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The (Inconvenient) Truth about DM

If particle DM exists, what do we know about it?

1. Mass  = ???  
2. Spin = ???  
3. Decays = ??? 
4. Interactions = Gravity, ??? 
5. Elementary = ??? 
6. …

Dark  
Matter:

DM could in principle only interact gravitationally… 
… in which case, the rest of 

 this talk is completely useless

We have many hints DM exist, but no direct evidence!
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Figure 1 | Dark matter candidates indicating the interdependence of the
interaction cross-section and particle mass97. The candidate most
generically within reach of indirect detection belongs to the concept of
weakly interacting massive particles (WIMPs), predicted by a variety of
theories, most notably supersymmetry—that is, the neutralino. KK stands
for Kaluza–Klein, LTP refers to lightest t(ime-parity)-odd particle and CDM
is cold dark matter. Figure reproduced from ref. 97.

that range between factors of a few to orders of magnitude, depen-
dent on what target is chosen. For decaying dark matter, the
respective cross-section enters linearly, with the corresponding
integral being sometimes referred to as the ‘D-factor’.

These uncertainties per se do not impact on the credibility of any
discovery. However, an additional challenge for indirect detection
is the fact that astrophysical sources, especially in the usual regime
of limited statistics, can mimic sources of dark matter annihilation.
Whereas direct detection also su�ers from (comparably smaller)
astrophysical uncertainties,mainly in the darkmatter velocity distri-
bution and local dark matter density, direct detection appears to be
themost straightforwardmethod for discovery, leaving the credibil-
ity subject only to the ambiguity in controlling the experimental set-
ups and instrumental backgrounds. Particle collider searches can
discover dark matter candidates, and once the connection is made
between these candidates and cosmological dark matter, they have
the chance to elucidate the properties of dark matter. However, once
again, owing to the uncertain nature of the potential interaction
channels, collider searches might still fail even if the mass range
would su�ce. Finally, indirect dark matter search techniques can
benefit from serendipity. Discoveries in the high-energy universe
have the potential to reveal places with extremely promising char-
acteristics for dark matter studies, and the indication of anomalies,
interpreted as potential dark matter signatures, may arise as the by-
product of studying other astrophysical phenomena. The history
of discoveries in astronomy, cosmology and astroparticle physics
testifies that serendipity, while unable to deploy into an active search
method, did bring substantial insights.

How to search for dark matter using indirect methods?
There are a variety of anticipated experimental signatures of particle
dark matter that leave imprints in the observable energy spectra
and/or spatial distribution of gamma-ray photons or charged cosmic

rays. Statistical techniques to exploit such signatures—foremost
the multi-dimensional profile likelihood and template-fitting signal
decomposition—have had significant impact on the progress of
indirect detection.

A principal challenge for indirect detection methods is the issue
of source confusion and poorly determined backgrounds. It is well
known that, both for the gamma ray and the charged cosmic-
ray channel, pulsars provide spectral signatures that are in most
practical cases indistinguishable from dark matter. So far the only
known smoking-gun signal indirect detection can provide is there-
fore based on the unique spectral features, the most spectacular
being a spectral line originating from the annihilation of darkmatter
particles with each other, resulting in either two photons or a boson
and a photon (or both, for multiple lines)3,4. Generically, such pro-
cesses are suppressed, as they are almost exclusively possible via loop
processes, but di�erent mechanisms can lead to enhancements5.
Distinctive spectral features not only provide a smoking-gun signal,
but they also allow the experimentalist to choose a data-driven
method for inferring the background, as control regions are easily
defined in this case.

There are celestial regions where dark matter searches appear
more promising. As detailed below, this relates to the anticipation
of the successful distinction between dark-matter-related emission
signatures and the omnipresent astrophysical backgrounds. When
exploring over-densities in gravitationally boundmatter, the regular
morphology of dark-matter-related signals turns out to be a power-
ful discriminator against usually unevenly structured astrophysical
emissions. N -body simulations of the cosmic structure allow for
the prediction of spatial mass density profiles, with the common
features among them being smooth and regular density gradients
away from a central mass or mass assembly, parametrized as the
Navarro–Frenk–White, Einasto, Moore, or Burkert dark-matter-
halo density distributions6–9.

An indirect method seeking for evidence for dark matter ann-
ihilation on cosmological scales10 measures the cross-correlation
between astronomical object catalogues11–13 or gravitational distor-
tion in the weak lensing regime14,15 and the extragalactic gamma-
ray background. Whereas a positive correlation is the principal
evidence for the cosmological origin of the extragalactic gamma-ray
background, cross-correlation signals originating from dark matter
annihilation are anticipated to be di�erent from those of astrophys-
ical foregrounds. The intensity, spectrum, and spatial distribution
of resolved and unresolved gamma-ray sources, as well as large-
scale galactic emission16,17, leave imprints on di�erent angular scales
than those of annihilating dark matter particles. The degeneracy
between di�erent scenarios and contributions is anticipated to be
reduced when the angular cross-correlation is investigated by con-
sidering a multitude of astronomical object catalogues, and in dif-
ferent energy windows. Another way to investigate the extragalactic
gamma-ray background for dark-matter-induced angular features
(anisotropies) on the cosmological scale emerged by considering the
auto-correlation angular power spectrum18–20. The predicted shape
of the angular power spectrumof gamma rays originating fromdark
matter annihilation deviates from that caused by other astrophysical
sources where intensity and density scale linearly. Guaranteed con-
tributions from unresolved sources to the extragalactic gamma-ray
background, as well as astrophysical foregrounds leaving imprints in
the angular power spectrum, render the interpretation of the results
from this method strongly conditional on the assumptions of the
analysis methodology.

Experimental techniques in cosmic-ray physics o�er su�ciently
precise measurements of the charge, charge-sign, momentum and
mass to identify individual cosmic-ray particles or nuclei over a
large energy range. This energy scale conveniently corresponds
to the mass range of WIMPs. Anomalies in cosmic-ray spectra,
or more precisely in the measurements of antiparticles such as
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Figure 1 | Dark matter candidates indicating the interdependence of the
interaction cross-section and particle mass97. The candidate most
generically within reach of indirect detection belongs to the concept of
weakly interacting massive particles (WIMPs), predicted by a variety of
theories, most notably supersymmetry—that is, the neutralino. KK stands
for Kaluza–Klein, LTP refers to lightest t(ime-parity)-odd particle and CDM
is cold dark matter. Figure reproduced from ref. 97.

that range between factors of a few to orders of magnitude, depen-
dent on what target is chosen. For decaying dark matter, the
respective cross-section enters linearly, with the corresponding
integral being sometimes referred to as the ‘D-factor’.

These uncertainties per se do not impact on the credibility of any
discovery. However, an additional challenge for indirect detection
is the fact that astrophysical sources, especially in the usual regime
of limited statistics, can mimic sources of dark matter annihilation.
Whereas direct detection also su�ers from (comparably smaller)
astrophysical uncertainties,mainly in the darkmatter velocity distri-
bution and local dark matter density, direct detection appears to be
themost straightforwardmethod for discovery, leaving the credibil-
ity subject only to the ambiguity in controlling the experimental set-
ups and instrumental backgrounds. Particle collider searches can
discover dark matter candidates, and once the connection is made
between these candidates and cosmological dark matter, they have
the chance to elucidate the properties of dark matter. However, once
again, owing to the uncertain nature of the potential interaction
channels, collider searches might still fail even if the mass range
would su�ce. Finally, indirect dark matter search techniques can
benefit from serendipity. Discoveries in the high-energy universe
have the potential to reveal places with extremely promising char-
acteristics for dark matter studies, and the indication of anomalies,
interpreted as potential dark matter signatures, may arise as the by-
product of studying other astrophysical phenomena. The history
of discoveries in astronomy, cosmology and astroparticle physics
testifies that serendipity, while unable to deploy into an active search
method, did bring substantial insights.

How to search for dark matter using indirect methods?
There are a variety of anticipated experimental signatures of particle
dark matter that leave imprints in the observable energy spectra
and/or spatial distribution of gamma-ray photons or charged cosmic

rays. Statistical techniques to exploit such signatures—foremost
the multi-dimensional profile likelihood and template-fitting signal
decomposition—have had significant impact on the progress of
indirect detection.

A principal challenge for indirect detection methods is the issue
of source confusion and poorly determined backgrounds. It is well
known that, both for the gamma ray and the charged cosmic-
ray channel, pulsars provide spectral signatures that are in most
practical cases indistinguishable from dark matter. So far the only
known smoking-gun signal indirect detection can provide is there-
fore based on the unique spectral features, the most spectacular
being a spectral line originating from the annihilation of darkmatter
particles with each other, resulting in either two photons or a boson
and a photon (or both, for multiple lines)3,4. Generically, such pro-
cesses are suppressed, as they are almost exclusively possible via loop
processes, but di�erent mechanisms can lead to enhancements5.
Distinctive spectral features not only provide a smoking-gun signal,
but they also allow the experimentalist to choose a data-driven
method for inferring the background, as control regions are easily
defined in this case.

There are celestial regions where dark matter searches appear
more promising. As detailed below, this relates to the anticipation
of the successful distinction between dark-matter-related emission
signatures and the omnipresent astrophysical backgrounds. When
exploring over-densities in gravitationally boundmatter, the regular
morphology of dark-matter-related signals turns out to be a power-
ful discriminator against usually unevenly structured astrophysical
emissions. N -body simulations of the cosmic structure allow for
the prediction of spatial mass density profiles, with the common
features among them being smooth and regular density gradients
away from a central mass or mass assembly, parametrized as the
Navarro–Frenk–White, Einasto, Moore, or Burkert dark-matter-
halo density distributions6–9.

An indirect method seeking for evidence for dark matter ann-
ihilation on cosmological scales10 measures the cross-correlation
between astronomical object catalogues11–13 or gravitational distor-
tion in the weak lensing regime14,15 and the extragalactic gamma-
ray background. Whereas a positive correlation is the principal
evidence for the cosmological origin of the extragalactic gamma-ray
background, cross-correlation signals originating from dark matter
annihilation are anticipated to be di�erent from those of astrophys-
ical foregrounds. The intensity, spectrum, and spatial distribution
of resolved and unresolved gamma-ray sources, as well as large-
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than those of annihilating dark matter particles. The degeneracy
between di�erent scenarios and contributions is anticipated to be
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ferent energy windows. Another way to investigate the extragalactic
gamma-ray background for dark-matter-induced angular features
(anisotropies) on the cosmological scale emerged by considering the
auto-correlation angular power spectrum18–20. The predicted shape
of the angular power spectrumof gamma rays originating fromdark
matter annihilation deviates from that caused by other astrophysical
sources where intensity and density scale linearly. Guaranteed con-
tributions from unresolved sources to the extragalactic gamma-ray
background, as well as astrophysical foregrounds leaving imprints in
the angular power spectrum, render the interpretation of the results
from this method strongly conditional on the assumptions of the
analysis methodology.

Experimental techniques in cosmic-ray physics o�er su�ciently
precise measurements of the charge, charge-sign, momentum and
mass to identify individual cosmic-ray particles or nuclei over a
large energy range. This energy scale conveniently corresponds
to the mass range of WIMPs. Anomalies in cosmic-ray spectra,
or more precisely in the measurements of antiparticles such as
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Figure 1 | Dark matter candidates indicating the interdependence of the
interaction cross-section and particle mass97. The candidate most
generically within reach of indirect detection belongs to the concept of
weakly interacting massive particles (WIMPs), predicted by a variety of
theories, most notably supersymmetry—that is, the neutralino. KK stands
for Kaluza–Klein, LTP refers to lightest t(ime-parity)-odd particle and CDM
is cold dark matter. Figure reproduced from ref. 97.

that range between factors of a few to orders of magnitude, depen-
dent on what target is chosen. For decaying dark matter, the
respective cross-section enters linearly, with the corresponding
integral being sometimes referred to as the ‘D-factor’.

These uncertainties per se do not impact on the credibility of any
discovery. However, an additional challenge for indirect detection
is the fact that astrophysical sources, especially in the usual regime
of limited statistics, can mimic sources of dark matter annihilation.
Whereas direct detection also su�ers from (comparably smaller)
astrophysical uncertainties,mainly in the darkmatter velocity distri-
bution and local dark matter density, direct detection appears to be
themost straightforwardmethod for discovery, leaving the credibil-
ity subject only to the ambiguity in controlling the experimental set-
ups and instrumental backgrounds. Particle collider searches can
discover dark matter candidates, and once the connection is made
between these candidates and cosmological dark matter, they have
the chance to elucidate the properties of dark matter. However, once
again, owing to the uncertain nature of the potential interaction
channels, collider searches might still fail even if the mass range
would su�ce. Finally, indirect dark matter search techniques can
benefit from serendipity. Discoveries in the high-energy universe
have the potential to reveal places with extremely promising char-
acteristics for dark matter studies, and the indication of anomalies,
interpreted as potential dark matter signatures, may arise as the by-
product of studying other astrophysical phenomena. The history
of discoveries in astronomy, cosmology and astroparticle physics
testifies that serendipity, while unable to deploy into an active search
method, did bring substantial insights.

How to search for dark matter using indirect methods?
There are a variety of anticipated experimental signatures of particle
dark matter that leave imprints in the observable energy spectra
and/or spatial distribution of gamma-ray photons or charged cosmic

rays. Statistical techniques to exploit such signatures—foremost
the multi-dimensional profile likelihood and template-fitting signal
decomposition—have had significant impact on the progress of
indirect detection.

A principal challenge for indirect detection methods is the issue
of source confusion and poorly determined backgrounds. It is well
known that, both for the gamma ray and the charged cosmic-
ray channel, pulsars provide spectral signatures that are in most
practical cases indistinguishable from dark matter. So far the only
known smoking-gun signal indirect detection can provide is there-
fore based on the unique spectral features, the most spectacular
being a spectral line originating from the annihilation of darkmatter
particles with each other, resulting in either two photons or a boson
and a photon (or both, for multiple lines)3,4. Generically, such pro-
cesses are suppressed, as they are almost exclusively possible via loop
processes, but di�erent mechanisms can lead to enhancements5.
Distinctive spectral features not only provide a smoking-gun signal,
but they also allow the experimentalist to choose a data-driven
method for inferring the background, as control regions are easily
defined in this case.

There are celestial regions where dark matter searches appear
more promising. As detailed below, this relates to the anticipation
of the successful distinction between dark-matter-related emission
signatures and the omnipresent astrophysical backgrounds. When
exploring over-densities in gravitationally boundmatter, the regular
morphology of dark-matter-related signals turns out to be a power-
ful discriminator against usually unevenly structured astrophysical
emissions. N -body simulations of the cosmic structure allow for
the prediction of spatial mass density profiles, with the common
features among them being smooth and regular density gradients
away from a central mass or mass assembly, parametrized as the
Navarro–Frenk–White, Einasto, Moore, or Burkert dark-matter-
halo density distributions6–9.

An indirect method seeking for evidence for dark matter ann-
ihilation on cosmological scales10 measures the cross-correlation
between astronomical object catalogues11–13 or gravitational distor-
tion in the weak lensing regime14,15 and the extragalactic gamma-
ray background. Whereas a positive correlation is the principal
evidence for the cosmological origin of the extragalactic gamma-ray
background, cross-correlation signals originating from dark matter
annihilation are anticipated to be di�erent from those of astrophys-
ical foregrounds. The intensity, spectrum, and spatial distribution
of resolved and unresolved gamma-ray sources, as well as large-
scale galactic emission16,17, leave imprints on di�erent angular scales
than those of annihilating dark matter particles. The degeneracy
between di�erent scenarios and contributions is anticipated to be
reduced when the angular cross-correlation is investigated by con-
sidering a multitude of astronomical object catalogues, and in dif-
ferent energy windows. Another way to investigate the extragalactic
gamma-ray background for dark-matter-induced angular features
(anisotropies) on the cosmological scale emerged by considering the
auto-correlation angular power spectrum18–20. The predicted shape
of the angular power spectrumof gamma rays originating fromdark
matter annihilation deviates from that caused by other astrophysical
sources where intensity and density scale linearly. Guaranteed con-
tributions from unresolved sources to the extragalactic gamma-ray
background, as well as astrophysical foregrounds leaving imprints in
the angular power spectrum, render the interpretation of the results
from this method strongly conditional on the assumptions of the
analysis methodology.

Experimental techniques in cosmic-ray physics o�er su�ciently
precise measurements of the charge, charge-sign, momentum and
mass to identify individual cosmic-ray particles or nuclei over a
large energy range. This energy scale conveniently corresponds
to the mass range of WIMPs. Anomalies in cosmic-ray spectra,
or more precisely in the measurements of antiparticles such as
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Figure 1 | Dark matter candidates indicating the interdependence of the
interaction cross-section and particle mass97. The candidate most
generically within reach of indirect detection belongs to the concept of
weakly interacting massive particles (WIMPs), predicted by a variety of
theories, most notably supersymmetry—that is, the neutralino. KK stands
for Kaluza–Klein, LTP refers to lightest t(ime-parity)-odd particle and CDM
is cold dark matter. Figure reproduced from ref. 97.

that range between factors of a few to orders of magnitude, depen-
dent on what target is chosen. For decaying dark matter, the
respective cross-section enters linearly, with the corresponding
integral being sometimes referred to as the ‘D-factor’.

These uncertainties per se do not impact on the credibility of any
discovery. However, an additional challenge for indirect detection
is the fact that astrophysical sources, especially in the usual regime
of limited statistics, can mimic sources of dark matter annihilation.
Whereas direct detection also su�ers from (comparably smaller)
astrophysical uncertainties,mainly in the darkmatter velocity distri-
bution and local dark matter density, direct detection appears to be
themost straightforwardmethod for discovery, leaving the credibil-
ity subject only to the ambiguity in controlling the experimental set-
ups and instrumental backgrounds. Particle collider searches can
discover dark matter candidates, and once the connection is made
between these candidates and cosmological dark matter, they have
the chance to elucidate the properties of dark matter. However, once
again, owing to the uncertain nature of the potential interaction
channels, collider searches might still fail even if the mass range
would su�ce. Finally, indirect dark matter search techniques can
benefit from serendipity. Discoveries in the high-energy universe
have the potential to reveal places with extremely promising char-
acteristics for dark matter studies, and the indication of anomalies,
interpreted as potential dark matter signatures, may arise as the by-
product of studying other astrophysical phenomena. The history
of discoveries in astronomy, cosmology and astroparticle physics
testifies that serendipity, while unable to deploy into an active search
method, did bring substantial insights.

How to search for dark matter using indirect methods?
There are a variety of anticipated experimental signatures of particle
dark matter that leave imprints in the observable energy spectra
and/or spatial distribution of gamma-ray photons or charged cosmic

rays. Statistical techniques to exploit such signatures—foremost
the multi-dimensional profile likelihood and template-fitting signal
decomposition—have had significant impact on the progress of
indirect detection.

A principal challenge for indirect detection methods is the issue
of source confusion and poorly determined backgrounds. It is well
known that, both for the gamma ray and the charged cosmic-
ray channel, pulsars provide spectral signatures that are in most
practical cases indistinguishable from dark matter. So far the only
known smoking-gun signal indirect detection can provide is there-
fore based on the unique spectral features, the most spectacular
being a spectral line originating from the annihilation of darkmatter
particles with each other, resulting in either two photons or a boson
and a photon (or both, for multiple lines)3,4. Generically, such pro-
cesses are suppressed, as they are almost exclusively possible via loop
processes, but di�erent mechanisms can lead to enhancements5.
Distinctive spectral features not only provide a smoking-gun signal,
but they also allow the experimentalist to choose a data-driven
method for inferring the background, as control regions are easily
defined in this case.

There are celestial regions where dark matter searches appear
more promising. As detailed below, this relates to the anticipation
of the successful distinction between dark-matter-related emission
signatures and the omnipresent astrophysical backgrounds. When
exploring over-densities in gravitationally boundmatter, the regular
morphology of dark-matter-related signals turns out to be a power-
ful discriminator against usually unevenly structured astrophysical
emissions. N -body simulations of the cosmic structure allow for
the prediction of spatial mass density profiles, with the common
features among them being smooth and regular density gradients
away from a central mass or mass assembly, parametrized as the
Navarro–Frenk–White, Einasto, Moore, or Burkert dark-matter-
halo density distributions6–9.

An indirect method seeking for evidence for dark matter ann-
ihilation on cosmological scales10 measures the cross-correlation
between astronomical object catalogues11–13 or gravitational distor-
tion in the weak lensing regime14,15 and the extragalactic gamma-
ray background. Whereas a positive correlation is the principal
evidence for the cosmological origin of the extragalactic gamma-ray
background, cross-correlation signals originating from dark matter
annihilation are anticipated to be di�erent from those of astrophys-
ical foregrounds. The intensity, spectrum, and spatial distribution
of resolved and unresolved gamma-ray sources, as well as large-
scale galactic emission16,17, leave imprints on di�erent angular scales
than those of annihilating dark matter particles. The degeneracy
between di�erent scenarios and contributions is anticipated to be
reduced when the angular cross-correlation is investigated by con-
sidering a multitude of astronomical object catalogues, and in dif-
ferent energy windows. Another way to investigate the extragalactic
gamma-ray background for dark-matter-induced angular features
(anisotropies) on the cosmological scale emerged by considering the
auto-correlation angular power spectrum18–20. The predicted shape
of the angular power spectrumof gamma rays originating fromdark
matter annihilation deviates from that caused by other astrophysical
sources where intensity and density scale linearly. Guaranteed con-
tributions from unresolved sources to the extragalactic gamma-ray
background, as well as astrophysical foregrounds leaving imprints in
the angular power spectrum, render the interpretation of the results
from this method strongly conditional on the assumptions of the
analysis methodology.

Experimental techniques in cosmic-ray physics o�er su�ciently
precise measurements of the charge, charge-sign, momentum and
mass to identify individual cosmic-ray particles or nuclei over a
large energy range. This energy scale conveniently corresponds
to the mass range of WIMPs. Anomalies in cosmic-ray spectra,
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For rapid progress on the theory side 
DM tools need to be: 

!
1.  Comprehensive 

!
2.  Integrated (Inheritance)  

!
3. Accurate/Precise (NLO)
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Comprehensive DM tools

Comprehensive DM tools need to be able to 
calculate all possible signatures while taking into 

account complex parameter spaces!



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, ��

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 Je�eys’ 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 ⇥ to ensure perturbativity. We implement the relic

– 7 –

Example: Top-philic DM simplified model

Scan over four  

 free parameters (non-trivial): 

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

tationThe 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

L Y0
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 = ⌃
2m

t/v where v = 246 GeV

is the Higgs vacuum expectation value and m
t 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(⇥ ��) ⇥ 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 , m
X , m

Y } ,

(2.2)

while the width �
Y 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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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 2�, 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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MadDM

Example: top-philic DM

This study is an proof of principle that automated 
comprehensive studies of dark matter models are within reach!

C. Arina. et. al. JHEP 1611 (2016) 111

darkBit now 
doing something  

similar



Parameter scanning Cosmological 
Signatures 

Astrophysical Signatures 

Already 
linked very"

 well for 
many tools!

SusyHIT, ISAJET (for SUSY)…

FeynRules, LanHEP…

MadGraph, Sherpa, 
CalcHEP, CompHEP,  

POWHEG…  
/ Pythia, HERWIG,  

Whizard…

DM model

Model files

Spectrum/decay 

Proces Generation / 
Showering & 
Hadronization

Detector sim.

?

What about these?!

PGS, Delphes,  
GEANT…

Collider signatures

?
MadAnalysis, 
Checkmate,  

ATOM, 
Fastlim 

….

?

DM Tool Integration



Parameter scanning Cosmological 
Signatures 

Astrophysical Signatures 

SusyHIT, ISAJET (for SUSY)…

FeynRules, LanHEP…

MadGraph, Sherpa, 
CalcHEP, CompHEP,  

POWHEG…  
/ Pythia, HERWIG,  

Whizard…

DM model

Model files

Spectrum/decay 

Proces Generation / 
Showering & 
Hadronization

Detector sim.

?

What about these?!

PGS, Delphes,  
GEANT…

Collider signatures

?
MadAnalysis, 
Checkmate,  

ATOM, 
Fastlim 

….

?

Agile DM tools start here,  
and build on existing  

collider tools! 
(MadDM, micrOMEGAs)

DM Tool Integration



DM Tool Integration
DM tools can and should inherit features of collider tools  

(e.g. MadDM and micrOMEGAs):

(LO) MadGraph (LO) MadDM

(NLO) 
MG5_aMC@NLO (NLO) MadDM

Example issue: Does the divergence subtraction scheme / 
matrix element integration work for initial states with               ?v ⇠ 10�6

D
ev

el
op

m
en

t

“Automatic”

- typically requires a high degree of tool integration
- demands that we rethink how to code the tools.



Integration of MadDM w/ MG5_aMC@NLO
MadDM is now a MG5 plugin (took a long time and required some 
structural changes both in MadDM and MG5_aMC@NLO)

This means that you can install it using the MG5 interface
MG5_aMC> install maddm

It also means that MadDM now inherits the features of MG5

DECAY  54 AUTO # WY0  (set up in param_card.dat)
★Automatic resonance width computation

★Integrated parameter scans
54 scan:range(100, 1000, 100) # MY0 (set up in param_card.dat)

★Ability to do calculations at NLO / Loop induced!



We also completely revamped the interface
import model DMsimp_spin0_LO_UFO 
define darkmatter xd  
generate relic_density 
generate direct_detection  
generate indirect_detection b b~  
add indirect_detection a a    <———— Will do loop induced annihilation!!  
…                             <———— Collider signatures here soon!!  
output DMsimp  
launch

We still need to finish the astro-physical part for the 
ID (cosmic ray flux/propagation)!

Integration of MadDM w/ MG5_aMC@NLO



The result of launch feels and looks like a MG5 run:
Here is the current status of requested run :  
 * Enter the name/number to (de-)activate the corresponding feature 
    1. Compute the Relic Density     relic       = ON 
    2. Compute Direct Detection      direct      = ON 
    3. Compute Directional Detection directional = ON 
    4. Compute Indirect Detection    indirect    = ON 
 You can also edit the various input card: 
 * Enter the name/number to open the editor 
 * Enter a path to a file to replace the card 
 * Enter set NAME value to change any parameter to the requested value  
    4. Edit the model parameters    [param] 
    5. Edit the MadDM options       [maddm] 

INFO: *** RESULTS ***  
INFO:    relic density  : 8.69e+04  Model excluded (relic not in range [0,0.12])  
INFO:    x_f            : 5.00  
INFO:    sigmav(xf)     : 1.35e-15 GeV^-2 = 5.25e-07 pb  
INFO:  sigmaN_SI_p      : 2.74e-19 GeV^-2 = 1.07e-10 pb  
INFO:  sigmaN_SI_n      : 2.81e-19 GeV^-2 = 1.09e-10 pb  
INFO:  sigmaN_SD_p      : 4.17e-34 GeV^-2 = 1.62e-25 pb  
INFO:  sigmaN_SD_n      : 2.01e-33 GeV^-2 = 7.82e-25 pb  
INFO:  Nevents          : 1  
INFO:  smearing         : 0.00e+00  
INFO: Indirect detection cross section at v = 1e-03: 2.33e-09+-4e-12

A standard output:

Integration of MadDM w/ MG5_aMC@NLO



DM Tool Integration
MG plugins are great, but the framework could 
be improvement.

MadDM"
(relic density, direct 
detection, indirect 

detection…)

MG5_aMC@NLO 
(jet + MET, ttbar…)

MadAnalysis"
hypotesis testing ?



DM Tool Integration

MadDM"
(relic density, direct 
detection, indirect 

detection…)

MG5_aMC@NLO 
(jet + MET, ttbar…)

MadAnalysis"
hypotesis testing

Data sharing 
“module”

Different plugins/codes should be able to 
“communicate” efficiently!

MG plugins are great, but the framework could 
be improvement.



DM at Higher Order
There are currently two leading (but not only) reasons to 
go to higher order in perturbation theory in DM physics:

1) Precision   
(at the moment) mostly for colliders

2) Loop induced processes   
	 relevant for colliders, relic density,  
	 indirect detection…



1) Precision  
DM at Higher Order

Mostly studied in the context of simplified models. (NLO in QCD)

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, ��

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 Je�eys’ 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 ⇥ to ensure perturbativity. We implement the relic
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e.g. SM+DM+mediator
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1605.09242
Example: Top-philic DM simplified model

e.g. SM+DM+mediator

Precision not paramount for relic density  
and indirect detection 

(very large systematic uncertainties from cosmology and 
astro-physics)



DM at Higher Order
Higher order corrections affect overall rates, distribution 
shapes and scale dependence: 12 M. Backović et al.: Higher-order QCD predictions for dark matter production at the LHC in simplified models
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Fig. 7. ⌘ distributions of the hardest jet for pp ! XX̄+j at the 13-TeV LHC for four benchmark points specified by (mY ,mX),
where we assume a pure vector mediator and Dirac DM and the MET > 150 GeV cut is imposed. The middle and bottom
panels show the di↵erential scale uncertainties and K factors, respectively.
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Fig. 12. Distribution of the invariant mass of the top-quark pair for pp ! XX̄ + tt̄ at the 13-TeV LHC for di↵erent mediator
masses with the DM mass fixed at 50 GeV, where we assume a pure scalar mediator and Dirac DM. The middle and bottom
panels show the di↵erential scale uncertainties and K factors, respectively.
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Fig. 13. Same as Fig. 12, but for the pseudo-scalar mediator scenario.

for the heavy case. The inclusion of NLO corrections re-
sults in a drastic improvement of the scale uncertainties,
from up to 40% at LO to typically only about 10% at
NLO. Also, the PDF uncertainties are reduced by approx-
imately a factor of two when going from LO to NLO.

Table 3 also shows clear di↵erences between the over-
all production rates in the cases of scalar and pseudo-
scalar mediators. For mediator mass of O(10) GeV we
find that DM production cross section via scalar medi-
ators is an order of magnitude larger compared to the
production rate via the pseudo-scalar mediator with the
same mass. The large di↵erence occurs due to the fact
that in case of mX < mY ⌧ mt, the production cross
section is dominated by the t ! tY0 fragmentation. In
case of the scalar mediator, the t ! tY0 fragmentation
function contains terms with soft singularities of the form
(1� x)/x – where x is the momentum fraction carried by
the mediator – causing enhancements in the production

rate [64]. The soft-enhanced term is absent in the case
of a pseudo-scalar mediator [65], explaining the order of
magnitude di↵erence between the total rates of the scalar
and pseudo-scalar mediators.

In cases where either DM or the mediator is produced
close to threshold, we observe that the production cross
section in the pseudo-scalar mediator case is larger. The
e↵ect can be attributed to the production rate originating
mainly from top fusion diagrams. The production of a
DM (Dirac) pair via scalar mediators tt̄ ! Y0 ! XX̄
at threshold can proceed only via a P -wave (3P0) and is
hence suppressed by extra two powers of � =

p
1� 4m2

t/s
[66]. Conversely, production of DM pair via pseudo-scalar
mediators can proceed via an S-wave (1S0) and hence does
not su↵er any kinematic suppression.



DM at Higher Order
Scale dependence is important for interpretation of the LHC 
dark matter searches!

(mY , mX) �LO [pb] CLLO [%] �NLO [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
(0.5µ

0

< µR,F < 2µ
0

) are also shown.

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 [51]. 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

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. [7]). 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

– 22 –

Figure 8. Constraints on simplified top-philic dark matter scenarios from the CMS 8TeV tt̄+ /

ET

analysis [59]. 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.

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 e↵ects 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 M

W
T2 for which

distributions are shown in figure 9. We normalise the distributions to 100, 10 and 1 for

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. [36],

higher-order corrections have a rather mild e↵ect 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 [51, 62, 63], mono-Z [52, 64–67]

and mono-Higgs [53, 68–70] 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

– 21 –



DM at Higher Order
Mostly studied in the context of simplified models. (NLO in QCD)

Publication Mediator (s-ch.) DM Interactions
arXiv:1508.05327	


(Backovic, Kramer, Maltoni, 
Martini, Mawatari, Pellen)	


S, PS, V, PV Dirac, Scalar, CScalar q, t

arXiv:1508.00564	

(Mattelaer, Vryonidou) S, PS, V, PV Dirac b,t (loop induced)

arXiv:1509.05785	

(Neubert, S, PS, V, PV Dirac, Cscalar Z

With the help of FeynRules+NLOCT
+MG5_aMC, all of these papers were 

written within in a couple of months.
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Figure 1. Ratio of the mediator width to its mass �Y /mY (upper panels) and mediator branching
ratios (lower panels) as a function of the mediator mass for di↵erent coupling choices and a dark
matter mass fixed to mX = 50 GeV (solid lines) and 300 GeV (dashed lines).

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, ��

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

– 6 –

2) Loop induced processes
Example:

Currently there is no DM tool which  
can calculate this process (in a generic model)!

Super relevant for relic density and cosmic  
ray flux calculations in some models

�

�̄



Current DM tools

Tool Relic 
Density

Direct 
Detection

Indirect 
Detection Colliders

Advanced  
parameter 
scanning

Generic 
model NLO

MadDM/
MG5_aMC@NLO Yes Yes No/Soon Yes No/Soon Yes Yes*
micrOMEGAs/

Calchep Yes Yes Yes Yes No Yes No

darkSUSY*** Yes Yes Yes No Yes No No

DM@NLO Yes Yes Yes No No No Yes**

* for relic density and ID.

There are a few existing tools on the market, but no tool can 
do everything yet!

** for colliders, soon for ID, maybe relic density
*** also Isatools, SSARD, Drees, Roskowski

Red color means 
no prospects in the 

near future!



BACKUP
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Giant K-factors in simplified DM models
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Fig. 6. Same as Fig. 5, but for the second hardest jet.

(Think W+jets with 
high jet pT at NLO)
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axial-vector

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

�LO [pb] 2.130⇥ 102
+10.6
�9.3 ±1.6% 1.573⇥ 101

+14.4
�12.0 ±1.1% 1.633⇥ 100

+17.3
�14.0 ±1.9%

100 undecayed �NLO [pb] 3.063⇥ 102
+6.9
�6.1 ±0.5% 2.153⇥ 101

+7.7
�7.4 ±0.6% 2.055⇥ 100

+8.4
�8.3 ±1.6%

K factor 1.44 1.37 1.26

�LO [pb] 1.101⇥ 102
+10.6
�9.3 ±1.6% 0.825⇥ 101

+14.4
�12.1 ±1.1% 0.854⇥ 100

+17.4
�14.1 ±2%

(100, 1) mY >2mX �NLO [pb] 1.549⇥ 102
+6.8
�6.0 ±0.5% 1.127⇥ 101

+7.4
�7.2 ±0.6% 1.063⇥ 100

+8.2
�8.2 ±1.2%

K factor 1.41 1.37 1.24

�LO [pb] 3.070⇥ 100
+11.6
�10.0 ±1.5% 3.359⇥ 10�1 +14.9

�12.4 ±1.2% 4.457⇥ 10�2 +17.7
�14.3 ±1.8%

(95, 50) mY .2mX �NLO [pb] 4.093⇥ 100
+6.0
�5.7 ±0.5% 4.302⇥ 10�1 +6.7

�6.9 ±0.7% 5.079⇥ 10�2 +6.9
�7.4 ±1.3%

K factor 1.33 1.28 1.14

�LO [pb] 2.298⇥ 10�3 +18.1
�14.5 ±5% 7.839⇥ 10�4 +19.5

�15.4 ±5.3% 2.558⇥ 10�4 +21.2
�16.5 ±6.3%

(100, 500) mY <2mX �NLO [pb] 2.502⇥ 10�3 +5.9
�6.8 ±2.5% 7.972⇥ 10�4 +6.2

�7.3 ±2.6% 2.383⇥ 10�4 +6.1
�7.5 ±3.0%

K factor 1.09 1.02 0.93

Table 2. Same as Table 1, but for the axial-vector mediator scenario.
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Fig. 3. MET distribution at (N)LO+PS accuracy for pp ! XX̄ + j at the 13-TeV LHC for (mY ,mX) = (10, 1) GeV (left)
and (mY ,mX) = (100, 1) GeV (right). The lower panels provide information on the di↵erential scale uncertainty and K factor.

coupling is vector-like the DM pair can be in a 3S1 state,
while if it is axial-like it will be in a 3P1 state, i.e. sup-
pressed at threshold. The similar argument holds in case
of gg ! Y0 + tt̄ case, as we show in Sect. 4.

The NLO e↵ects are very similar to the vector me-
diator scenario for all the mass combinations as well as
the MET cuts. Although we do not show the mixed sce-
nario of vector and axial-vector, one can easily compute
such scenarios by changing the coupling parameters in our
simplified model.

The parameter point (mY ,mX) = (10, 1) GeV war-
rants special attention, as it illustrates a case of large NLO
corrections (so-called “giant K factors” [56]), which might
arise in the limit where pjT � mY ,mX . The giant K fac-
tors in the pp ! Y1 + j process occur due to the opening
of the pp ! Y1 + jj channel at NLO. This process can
lead to a di-jet event topology with a soft, collinear emis-
sion of Y1. In the regime of pjT � mY , the Y1 emission
behaves similar to an emission of a massless gauge bo-
son, where the diagrams with dijet topologies contribute

Relevant when
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axial-vector

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

�LO [pb] 2.130⇥ 102
+10.6
�9.3 ±1.6% 1.573⇥ 101

+14.4
�12.0 ±1.1% 1.633⇥ 100

+17.3
�14.0 ±1.9%

100 undecayed �NLO [pb] 3.063⇥ 102
+6.9
�6.1 ±0.5% 2.153⇥ 101

+7.7
�7.4 ±0.6% 2.055⇥ 100

+8.4
�8.3 ±1.6%

K factor 1.44 1.37 1.26

�LO [pb] 1.101⇥ 102
+10.6
�9.3 ±1.6% 0.825⇥ 101

+14.4
�12.1 ±1.1% 0.854⇥ 100

+17.4
�14.1 ±2%

(100, 1) mY >2mX �NLO [pb] 1.549⇥ 102
+6.8
�6.0 ±0.5% 1.127⇥ 101

+7.4
�7.2 ±0.6% 1.063⇥ 100

+8.2
�8.2 ±1.2%

K factor 1.41 1.37 1.24

�LO [pb] 3.070⇥ 100
+11.6
�10.0 ±1.5% 3.359⇥ 10�1 +14.9

�12.4 ±1.2% 4.457⇥ 10�2 +17.7
�14.3 ±1.8%

(95, 50) mY .2mX �NLO [pb] 4.093⇥ 100
+6.0
�5.7 ±0.5% 4.302⇥ 10�1 +6.7

�6.9 ±0.7% 5.079⇥ 10�2 +6.9
�7.4 ±1.3%

K factor 1.33 1.28 1.14

�LO [pb] 2.298⇥ 10�3 +18.1
�14.5 ±5% 7.839⇥ 10�4 +19.5

�15.4 ±5.3% 2.558⇥ 10�4 +21.2
�16.5 ±6.3%

(100, 500) mY <2mX �NLO [pb] 2.502⇥ 10�3 +5.9
�6.8 ±2.5% 7.972⇥ 10�4 +6.2

�7.3 ±2.6% 2.383⇥ 10�4 +6.1
�7.5 ±3.0%

K factor 1.09 1.02 0.93

Table 2. Same as Table 1, but for the axial-vector mediator scenario.
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Fig. 3. MET distribution at (N)LO+PS accuracy for pp ! XX̄ + j at the 13-TeV LHC for (mY ,mX) = (10, 1) GeV (left)
and (mY ,mX) = (100, 1) GeV (right). The lower panels provide information on the di↵erential scale uncertainty and K factor.

coupling is vector-like the DM pair can be in a 3S1 state,
while if it is axial-like it will be in a 3P1 state, i.e. sup-
pressed at threshold. The similar argument holds in case
of gg ! Y0 + tt̄ case, as we show in Sect. 4.

The NLO e↵ects are very similar to the vector me-
diator scenario for all the mass combinations as well as
the MET cuts. Although we do not show the mixed sce-
nario of vector and axial-vector, one can easily compute
such scenarios by changing the coupling parameters in our
simplified model.

The parameter point (mY ,mX) = (10, 1) GeV war-
rants special attention, as it illustrates a case of large NLO
corrections (so-called “giant K factors” [56]), which might
arise in the limit where pjT � mY ,mX . The giant K fac-
tors in the pp ! Y1 + j process occur due to the opening
of the pp ! Y1 + jj channel at NLO. This process can
lead to a di-jet event topology with a soft, collinear emis-
sion of Y1. In the regime of pjT � mY , the Y1 emission
behaves similar to an emission of a massless gauge bo-
son, where the diagrams with dijet topologies contribute

LO:
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axial-vector

(mY ,mX) [GeV] MET > 150 GeV MET > 300 GeV MET > 500 GeV
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+10.6
�9.3 ±1.6% 1.573⇥ 101

+14.4
�12.0 ±1.1% 1.633⇥ 100

+17.3
�14.0 ±1.9%
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+7.7
�7.4 ±0.6% 2.055⇥ 100
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K factor 1.44 1.37 1.26
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+10.6
�9.3 ±1.6% 0.825⇥ 101

+14.4
�12.1 ±1.1% 0.854⇥ 100

+17.4
�14.1 ±2%
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+6.8
�6.0 ±0.5% 1.127⇥ 101

+7.4
�7.2 ±0.6% 1.063⇥ 100
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�10.0 ±1.5% 3.359⇥ 10�1 +14.9

�12.4 ±1.2% 4.457⇥ 10�2 +17.7
�14.3 ±1.8%

(95, 50) mY .2mX �NLO [pb] 4.093⇥ 100
+6.0
�5.7 ±0.5% 4.302⇥ 10�1 +6.7

�6.9 ±0.7% 5.079⇥ 10�2 +6.9
�7.4 ±1.3%

K factor 1.33 1.28 1.14

�LO [pb] 2.298⇥ 10�3 +18.1
�14.5 ±5% 7.839⇥ 10�4 +19.5

�15.4 ±5.3% 2.558⇥ 10�4 +21.2
�16.5 ±6.3%

(100, 500) mY <2mX �NLO [pb] 2.502⇥ 10�3 +5.9
�6.8 ±2.5% 7.972⇥ 10�4 +6.2

�7.3 ±2.6% 2.383⇥ 10�4 +6.1
�7.5 ±3.0%

K factor 1.09 1.02 0.93

Table 2. Same as Table 1, but for the axial-vector mediator scenario.
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Fig. 3. MET distribution at (N)LO+PS accuracy for pp ! XX̄ + j at the 13-TeV LHC for (mY ,mX) = (10, 1) GeV (left)
and (mY ,mX) = (100, 1) GeV (right). The lower panels provide information on the di↵erential scale uncertainty and K factor.

coupling is vector-like the DM pair can be in a 3S1 state,
while if it is axial-like it will be in a 3P1 state, i.e. sup-
pressed at threshold. The similar argument holds in case
of gg ! Y0 + tt̄ case, as we show in Sect. 4.

The NLO e↵ects are very similar to the vector me-
diator scenario for all the mass combinations as well as
the MET cuts. Although we do not show the mixed sce-
nario of vector and axial-vector, one can easily compute
such scenarios by changing the coupling parameters in our
simplified model.

The parameter point (mY ,mX) = (10, 1) GeV war-
rants special attention, as it illustrates a case of large NLO
corrections (so-called “giant K factors” [56]), which might
arise in the limit where pjT � mY ,mX . The giant K fac-
tors in the pp ! Y1 + j process occur due to the opening
of the pp ! Y1 + jj channel at NLO. This process can
lead to a di-jet event topology with a soft, collinear emis-
sion of Y1. In the regime of pjT � mY , the Y1 emission
behaves similar to an emission of a massless gauge bo-
son, where the diagrams with dijet topologies contribute

NLO: also
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factors of ↵2
sg

2
X log2(pjT /mY ), and hence NLO K factors

which scale as ⇠ ↵slog
2(pjT /mY ). Similar features com-

monly appear in calculations of SM W/Z+jets processes
at high jet pT [56].

Topologies leading to giant K factors are naturally
suppressed in the case of DM production by the cut on
MET. This restricts the calculation to regions of phase
space which are insensitive to the soft and collinear double-
logs of di-jet event topologies with a soft Y1 emission. Fig-
ure 3 (left) illustrates the e↵ect in case of mY = 10 GeV
and mX = 1 GeV. The region of low missing energy dis-
plays a two to three orders of magnitude di↵erence in
rate between the LO and NLO calculations, whereas we
see that above MET > 50 GeV, the K factor is drasti-
cally reduced. On the other hand, we see that already for
(mY ,mX) = (100, 1) GeV in Fig. 3 (right), such logarith-
mic enhancements are only very weak.

3.2 Di↵erential distributions

We proceed with the discussion of the features of the dif-
ferential distributions relevant for DM studies. We begin
with Fig. 4 which shows the MET distributions at LO and
NLO for four benchmark points of the simplified model,
assuming a pure vector mediator and Dirac fermion DM.
As seen in the total rates, the NLO e↵ects in the distri-
butions do not depend on the mass relation between the
mediator and the DM, i.e. on-shell or o↵-shell, but do
depend on the energy scale of the final state. In the top
panels, the energy scale is O(100) GeV for mY or 2mX .
We find that the two benchmark points display striking
similarities in the shape of the MET distributions, while
the rate of the latter is suppressed due to o↵-shell Y1 pro-
duction. The largest e↵ects of NLO corrections are in the
low MET regions, where NLO corrections reach K factors
of about 1.4 for MET ⇠ 150 GeV, with a steady decrease
with increasing MET. We observe similar features also in
the high-scale benchmark points of O(1) TeV for mY or
2mX (bottom panels of Fig. 4), where the largest K fac-
tors are about 1.2 for MET ⇠ 150 GeV. Comparing with
the FO distributions in Fig. 2, we observe that the parton
shower does not a↵ect the MET distribution. Note that
the NLO corrections are di↵erent for di↵erent MET re-
gions, with the largest NLO corrections occurring in the
lower MET regions where the rate is the highest. Hence
the careful estimation of NLO e↵ects is very important for
accurate LHC studies of DM in each signal region.

Next, we study the features of jet kinematic distribu-
tions produced in association with DM. Figures 5, 6, 7
and 8 show example pT and ⌘ distributions of the hardest
and second hardest jets for the four benchmark points as
in Fig. 4, assuming

MET > 150 GeV . (18)

Distributions of the hardest jet transverse momentum show
very interesting features. In Fig. 5 we find that, in all
benchmark points, the LO distributions match the NLO
predictions at the peak, i.e. pT (j1) ⇠ 150 GeV, to a very

good degree. The agreement can be attributed to the im-
posed MET cut in (18), which forces the events into a
back-to-back configuration of the leading jet and the Y1

mediator (on average). We also note that the NLO scale
uncertainty in the peak region becomes very small com-
pared to the LO estimates.

The NLO corrections to pT (j1) distributions a↵ect not
only the overall rate, but the shape of the distribution as
well. In the low-pT region, K factors are about 1.2�1.5. In
the high pT region, we find significant NLO e↵ects again
for the (mY ,mX) = (100, 1) and (95, 50) GeV cases (top
panels), but not for the (mY ,mX) = (100, 500) and (1000,
50) GeV cases (bottom panels). We note that the scale un-
certainty does not significantly reduce at NLO in the pT
regions away from the peak, especially for the light medi-
ator and DM case (top panels). Significant di↵erences in
NLO contributions and theoretical uncertainties in di↵er-
ent regions of the pT (j1) spectrum suggest that the proper
modelling of the hardest jet di↵erential distributions has
to go beyond the simple scaling by a constant K factor.

Apart from the highest pT jet which is modelled by the
hard matrix element, all other jets in the LO simulation
are generated by the parton shower. By contrast, the NLO
corrections include real emission diagrams which can con-
tain two hard and well-separated partons in the final state
as well as virtual corrections to one parton emission. One
could expect significant di↵erences between LO and NLO
in the kinematic distributions of the second highest pT jet.
For the (mY ,mX) = (100, 1) and (95,50) GeV cases (top
panels), we observe giant K factors in the high-pT tails
of the distributions. The large di↵erence between LO and
NLO computations is a consequence of the inadequacy of
the parton shower to accurately model high-pT emissions.
In Fig. 6 (bottom panels), on the other hand, we find no
significant di↵erences between LO and NLO for the over-
all rate and shape of the second jet emission in case of
very heavy mediators (i.e. mY = 1 TeV) or heavy DM
(i.e. mX = 500 GeV), suggesting that the second hardest
jet is described very well by the parton shower. This is
because the scale of the shower is very high and there-
fore extra parton emission from the parton shower can be
su�ciently hard.

Features similar to those observed in pT (j1,2) also oc-
cur in distributions of the hardest/second-hardest jet pseudo-
rapidity (⌘(j1,2)), shown in Figs. 7 and 8. For the light
mediator/DM (top panels), we observe that the rate at
which the hardest jet is emitted at NLO in the low ra-
pidity region is enhanced by a factor about 1.5, with the
corrections falling o↵ with the increase in rapidity. How-
ever, even though the overall rate for the second-hardest
jet increases by a factor of roughly ⇠ 1.5 the shape of the
⌘(j2) distribution is a↵ected only mildly. In the case of
heavy mediator/DM, the hardest jet is emitted at a lower
rapidity (on average) at a significantly higher rate com-
pared to light mediators as illustrated by the width of the
⌘ distributions in Fig. 7. As the hardest jet typically re-
coils against MET, this explains why the MET spectrum
falls o↵ more quickly for lighter mediators than for the
heavier ones.
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