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BSM Monte Carlo study
Goals

• Use MG5 to study simplified DM models

• Use a ready-made UFO model which involves a mediator coupling to 

the SM and to DM

• Obtain the missing PT distribution using MA5 for different types and 

masses of the mediator and DM

• Reproduce literature results




Spin-1 mediator with fermionic DM
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or coloured. In this work we focus on the s-channel mod-
els, leaving the implementation and validation of t-channel
models to forthcoming work. The s- and t-channel classes
can be further organised by the quantum numbers of the
DM particle and the mediator. To start with, we focus on
the case of Dirac DM with spin-1 or spin-0 mediators cou-
pling to the matter fields of the SM. Changing the spin
or the nature of the fermion (Dirac or Majorana) of the
DM particle or including a coupling of the mediator to the
SM bosons is straightforward [42]. On the other hand, ex-
tending our analysis to spin-2 mediators, while feasible in
principle, entails dedicated validation work, as such mod-
els are, in general, not renormalisable. We defer such an
extension to the future.

2.1 Spin-1 mediator model

In the framework of our simplified model, the interaction
Lagrangian of a spin-1 mediator (Y1) with a Dirac fermion
DM (XD) is given by

L
Y1
XD

= X̄D�µ(g
V
XD

+ g
A
XD

�5)XD Y
µ
1
, (3)

and with quarks by

L
Y1
SM

=
X

i,j

h
d̄i�µ(g

V
dij

+ g
A
dij

�5)dj

+ ūi�µ(g
V
uij

+ g
A
uij

�5)uj

i
Y

µ
1
, (4)

where d and u denote down- and up-type quarks, respec-
tively, (i, j=1,2,3) are flavour indices, and g

V/A are the
vector/axial-vector couplings of DM and quarks. Note that
we adopt this notation according to the actual imple-
mentation in FeynRules. The model file, including an
alternative choice for the spin of DM particle (complex
scalar XC), can be downloaded at the FeynRules repos-
itory [28].

The pure vector and pure axial-vector mediator sce-
narios are given by setting the parameters in the La-
grangians (3) and (4) to
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respectively, where we assume quark couplings to the me-
diator to be flavour universal and set all flavour o↵-diagonal
couplings to zero. With this simplification of a single uni-
versal coupling for the SM-Y1 interactions, the model has
only four independent parameters, i.e. two couplings and
two masses:

{gSM, gX , mX , mY } . (9)

We note that the mediator width is calculated from the
above parameters.

Finding a signal of DM in this parameter space (or
to constrain these parameters) is the primary goal of the
DM searches at the LHC Run II [5], and the most impor-
tant signature in this model is mono-jet plus MET. The
di-jet final state via the Y1 Drell–Yan process can be an
important complementary channel.

2.2 Spin-0 mediator model

Similarly, in the case of a spin-0 mediator (Y0) interact-
ing with the Dirac fermion DM and the SM particles, we
define the interaction part of the Lagrangians as
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where g
S/P are the scalar/pseudo-scalar couplings of DM

and quarks. Assuming a UV complete description of the
scalar theory with the couplings of the mediator to the
SM particles proportional to the particle masses, we nor-
malise these couplings to the SM Yukawa couplings, yfii =p
2mf/v, and set all flavour o↵-diagonal couplings to zero.

This implies that, in a five-flavour scheme with massless
bottom quarks, only top quarks are relevant for DM pro-
duction in this model. Extension to a four-flavour scheme
with massive bottom quarks is possible. The model file for
the spin-0 mediator case, including other choices for the
spin of the DM particle (real scalarXR and complex scalar
XC), is also available at the FeynRules repository [28].

The pure scalar and pure pseudo-scalar mediator sce-
narios are given by setting the parameters in the La-
grangians (10) and (11) to

g
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respectively. All the other gS/Puij and g
S/P
dij

parameters are
irrelevant. Similar to the spin-1 case, the model has only
four independent parameters as in (9).

In the spin-0 mediator model with Yukawa-type cou-
plings, the most relevant tree-level process at the LHC is
DM pair production associated with a top-quark pair. On
the other hand similarly to Higgs production, at one loop,
gluon fusion can give rise to MET + jets signatures which
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respectively, where we assume quark couplings to the me-
diator to be flavour universal and set all flavour o↵-diagonal
couplings to zero. With this simplification of a single uni-
versal coupling for the SM-Y1 interactions, the model has
only four independent parameters, i.e. two couplings and
two masses:

{gSM, gX , mX , mY } . (9)

We note that the mediator width is calculated from the
above parameters.

Finding a signal of DM in this parameter space (or
to constrain these parameters) is the primary goal of the
DM searches at the LHC Run II [5], and the most impor-
tant signature in this model is mono-jet plus MET. The
di-jet final state via the Y1 Drell–Yan process can be an
important complementary channel.
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and quarks. Assuming a UV complete description of the
scalar theory with the couplings of the mediator to the
SM particles proportional to the particle masses, we nor-
malise these couplings to the SM Yukawa couplings, yfii =p
2mf/v, and set all flavour o↵-diagonal couplings to zero.

This implies that, in a five-flavour scheme with massless
bottom quarks, only top quarks are relevant for DM pro-
duction in this model. Extension to a four-flavour scheme
with massive bottom quarks is possible. The model file for
the spin-0 mediator case, including other choices for the
spin of the DM particle (real scalarXR and complex scalar
XC), is also available at the FeynRules repository [28].
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Dark Matter simplified models

http://feynrules.irmp.ucl.ac.be/wiki/DMsimp

Install the DMsimp_s_spin1.zip model into your mg5 Models/ directory 

Try out the following commands

import model DMsimp_s_spin1

generate p p > xd xd~ j

Check the diagrams


Goal: Use madanalysis5 to plot distributions for the missing transverse momentum 
for different masses of the mediator and DM



Example Scenarios
Spin-1 scenarios
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vector

(mY ,mX) [GeV] MET > 150 GeV MET > 300 GeV MET > 500 GeV

�LO [pb] 2.923⇥ 102
+10.7
�8.9 ±1.6% 1.734⇥ 101

+14.2
�11.9 ±1.1% 1.695⇥ 100

+17.4
�14.0 ±1.8%

10 undecayed �NLO [pb] 5.093⇥ 102
+10.3
�8.2 ±0.5% 2.689⇥ 101

+10.4
�9.1 ±0.6% 2.433⇥ 100

+11.1
�10.0 ±1.1%

K factor 1.74 1.55 1.44

�LO [pb] 1.605⇥ 102
+10.7
�8.9 ±1.6% 0.978⇥ 101

+14.3
�12.0 ±1.1% 0.970⇥ 100

+17.4
�14.1 ±2.0%

(10, 1) mY >2mX �NLO [pb] 2.818⇥ 102
+10.1
�8.1 ±0.5% 1.517⇥ 101

+10.0
�8.9 ±0.6% 1.345⇥ 100

+10.5
�9.6 ±1.1%

K factor 1.76 1.55 1.39

�LO [pb] 2.434⇥ 100
+11.8
�10.1 ±1.5% 2.843⇥ 10�1 +15.0

�12.5 ±1.2% 3.786⇥ 10�2 +18.0
�14.5 ±2.4%

(10, 50) mY <2mX �NLO [pb] 3.198⇥ 100
+5.6
�5.4 ±0.5% 3.485⇥ 10�1 +5.9

�6.3 ±0.7% 4.325⇥ 10�2 +7.3
�7.8 ±1.3%

K factor 1.31 1.23 1.14

�LO [pb] 6.968⇥ 10�3 +17.4
�14.0 ±4.3% 2.314⇥ 10�3 +18.9

�15.0 ±4.6% 7.317⇥ 10�4 +20.6
�16.1 ±5.6%

(10, 500) mY <2mX �NLO [pb] 7.698⇥ 10�3 +5.4
�6.4 ±2.2% 2.385⇥ 10�3 +5.7

�6.9 ±2.3% 6.800⇥ 10�4 +5.5
�7.1 ±2.6%

K factor 1.10 1.03 0.93

�LO [pb] 2.148⇥ 102
+10.6
�9.3 ±1.5% 1.616⇥ 101

+14.4
�12.0 ±1.0% 1.644⇥ 100

+17.4
�14.1 ±1.9%

100 undecayed �NLO [pb] 3.011⇥ 102
+6.6
�5.9 ±0.5% 2.121⇥ 101

+7.3
�7.1 ±0.6% 1.955⇥ 100

+8.1
�8.2 ±1.2%

K factor 1.40 1.31 1.19

�LO [pb] 1.100⇥ 102
+10.6
�9.3 ±1.5% 0.822⇥ 101

+14.4
�12.0 ±1.1% 0.862⇥ 100

+17.4
�14.1 ±1.9%

(100, 1) mY >2mX �NLO [pb] 1.530⇥ 102
+6.5
�5.7 ±0.5% 1.100⇥ 101

+7.4
�7.2 ±0.6% 1.059⇥ 100

+8.0
�8.1 ±1.2%

K factor 1.39 1.34 1.23

�LO [pb] 1.117⇥ 101
+11.0
�9.6 ±1.5% 0.988⇥ 100

+14.7
�12.2 ±1.1% 1.140⇥ 10�1 +17.6

�14.2 ±2.0%

(95, 50) mY .2mX �NLO [pb] 1.512⇥ 101
+6.0
�5.5 ±0.5% 1.281⇥ 100

+6.8
�6.8 ±0.6% 1.325⇥ 10�1 +7.2

�7.6 ±1.2%

K factor 1.35 1.30 1.16

�LO [pb] 7.043⇥ 10�3 +17.4
�14.0 ±4.3% 2.329⇥ 10�3 +18.9

�15.0 ±4.6% 7.395⇥ 10�4 +20.6
�16.1 ±5.6%

(100, 500) mY <2mX �NLO [pb] 7.804⇥ 10�3 +5.3
�6.4 ±2.2% 2.411⇥ 10�3 +5.5

�6.8 ±2.3% 6.908⇥ 10�4 +5.5
�7.1 ±2.6%

K factor 1.11 1.04 0.93

�LO [pb] 2.248⇥ 100
+16.1
�13.2 ±3.2% 6.865⇥ 10�1 +17.7

�14.3 ±3.3% 1.979⇥ 10�1 +19.6
�15.5 ±4.1%

1000 undecayed �NLO [pb] 2.601⇥ 100
+5.1
�6.0 ±1.7% 7.393⇥ 10�1 +5.2

�6.4 ±1.8% 1.909⇥ 10�1 +5.3
�6.8 ±2.1%

K factor 1.16 1.08 0.96

�LO [pb] 1.093⇥ 100
+16.4
�13.3 ±3.1% 3.278⇥ 10�1 +18.0

�14.4 ±3.3% 9.182⇥ 10�2 +19.7
�15.6 ±4.1%

(1000, 1) mY >2mX �NLO [pb] 1.215⇥ 100
+4.2
�5.5 ±1.7% 3.399⇥ 10�1 +4.5

�6.0 ±1.7% 8.743⇥ 10�2 +4.8
�6.5 ±2.0%

K factor 1.11 1.04 0.95

�LO [pb] 1.094⇥ 100
+16.4
�13.3 ±3.1% 3.268⇥ 10�1 +18.0

�14.4 ±3.3% 9.137⇥ 10�2 +19.7
�15.6 ±4.1%

(1000, 50) mY >2mX �NLO [pb] 1.221⇥ 100
+4.3
�5.6 ±1.7% 3.416⇥ 10�1 +4.6

�6.0 ±1.7% 8.807⇥ 10�2 +4.9
�6.6 ±2.0%

K factor 1.12 1.05 0.96

�LO [pb] 2.169⇥ 10�1 +16.4
�13.3 ±3.4% 6.777⇥ 10�2 +18.0

�14.4 ±3.6% 1.981⇥ 10�2 +19.7
�15.6 ±4.4%

(995, 500) mY .2mX �NLO [pb] 2.497⇥ 10�1 +5.3
�6.2 ±1.8% 7.223⇥ 10�2 +5.5

�6.6 ±1.9% 1.914⇥ 10�2 +5.3
�6.8 ±2.1%

K factor 1.15 1.07 0.97

�LO [pb] 8.487⇥ 10�6 +18.0
�14.3 ±4.3% 2.666⇥ 10�6 +20.0

�15.7 ±5.5% 8.238⇥ 10�7 +22.0
�17.0 ±7.3%

(10000, 1) mY �
p
ŝ �NLO [pb] 8.835⇥ 10�6 +3.1

�5.1 ±2.5% 2.579⇥ 10�6 +3.1
�5.5 ±3% 7.148⇥ 10�7 +5.0

�7.0 ±4.4%

K factor 1.04 0.97 0.87

Table 1. LO and NLO cross sections and corresponding K factors for DM pair production in association with a jet for the
vector mediator scenario at the 13-TeV LHC, where di↵erent MET cuts are imposed. The uncertainties represent the scale and
PDF uncertainties in per cent, respectively. We show several benchmark model points for the mediator and DM masses with
the coupling parameters gX = 1 and gSM = 0.25.
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Table 1. LO and NLO cross sections and corresponding K factors for DM pair production in association with a jet for the
vector mediator scenario at the 13-TeV LHC, where di↵erent MET cuts are imposed. The uncertainties represent the scale and
PDF uncertainties in per cent, respectively. We show several benchmark model points for the mediator and DM masses with
the coupling parameters gX = 1 and gSM = 0.25.
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Fig. 2. MET distributions at FO (N)LO accuracy for pp ! XX̄ + j at the 13-TeV LHC for (mY ,mX) = (100, 1) and
(1000, 50) GeV, where we assume a pure vector mediator and Dirac DM. The middle and bottom panels show the di↵erential
scale uncertainties and K factors, respectively.

in Eqs. (5), (6) and (17). We cover various benchmark
points suggested by the ATLAS/CMS DM forum [5] in the
mY �mX plane, representing four di↵erent cases: on-shell
(mY > 2mX) and o↵-shell (mY < 2mX) production of the
mediator, in the threshold regime (mY . 2mX) and in the
EFT limit (mY �

p
ŝ). We also present scale and PDF

uncertainties in % as well as K factors which we define as
the ratio of the central values of the NLO and LO cross
sections. We compute the table entries with di↵erent MET
cuts: 150, 300, and 500 GeV. For convenience, we also
show a graphical summary of our results in Fig. 1. As a
reference, the cross sections for pp ! Y1+j are also shown,
where the vector mediator Y1 is produced on-shell and
does not decay. For mY > 2mX , the mono-jet rate is given
by �(pp ! XX̄ + j) ⇠ �(pp ! Y1 + j)⇥B(Y1 ! XX̄) in
the narrow width approximation.

The production rate strongly depends on the both
masses as well as on the kinematic cuts, and varies by
orders of magnitude in the parameter scan. On the other
hand, the K factors, i.e. higher-order e↵ects, are not so
sensitive to the mass spectra; K ⇠ 1.1 for the heavy-
mediator and/or heavy-DM cases, while K ⇠ 1.3 � 1.4
for the ⇠ 100 GeV mediator with light DM, assuming the
MET > 150 GeV cut. We find that in the case of a rela-
tively light mediator with a very light DM, (mY ,mX) =
(10, 1) GeV, the K factor can reach a value as large as
1.8.

Di↵erent benchmark points probe di↵erent Bjorken-
x regions of the parton distribution functions. As heavy

mediators/DM are produced from very high-x partons, the
dominant contribution comes from the qq̄ initial state, as
the gluon PDF is sub-dominant in the high-x region. For
light mediators with light DM, on the other hand, a large
contribution arises from the qg initial state. For instance,
we find that the ratio of production cross sections via uū

and ug initial states, �(uū)/�(ug), is 1.4 in the case of
(mY ,mX) = (1000, 50) GeV while 0.2 for (mY ,mX) =
(100, 1) GeV, at LO.

As expected, most of the results at NLO accuracy
display significantly smaller scale uncertainties compared
to the LO calculations. An exception is provided by the
(mY ,mX) = (10, 1) GeV case, which we discuss in detail
at the end of this subsection. The PDF uncertainties are
sub-leading in both the LO and NLO results and reduced
by going from LO to NLO. Furthermore, the scale and
PDF uncertainties increase when the mass scale of the
mediator and/or DM increases.

The higher MET cut leads to smaller K factors and to
larger scale and PDF uncertainties, which one can clearly
see in the MET distributions in Fig. 2.

In Table 2, we present the pure axial-vector mediator
case by fixing the parameters as in Eqs. (7), (8) and (17).
The resulting cross sections are very similar compared to
the pure vector case for mY > 2mX , while in the o↵-shell
regime, we find that the cross sections are suppressed com-
pared to the production via pure vector mediators. In the
o↵-shell situation the DM pair is produced at threshold.
A pair of (Dirac) DM originating from a decay of a spin-1
mediator will be in a 2S+1

LJ state with J = 1. If the
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vector

(mY ,mX) [GeV] MET > 150 GeV MET > 300 GeV MET > 500 GeV

�LO [pb] 2.923⇥ 102
+10.7
�8.9 ±1.6% 1.734⇥ 101

+14.2
�11.9 ±1.1% 1.695⇥ 100

+17.4
�14.0 ±1.8%

10 undecayed �NLO [pb] 5.093⇥ 102
+10.3
�8.2 ±0.5% 2.689⇥ 101

+10.4
�9.1 ±0.6% 2.433⇥ 100

+11.1
�10.0 ±1.1%

K factor 1.74 1.55 1.44

�LO [pb] 1.605⇥ 102
+10.7
�8.9 ±1.6% 0.978⇥ 101

+14.3
�12.0 ±1.1% 0.970⇥ 100

+17.4
�14.1 ±2.0%

(10, 1) mY >2mX �NLO [pb] 2.818⇥ 102
+10.1
�8.1 ±0.5% 1.517⇥ 101

+10.0
�8.9 ±0.6% 1.345⇥ 100

+10.5
�9.6 ±1.1%

K factor 1.76 1.55 1.39

�LO [pb] 2.434⇥ 100
+11.8
�10.1 ±1.5% 2.843⇥ 10�1 +15.0

�12.5 ±1.2% 3.786⇥ 10�2 +18.0
�14.5 ±2.4%

(10, 50) mY <2mX �NLO [pb] 3.198⇥ 100
+5.6
�5.4 ±0.5% 3.485⇥ 10�1 +5.9

�6.3 ±0.7% 4.325⇥ 10�2 +7.3
�7.8 ±1.3%

K factor 1.31 1.23 1.14

�LO [pb] 6.968⇥ 10�3 +17.4
�14.0 ±4.3% 2.314⇥ 10�3 +18.9

�15.0 ±4.6% 7.317⇥ 10�4 +20.6
�16.1 ±5.6%

(10, 500) mY <2mX �NLO [pb] 7.698⇥ 10�3 +5.4
�6.4 ±2.2% 2.385⇥ 10�3 +5.7

�6.9 ±2.3% 6.800⇥ 10�4 +5.5
�7.1 ±2.6%

K factor 1.10 1.03 0.93

�LO [pb] 2.148⇥ 102
+10.6
�9.3 ±1.5% 1.616⇥ 101

+14.4
�12.0 ±1.0% 1.644⇥ 100

+17.4
�14.1 ±1.9%

100 undecayed �NLO [pb] 3.011⇥ 102
+6.6
�5.9 ±0.5% 2.121⇥ 101

+7.3
�7.1 ±0.6% 1.955⇥ 100

+8.1
�8.2 ±1.2%

K factor 1.40 1.31 1.19

�LO [pb] 1.100⇥ 102
+10.6
�9.3 ±1.5% 0.822⇥ 101

+14.4
�12.0 ±1.1% 0.862⇥ 100

+17.4
�14.1 ±1.9%

(100, 1) mY >2mX �NLO [pb] 1.530⇥ 102
+6.5
�5.7 ±0.5% 1.100⇥ 101

+7.4
�7.2 ±0.6% 1.059⇥ 100

+8.0
�8.1 ±1.2%

K factor 1.39 1.34 1.23

�LO [pb] 1.117⇥ 101
+11.0
�9.6 ±1.5% 0.988⇥ 100

+14.7
�12.2 ±1.1% 1.140⇥ 10�1 +17.6

�14.2 ±2.0%

(95, 50) mY .2mX �NLO [pb] 1.512⇥ 101
+6.0
�5.5 ±0.5% 1.281⇥ 100

+6.8
�6.8 ±0.6% 1.325⇥ 10�1 +7.2

�7.6 ±1.2%

K factor 1.35 1.30 1.16

�LO [pb] 7.043⇥ 10�3 +17.4
�14.0 ±4.3% 2.329⇥ 10�3 +18.9

�15.0 ±4.6% 7.395⇥ 10�4 +20.6
�16.1 ±5.6%

(100, 500) mY <2mX �NLO [pb] 7.804⇥ 10�3 +5.3
�6.4 ±2.2% 2.411⇥ 10�3 +5.5

�6.8 ±2.3% 6.908⇥ 10�4 +5.5
�7.1 ±2.6%

K factor 1.11 1.04 0.93

�LO [pb] 2.248⇥ 100
+16.1
�13.2 ±3.2% 6.865⇥ 10�1 +17.7

�14.3 ±3.3% 1.979⇥ 10�1 +19.6
�15.5 ±4.1%

1000 undecayed �NLO [pb] 2.601⇥ 100
+5.1
�6.0 ±1.7% 7.393⇥ 10�1 +5.2

�6.4 ±1.8% 1.909⇥ 10�1 +5.3
�6.8 ±2.1%

K factor 1.16 1.08 0.96

�LO [pb] 1.093⇥ 100
+16.4
�13.3 ±3.1% 3.278⇥ 10�1 +18.0

�14.4 ±3.3% 9.182⇥ 10�2 +19.7
�15.6 ±4.1%

(1000, 1) mY >2mX �NLO [pb] 1.215⇥ 100
+4.2
�5.5 ±1.7% 3.399⇥ 10�1 +4.5

�6.0 ±1.7% 8.743⇥ 10�2 +4.8
�6.5 ±2.0%

K factor 1.11 1.04 0.95

�LO [pb] 1.094⇥ 100
+16.4
�13.3 ±3.1% 3.268⇥ 10�1 +18.0

�14.4 ±3.3% 9.137⇥ 10�2 +19.7
�15.6 ±4.1%

(1000, 50) mY >2mX �NLO [pb] 1.221⇥ 100
+4.3
�5.6 ±1.7% 3.416⇥ 10�1 +4.6

�6.0 ±1.7% 8.807⇥ 10�2 +4.9
�6.6 ±2.0%

K factor 1.12 1.05 0.96

�LO [pb] 2.169⇥ 10�1 +16.4
�13.3 ±3.4% 6.777⇥ 10�2 +18.0

�14.4 ±3.6% 1.981⇥ 10�2 +19.7
�15.6 ±4.4%

(995, 500) mY .2mX �NLO [pb] 2.497⇥ 10�1 +5.3
�6.2 ±1.8% 7.223⇥ 10�2 +5.5

�6.6 ±1.9% 1.914⇥ 10�2 +5.3
�6.8 ±2.1%

K factor 1.15 1.07 0.97

�LO [pb] 8.487⇥ 10�6 +18.0
�14.3 ±4.3% 2.666⇥ 10�6 +20.0

�15.7 ±5.5% 8.238⇥ 10�7 +22.0
�17.0 ±7.3%

(10000, 1) mY �
p
ŝ �NLO [pb] 8.835⇥ 10�6 +3.1

�5.1 ±2.5% 2.579⇥ 10�6 +3.1
�5.5 ±3% 7.148⇥ 10�7 +5.0

�7.0 ±4.4%

K factor 1.04 0.97 0.87

Table 1. LO and NLO cross sections and corresponding K factors for DM pair production in association with a jet for the
vector mediator scenario at the 13-TeV LHC, where di↵erent MET cuts are imposed. The uncertainties represent the scale and
PDF uncertainties in per cent, respectively. We show several benchmark model points for the mediator and DM masses with
the coupling parameters gX = 1 and gSM = 0.25.
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Table 1. LO and NLO cross sections and corresponding K factors for DM pair production in association with a jet for the
vector mediator scenario at the 13-TeV LHC, where di↵erent MET cuts are imposed. The uncertainties represent the scale and
PDF uncertainties in per cent, respectively. We show several benchmark model points for the mediator and DM masses with
the coupling parameters gX = 1 and gSM = 0.25.
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2 Mattelaer and Vryonidou: Dark matter production through loop-induced processes at the LHC

the mono-jet process from top quark loops for a scalar and
pseudoscalar mediator has also been discussed [12, 13].

In this work, we present results of the implementation
of a simplified DMmodel in theMadGraph5 aMC@NLO

framework (MG5aMC henceforth) [14], including a Dirac
fermion as dark matter and either a scalar, pseudoscalar,
vector or axial-vector mediator. In particular, we focus on
the case where the mediator couples only to the top quark
(and to bottom in the case of an axial vector to avoid
anomalies), and study the loop-induced contributions to
the most commonly searched for mono-X processes for
various masses of the mediator and the dark matter par-
ticles.

This paper is organised as follows. In section 2 we
briefly describe the simplified model employed, and in sec-
tion 3 the calculation setup. In section 4 we present results
for the jets plus missing transverse energy signature com-
paring the full top-quark mass dependence with the top-
EFT approach while in section 5 we discuss mono-Z, Higgs
and photon processes. We draw our conclusions in section
6.

2 Simplified Model

We assume a simplified model where the mediator only
couples to top quarks and to the DM particles. The DM
particle (!) is taken to be a Dirac fermion in this study
but the implementation of the model (see next Section)
is flexible to allow a real or complex scalar. The mediator
can be chosen to be either a scalar (Y0) or a vector (Y1).
In the scalar case, the interaction Lagrangian is given by:

LY0

DM = !̄(gSDM + igPDM"5)!Y0,

LY0

SM = t̄
yt
!
2
(gSt + igPt "

5)t Y0. (1)

For convenience we normalise the scalar and pseudoscalar
interaction with the top quark (t) by the top Yukawa cou-
pling (yt = mt

v
). In the vector case, the interaction La-

grangian is given by:

LY1

DM = !̄"µ(g
V
DM + gADM"5)!Y µ

1
,

LY1

SM = t̄"µ(g
V
t + gAt "

5)t Y µ
1
+ b̄"µ("gAt "

5)b Y µ
1
. (2)

For the axial-vector case, we also introduce a coupling to
bottom quarks (b) and fixed it to be opposite to the one of
the top quark (gAt ) to ensure the cancellation of the gauge
anomaly.

The couplings, mass and width of the mediator and
the mass of the DM can be extracted from the predictions
of more concrete DM models. In particular, the width of
the mediator can be computed by considering the particle
content of LSM + LDM and possibly of a more involved
dark sector.

3 Method and tools

3.1 Technical setup

The computation is performed within theMG5aMC frame-
work. For this study we employ the latest version (2.3.0),

which allows automatic event generation for loop induced
processes [15]. Within MG5aMC, MadLoop [16] com-
putes the one–loop amplitudes, using the OPP integrand
reduction method [17] (as implemented inCutTools [18]).
We use the UFO model of [19], generated by FeynRules/
NLOCT [20,21]. The model can be downloaded from the
FeynRules catalogue of models [22]. We stress here that
the implementation of the model has been validated by
comparing to the SM. This was achieved by setting various
parameters to the corresponding SM values and studying
processes with a Higgs and a Z, mimicked by a Y0 and Y1

respectively, and perfect agreement has been found.
As the processes we consider in this work start at one

loop (at leading order), NLO corrections are not avail-
able. Such NLO computation would require some chal-
lenging two-loop multi-scale integrals, most of which are
not yet available. In order to provide a better description
of the kinematics, one can employ the method of Matrix-
Element–Parton Shower (ME+PS) matching/merging [23].
ME+PS schemes allow the consistent combination of ma-
trix elements with di!erent jet multiplicities via their match-
ing to a parton shower. Merging of samples of di!erent
multiplicities in loop-induced processes has been done within
MG5aMC in [24] for H+jets and more recently in [25]
for ZH associated production, by employing a reweight-
ing procedure. ME+PS results for Higgs plus jets, ob-
tained automatically with the interface of MG5aMC to
Pythia6 [26] have been presented in [15].

The implementation of ME+PS method in MG5aMC

comes in two variants: the traditional kT -MLM and the
shower-kT schemes. The two give comparable results as
discussed in [27]. In this study we will employ the tra-
ditional kT -MLM scheme, and in particular the most re-
cent implementation of the scheme in conjunction with
Pythia8 [28, 29], for events generated in MG5aMC.

The value of the merging scale Qcut is selected on a
process-by-process basis to ensure that there is a smooth
transition between the ME and PS regimes. In practice,
this is assessed by examining the di!erential jet rate dis-
tributions, which show whether the transition is indeed
smooth. The di!erential jet rates are obtained by cus-
tomising the Pythia8 routines. The other distributions
are obtained by passing the merged samples throughMad-

Analysis5 [30, 31], which is interfaced to FastJet [32]
for jet reconstruction. For the jet clustering we use a min-
imum jet transverse momentum of 25 GeV, and employ
the anti-kT algorithm [33] with a radius of R = 0.4.

While it is straightforward to study ME+PS merging
for all mono-X processes considered here, for the sake of
brevity and simplicity we will only present merged sam-
ple results for the jets and missing transverse energy sig-
nal, while for the rest of the processes we will only show
parton-level results.

For the results presented here, we use the MSTW2008LO
[34] parton distribution functions (PDFs) and the cen-
tral renormalisation and factorisation scales are set to
half the sum of the transverse masses of the final state
particles: µ0 = µ0

R = µ0
F = 1

2

!

i

"

m2
i + p2T,i. In our re-

sults, scale variations are obtained by varying the scales
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Benchmark Resonant Heavy mediator Heavy DM

Mediator mass 200 1000 400

Dark matter mass 50 1 500

Table 1. Mass benchmarks in GeV.

Benchmark S P V A

Resonant 5.17 6.89 5.17 19.3

Heavy Mediator 88.0 94.5 105.7 172

Heavy DM 3.10 11.89 22.2 36.0

Table 2. LO widths in GeV for the various mediators. The computation of the width has been performed with MadWidth [36].

Y0,1

t
t
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!
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!

Fig. 1. Feynman diagrams contributing to jets plus missing transverse energy signal in the simplified model.

production– the di!erential jet rate distributions in figure
2. This distributions have been obtained with Pythia8

with a matching scale (Qcut) of 60 GeV.

The normalised distributions for the hardest, second
hardest jet and the missing transverse momentum for the
three scenarios are shown in Figs. 3 and 4 respectively.
The invariant mass distributions of the DM pair for the
various benchmarks are presented in Fig. 5. The resonant
curve displays a sharp resonant peak, while the heavy-
mediator scenario has an important tail at low invariant
masses, with the o!-shell region contributing significantly
to the cross-section. In both curves a threshold e!ect can
be observed at 2mt when the top quarks running in the
loop become on-shell. We note that the mass of 1 TeV for
the mediator is not su"ciently high for the EFT approach
to be valid as the mass of the mediator is probed, as shown
clearly in Fig. 5. For the third and final scenario –heavy
DM– the production threshold lies above the mediator
mass and therefore no resonant structure arises.

We see that the Z+ jets background falls faster than
any of the DM scenarios, for all the transverse momen-
tum distributions shown. This implies that while inclu-
sively it is overwhelming, deviations from the background
can be observed more easily by searching in the boosted
regions. Comparing the three scenarios, we notice that the
distributions for the resonant scenario, fall more rapidly,
while the heavy DM and heavy mediator scenarios lead to
harder distributions in the tails.

The corresponding results for the pseudoscalar media-
tor are shown in Figs. 6, 7 and 8. These are almost iden-
tical to the results of the scalar propagator, with no vis-
ible di!erence in the normalised distributions for the jet
and missing transverse energy. We recall here that a vari-

able that can be used to distinguish between scalar and
pseudoscalar is the azimuthal separation between the two
leading jets produced in this process, as discussed for the
SM Higgs in H+2 jets in [37] and for DM searches in [11].
The slightly sharper threshold visible at 2mt is due to the
di!erent behaviour of the scalar and pseudoscalar ampli-
tudes.

For the case of scalar or pseudoscalar mediators, one
could also consider production cross-sections in the infinite
top mass limit, i.e. employing the Lagrangian of the form
[38]:

L =
!s

12"v
gSt Gµ!G

µ!Y0 +
!s

8"v
gPt Gµ!G̃

µ!Y0. (3)

Such an approach has the clear advantage of being much
simpler than computing full loop amplitudes and thanks
to this simplicity, the possibility of including NLO correc-
tions in QCD, see for instance [37]. Nevertheless, the accu-
racy of the infinite top approximation with respect to the
exact loop computation needs to be assessed on a case-by-
case basis. As an example, we show, in Fig. 9, a comparison
for the missing transverse energy distribution in the case
of the scalar mediator. It is clear from the plot that inte-
grating out the top quark leads to harder distributions in
the tails and the top-EFT result overshoots the loop-one
for all three scenarios. We see that for the resonant case,
the infinite top mass limit provides a reliable prediction
of the distribution shape up to 200 GeV. These observa-
tions are qualitatively consistent with the corresponding
studies for Higgs production in the SM, where the infinite
top mass limit fails at high Higgs transverse momentum.
Considering the fact that the DM searches focus on the
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Fig. 4. Missing transverse momentum distribution for pp !
!!̄+ jets for a scalar mediator.
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Fig. 5. Invariant mass distribution for the DM pair pp ! !!̄+
jets for a scalar mediator.

is zero due to Landau-Yang theorem [39, 40]. The quark-
gluon initiated contributions to the 1-jet process also van-
ish. In fact, any diagram involving a triangle with two
gluons and a vector mediator as the external legs van-
ishes, due to charge conjugation invariance. Therefore, in
the vector case, we only merge the 1 and 2-jet contribu-
tions. For numerical stability we have removed the trian-
gle diagrams at the time of generation of the code. The
di!erential distributions are shown in Figs. 10, 11 and 12.

The three scenarios display the same pattern as for the
scalar and pseudoscalar, i.e. the resonant case giving the
most rapidly falling distributions. The di!erence in the
shape between the vector and scalar/pseudoscalar distri-
butions originates from the absence of the 0-jet sample.
Consequently, both the missing pT and hardest jet dis-
tributions go to zero at low pT and present a maximum
at rather large pT values. The distribution of the invari-
ant mass of the DM pair for the heavy mediator scenario
shows a peak at both the 2mt threshold and the mass of
the mediator.

Similar results can be obtained for the axial-vector me-
diator. In this case though, there is a subtlety related to
the fact that if the axial-vector mediator couples only to
the top quark, this will lead to a gauge anomaly. In the
SM the gauge anomaly for the Z is exactly cancelled, as
the axial vector coupling to the Z for up and down quarks
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Fig. 6. Hardest and second hardest jet transverse momentum
distribution for pp ! !!̄+ jets for a pseudoscalar mediator.

di!ers by a minus sign. Only coupling the mediator to the
top, would imply that the theory is anomalous, which is
not expected in any UV complete theory. As we have al-
ready discussed in the introduction, a minimal solution to
this problem is to allow in this particular case the axial-
vector mediator to couple also to the bottom quark, with
a coupling opposite in sign to that of the top. In this case,
we perform the computation in the 4F scheme to again
focus on the loop-induced production.

The di!erential distributions are shown in Figs. 13, 14
and 15. The relative shapes for the three scenarios fol-
low the same patterns as the other three couplings for the
transverse momentum distributions, i.e. the resonant one
falls more rapidly. A di!erence compared to the vector me-
diator is seen in the DM invariant mass distribution for
the heavy mediator scenario. Due to the presence of the
bottom quarks in the loops, a significant fraction of the
cross-section lies at low invariant masses. The fact that the
width of the axial-vector mediator is significantly larger,
further enhances the o!-shell contribution. In fact, both
the transverse momentum and missing energy distribu-
tions are softer than the corresponding ones for the vector
mediator. Nevertheless, these distributions remain harder
than those of the Z background, facilitating boosted tech-
nique based searches.
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Try this out

http://feynrules.irmp.ucl.ac.be/wiki/DMsimp

Install the DMsimp_s_spin0.zip model into your mg5 Models/ directory 

Try out the following commands

import model DMsimp_s_spin0
generate p p > xd xd~ j DMS=2 QCD=3 QED=1 [QCD]

Check the diagrams and plot the missing pT distribution for the 
benchmarks on the previous slide 

How is this different from the previous example?


