,mX) = (100, 10)GeV and

gt = gX = 1, and require the two b-quarks to have a transverse momentum pb1T > 100GeV

and pb2T > 25GeV, a pseudorapidity |ηb| < 2.5 and to be separated in the transverse plane

by an angular distance ∆R(b1, b2) < 1.5. Moreover, we only select events exhibiting at

least 150 GeV of missing transverse energy. We show again in figure 12 the /ET and lead-

ing b-quark transverse momentum distributions (blue lines) without and with applying the

above-mentioned selection requirements. We then include a b-tagging efficiency of 60% and

extract an upper limit on the gt coupling by comparing our results to the ATLAS limit.

Coupling values of gt > 2 are found to be excluded for mY > 2mX with mY < 100GeV.

All other parameter space regions suffer from the same limitations as the mono-Z case.

From our naive parton-level analysis, we have seen that mono-Z and mono-Higgs sig-

nals show promising signs of setting constraints on the parameter space of the model and

therefore deserve dedicated studies, which will be reported elsewhere (see also ref. [84]).

The sensitivity to such signals will benefit from applying more aggressive /ET thresholds

to ensure the reduction of the corresponding backgrounds. As seen in figure 12, we obtain

a rather hard /ET distribution [46], especially for mono-Z production. The result implies

that an increase in the /ET threshold requirement in future analyses could lead to a sig-

nificant improvement of the sensitivity, especially given the the fact that Standard Model

backgrounds rapidly fall off with the increase in missing energy.

4.2 Constraints from searches without missing transverse energy

Dijet and diphoton resonances

Dijet and diphoton resonance search results could (in principle) be used to constrain

the simplified top-philic dark matter model. Due to double-loop suppressions, mediator-

induced contributions to dijet and diphoton production are only relevant in the parameter

space regions where mY < 2mX , 2mt (i.e. where the mediator cannot decay into top quarks

and/or dark matter particles). The partial mediator decay rate into gluons is then always

dominant (as mentioned in section 2) since

Γ(Y0 → γγ)

Γ(Y0 → gg)
∼ 8

9

α2
e

α2
s
≈ 10

−3 . (4.2)

All LHC dijet resonance searches focus on the dijet high invariant-mass region, leading

to no useful constraints on the top-philic dark matter model. The lowest mediator mass

that is probed is ∼ 500 GeV, with a visible cross section restricted to be smaller than

10 pb [85].

Although the branching ratio of the mediator into a photon pair is very small, the

background associated with a diphoton signal is low so that one expects to be able to obtain

stringent constraints on the model from the diphoton search results. We focus here on the

CMS 8 TeV diphoton search [68] that investigates resonance masses ranging from 150 GeV

to 850 GeV and derives limits on the corresponding cross section. For instance, the 95% CL

upper bound on the mediator-induced diphoton production cross section σ(pp → Y0 → γγ)

is of 20 fb (4 fb) for a mediator mass of 150 GeV (300 GeV). Making use of the pp → Y0
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above-mentioned selection requirements. We then include a b-tagging efficiency of 60% and

extract an upper limit on the gt coupling by comparing our results to the ATLAS limit.

Coupling values of gt > 2 are found to be excluded for mY > 2mX with mY < 100GeV.

All other parameter space regions suffer from the same limitations as the mono-Z case.

From our naive parton-level analysis, we have seen that mono-Z and mono-Higgs sig-

nals show promising signs of setting constraints on the parameter space of the model and

therefore deserve dedicated studies, which will be reported elsewhere (see also ref. [84]).

The sensitivity to such signals will benefit from applying more aggressive /ET thresholds

to ensure the reduction of the corresponding backgrounds. As seen in figure 12, we obtain

a rather hard /ET distribution [46], especially for mono-Z production. The result implies

that an increase in the /ET threshold requirement in future analyses could lead to a sig-

nificant improvement of the sensitivity, especially given the the fact that Standard Model

backgrounds rapidly fall off with the increase in missing energy.

4.2 Constraints from searches without missing transverse energy

Dijet and diphoton resonances

Dijet and diphoton resonance search results could (in principle) be used to constrain

the simplified top-philic dark matter model. Due to double-loop suppressions, mediator-

induced contributions to dijet and diphoton production are only relevant in the parameter

space regions where mY < 2mX , 2mt (i.e. where the mediator cannot decay into top quarks

and/or dark matter particles). The partial mediator decay rate into gluons is then always

dominant (as mentioned in section 2) since

Γ(Y0 → γγ)

Γ(Y0 → gg)
∼ 8

9

α2
e

α2
s
≈ 10

−3 . (4.2)

All LHC dijet resonance searches focus on the dijet high invariant-mass region, leading

to no useful constraints on the top-philic dark matter model. The lowest mediator mass

that is probed is ∼ 500 GeV, with a visible cross section restricted to be smaller than

10 pb [85].

Although the branching ratio of the mediator into a photon pair is very small, the

background associated with a diphoton signal is low so that one expects to be able to obtain

stringent constraints on the model from the diphoton search results. We focus here on the

CMS 8 TeV diphoton search [68] that investigates resonance masses ranging from 150 GeV

to 850 GeV and derives limits on the corresponding cross section. For instance, the 95% CL

upper bound on the mediator-induced diphoton production cross section σ(pp → Y0 → γγ)

is of 20 fb (4 fb) for a mediator mass of 150 GeV (300 GeV). Making use of the pp → Y0
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▪ Photon BR always suppressed by
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  more relevant than di-jet

▪ Low mass range required
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Final state Imposed constraint Reference Comments

/ET + tt̄ MadAnalysis5 PAD (new) CMS [1504.03198] Semileptonic top-antitop decay
/ET + j MadAnalysis5 PAD (new) CMS [1408.3583]
/ET + Z σ(/ET > 150 GeV) < 0.85 fb CMS [1511.09375] Leptonic Z-boson decay
/ET + h σ(/ET > 150 GeV) < 3.6 fb ATLAS [1510.06218] h → bb̄ decay

jj σ(mY = 500 GeV) < 10 pb CMS [1604.08907] Only when mY > 500GeV
γγ σ(mY = 150 GeV) < 30 fb CMS [1506.02301] Only when mY > 150GeV
tt̄ σ(mY = 400 GeV) < 3 pb ATLAS [1505.07018] Only when mY > 400GeV
tt̄tt̄ σ < 32 fb CMS [1409.7339] Upper limit on the SM cross section

Table 4. Summary of the 8TeV LHC constraints used in this paper.

energy from 8 to 13 TeV is important for heavy mediators and the cross section can be

enhanced by about an order of magnitude. In the right panel of figure 6, we further show

first that the cross sections are constant when the dark matter particle pair is produced

through the decay of an on-shell mediator, and next that they are considerably suppressed

when the mediator is off-shell, especially for the tt̄XX̄ channel.

As already mentioned, the collider searches which provide the most relevant constraints

on simplified top-philic dark matter models are based on the production channels shown in

figure 6 and can in general be divided into two categories. The first category involves signals

with missing transverse energy originating from the production of dark matter particles

that do not leave any trace in the detectors and that are accompanied by one or more

Standard Model states. The most relevant searches of this type are the production of dark

matter in association with a top-quark pair and the loop-induced production of dark matter

in association with a jet, a Z boson or a Higgs boson. This is discussed in section 4.1.

The second category of searches relies on Y0 resonant contributions to Standard Model

processes. In our scenario, dijet, diphoton, top-pair and four-top searches are expected

to set constraints on the model parameter space. This is discussed in section 4.2. As

shown below, missing-energy-based searches and resonance searches are complementary

and necessary for the best exploration of the model parameter space at colliders.

In the rest of this section, we study collider constraints independently from the cosmo-

logical and astrophysical ones, and we dedicate section 5 to their combination. We moreover

allow the mediator couplings to be as large as 2π and do not impose any constraint on the

mediator width over mass ratio. We summarise the relevant 8 TeV LHC constraints used

in this study in table 4 and give details on the tt̄ + /ET and monojet searches that have

been recast in the MadAnalysis 5 framework in appendix C.

4.1 Constraints from searches with missing transverse energy

4.1.1 The tt̄+ /ET final state

Dark matter production in association with a top-quark pair (tt̄+ /ET ) has been explored

by both the ATLAS [71] and CMS [72] collaborations within the 8 TeV LHC dataset, and

limits have been derived in particular in the effective field theory approach [73, 74]. Such

analyses could however be used to derive constraints in other theoretical contexts, and we

– 19 –

Final state Imposed constraint Reference Comments

/ET + tt̄ MadAnalysis5 PAD (new) CMS [1504.03198] Semileptonic top-antitop decay
/ET + j MadAnalysis5 PAD (new) CMS [1408.3583]
/ET + Z σ(/ET > 150 GeV) < 0.85 fb CMS [1511.09375] Leptonic Z-boson decay
/ET + h σ(/ET > 150 GeV) < 3.6 fb ATLAS [1510.06218] h → bb̄ decay

jj σ(mY = 500 GeV) < 10 pb CMS [1604.08907] Only when mY > 500GeV
γγ σ(mY = 150 GeV) < 30 fb CMS [1506.02301] Only when mY > 150GeV
tt̄ σ(mY = 400 GeV) < 3 pb ATLAS [1505.07018] Only when mY > 400GeV
tt̄tt̄ σ < 32 fb CMS [1409.7339] Upper limit on the SM cross section

Table 4. Summary of the 8TeV LHC constraints used in this paper.

energy from 8 to 13 TeV is important for heavy mediators and the cross section can be

enhanced by about an order of magnitude. In the right panel of figure 6, we further show

first that the cross sections are constant when the dark matter particle pair is produced

through the decay of an on-shell mediator, and next that they are considerably suppressed

when the mediator is off-shell, especially for the tt̄XX̄ channel.

As already mentioned, the collider searches which provide the most relevant constraints

on simplified top-philic dark matter models are based on the production channels shown in

figure 6 and can in general be divided into two categories. The first category involves signals

with missing transverse energy originating from the production of dark matter particles

that do not leave any trace in the detectors and that are accompanied by one or more

Standard Model states. The most relevant searches of this type are the production of dark

matter in association with a top-quark pair and the loop-induced production of dark matter

in association with a jet, a Z boson or a Higgs boson. This is discussed in section 4.1.

The second category of searches relies on Y0 resonant contributions to Standard Model

processes. In our scenario, dijet, diphoton, top-pair and four-top searches are expected

to set constraints on the model parameter space. This is discussed in section 4.2. As

shown below, missing-energy-based searches and resonance searches are complementary

and necessary for the best exploration of the model parameter space at colliders.

In the rest of this section, we study collider constraints independently from the cosmo-

logical and astrophysical ones, and we dedicate section 5 to their combination. We moreover

allow the mediator couplings to be as large as 2π and do not impose any constraint on the

mediator width over mass ratio. We summarise the relevant 8 TeV LHC constraints used

in this study in table 4 and give details on the tt̄ + /ET and monojet searches that have

been recast in the MadAnalysis 5 framework in appendix C.

4.1 Constraints from searches with missing transverse energy

4.1.1 The tt̄+ /ET final state
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analyses could however be used to derive constraints in other theoretical contexts, and we
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Figure 13. Resonance search constraints from the LHC results at a collision centre-of-mass energy
of 8 TeV on the simplified top-philic dark matter model presented in terms of the mediator mass
mY and the gt coupling. The different coloured areas are excluded by the diphoton [68] (orange),
tt̄ [69] (magenta) and tt̄tt̄ [70] (blue) searches. We include information on the mediator width to
mass ratios (green curves). We assume a negligible branching ratio to the invisible sector.

cross section values shown in figure 6 and the Y0 → γγ branching ratio computed from the

formulas shown in section 2, we present diphoton constraints on the model in the (mY , gt)

plane in figure 13. These results assume that the dark matter particle is much heavier than

the mediator that can thus not resonantly decay invisibly. The constraints are found to be

stringent below the 2mt threshold, where the gt coupling cannot be larger than 0.6.

Top-antitop resonances

For scenarios with mediator masses above the top-antitop threshold (mY > 2mt), tt̄ res-

onance searches [69, 86] can be used as probes of the model. In our setup, loop-induced

resonant mediator contributions can indeed enhance the tt̄ signal, in particular when there

is a large coupling hierarchy (gt � gX) or mass hierarchy (2mt < mY < 2mX). We derive

constraints on our model from the ATLAS 8 TeV tt̄ resonance search [69] that relies on the

reconstruction of the invariant mass of the top-quark pair to derive a 95% CL exclusion on

the existence of a new scalar particle coupling to top quarks. The associated cross section

limits range from 3.0 pb for a mass of 400 GeV to 0.03 pb for mY = 2.5 TeV, assuming

that the narrow width approximation is valid with a mediator width being of at most 3%

of its mass and that there is no interference between the new physics and Standard Model

contributions to the tt̄ signal.

Constraints are computed using the NNLO mediator production cross section (see

figure 6) and the relevant top-antitop mediator branching ratio derived from the formulas

presented in section 2. The latter is in fact very close to one in the relevant region, the

mediator decays into dark matter particle pairs being kinematically forbidden and those
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Figure 14. Results of our four-dimensional parameter scan projected onto the (mY ,mX) plane

once constraints set from the LHC results are imposed. The points excluded by the diphoton, the tt̄
and the four-top considered searches all satisfy the relic density, narrow width and direct detection

constraints.

This is the region where the mediator decay into a pair of dark matter particles is kine-

matically forbidden, ensuring large branching fractions for decays into Standard Model

particles. The diphoton resonance search excludes points below the 2mt threshold, while tt̄

results constrain the 400 < mY < 600 GeV region. The four-top probe is able to exclude a

narrow parameter space region close to mY ∼ 2mt, in agreement with the findings shown

in figure 13.

Relaxing the requirements on the relic density, the direct detection and the upper

bound on the coupling strengths allows for another meaningful study of combined collider

constraints. For this purpose we have performed a joint analysis of collider bounds on

the top-philic simplified dark matter model in the scope of a four-dimensional parameter

scan with a flat likelihood function over all dimensions. We have performed the scan by

restricting the couplings to be smaller than 2π, as well as by allowing the mediator widths

to reach 50% of the mediator mass. Figure 15 shows our results, where the upper left

panel shows the model points excluded by the combination of all collider results, and the

rest of the panels show the points excluded by individual LHC Run I collider results. We

find that the 8 TeV monojet searches exclude model points which lie mainly in and around

the triangle bounded by the mY = 2mX and mY = 2mt lines, where the characteristic

gt which is excluded by the 8 TeV results is of O(10). The region in which the excluded

points are located is reasonable, as we expect any significant monojet signal in the region

where mY > 2mX . Furthermore, we expect the branching ratio to missing energy to be

lower in the region where mY > 2mt due to the kinematically allowed decays into a pair of

top quarks. This in turn leads to a lower signal cross section in all channels with missing
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Summary

▪ Comprehensive analysis of collider physics and DM observables 

   within FeyRules-MadGraph framework + MultiNest

▪ Considered Top-philic scalar mediator model

▪ Striking complementarity between various constraints

▪ Relic density constraint: 

   ! Resonant region                    or light mediator  
   ! Low sensitivity for MET searches

▪ Mediator searches promising, however, low masses unchallenged

energy and hence a lower number of points which can be excluded by monojet searches in

the mY > 2mt region.

The points excluded by the 8 TeV tt̄ + /ET measurements lie in roughly the same

region as the points excluded by the monojet search, but with a more defined edge of

mY = 2mt. Conversely, the 8 TeV tt̄ resonance search provides constraints in the region

of mY ∈ [400, 600] GeV and mX � 100 GeV, and is able to rule out gt couplings of O(1).

The four top searches constrain roughly the same region of the (mY ,mX) parameter space

as the tt̄ searches. However, the characteristic size of the couplings four top searches are

able to constrain is significantly larger than the case of tt̄.

Finally the diphoton resonant search excludes mY ∈ [150, 2mt] GeV with 2mX > mY ,

ruling out gt couplings larger than 0.6. In the (mY ,mX) plane, we can observe that the

constraints arising from all mediator resonance searches, i.e. the diphoton and tt̄ analyses,

are largely complementary to those issued from searches in channels with large missing

energy.

6 Conclusions

We presented a comprehensive analysis of simplified top-philic dark matter models, in the

scope of collider physics, astrophysics and cosmology. Our study considered the full four

dimensional model parameter space, where we treated the experimental constraints on

the model space both separately and in conjunction with each other. The requirement

of predicting the measured relic density ΩDMh2 gives the most stringent constraint on

the viable regions of the parameter space. Most of the region where mY > mX cannot

accommodate the observed relic density, except near the resonance mY ∼ 2mX and for

mX > mt. Direct detection data complementary excludes large portions of the parameter

space in the mY < mX region once experimental results from LUX and CDMSLite are

accounted for. In the context of dark matter indirect detection, we studied prospects

for further model constraints from gamma-ray flux measurements originating from dwarf

spheroidal galaxies and the gamma-ray lines issued from the inner galactic region. In the

specific model we consider, the dark matter annihilation cross section is p-wave suppressed,

leading to indirect detection bounds which are too weak to provide additional constraints

on the parameter space.

Collider searches from LHC Run 1 at
√
s = 8 TeV can constrain the parameter space

beyond the limits obtained from the relic density and direct detection, but apply mostly

in the limit of coupling values � 1. We found that for couplings of � π, the resonant

tt̄ and diphoton searches are able to exclude a fraction of model points in the regions

of mY ∼ 400 − 600 GeV and mY ∼ 150 − 350 GeV respectively, even upon assuming

astrophysical and relic density constraints.

In addition to studying collider signatures of the top-philic dark matter simplified

model as a complementary way of dark matter detection, we performed a study of col-

lider constraints without assuming relic density and direct detection (as well as extended

the parameter range to include coupling values of < 2π and ΓY ≤ 0.5mY ). Our results

for a four dimensional parameter scan show that (in the scenario where astrophysical and
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