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Dark Matter                          
The total mass–energy of the universe contains:  

4.9%    ordinary matter 
26.8%   dark matter 
68.3%   dark energy 

Thus, dark matter constitutes  
84.5% of total mass 

while dark energy plus dark matter  
constitute 95.1% of total mass–energy content.  

[Most of ordinary matter in the universe is also unseen, since 
visible stars and gas inside galaxies and clusters account for less 
than 10% of the ordinary matter contribution to the mass-energy 
density of the universe.]

68.3%
4.9%

26.8%

SM of Cosmology + observation: Planck Collaboration



• Dark Matter: subject to gravitational interactions as 
ordinary matter 

• DM should not carry electromagnetic charge or colour 

• DM particles are massive and non-relativistic at the 
time when CMB forms 

• Cosmological DM particle lifetime 

•  The current measured relic density of DM from 
cosmic microwave background 

• Not too strong DM self-interactions

τ ≫ τ universe 

σ/MDM   < 100 GeV−3 

Dark Matter                          

ΩDM h2 = 0.1198 ± 0.0026 



• At present all evidence for the existence of DM is 
purely gravitational 

• The particle physics nature of DM is unknown - our 
main challenge! 

• The current measured relic density of DM from 
cosmic microwave background  

• DM searches: 

• Direct Detection (DD) experiments 

• Indirect Detection (ID) experiments 

• Collider searches (LHC & future colls 13-100 TeV)

ΩDM h2 = 0.1198 ± 0.0026 
For particles which are held in equilibrium by pair creation and annihilation processes χχ ↔ SM one finds: 

4 Dark Matter
4.1 Introduction
Today there is an overwhelming amount of evidence from astrophysical observations that a large fraction
of the observed matter density in the universe is invisible to us. This so called Dark Matter (DM) makes
up 26% of the total energy density in the universe, and more than 80% of the total matter [282]. Despite
numerous observations of the astrophysical properties of DM, not much is known about its particle
nature. The main constraints on a particle DM candidate � are that it (see e.g. [283] for a more detailed
discussion)

– should gravitate like ordinary matter
– should not carry color or electromagnetic charge
– is massive and non-relativistic at the time the CMB forms
– are long lived enough to be present in the universe today (⌧ � ⌧

universe

)
– does not have too strong self-interactions (�/M

DM

. 100 GeV

�3).

While no SM particles satisfy these criteria, they do not pose very strong constraints on the properties of
new particles to play the role of DM. In particular the allowed range of masses spans almost 80 orders
of magnitude. Particles with mass below 10

�22 eV would have a wave length so large that they wipe
out structures on the kPc (kilo-Parsec) scale and larger [284], disagreeing with observations, while on
the other end of the scale micro-lensing and MACHO (Massive Astrophysical Compact Halo Objects)
searches put an upper bound of 2 ⇥ 10

�9 solar masses or 10

48 GeV on the mass of the dominant DM
component [285–287].

Clearly we can not hope that any future collider will probe the full mass range allowed by astro-
physical observations. However there is a very broad class of models for which theory motivates the
GeV - TeV mass scale, and which therefore could be in range of a future hadron collider operating at a
centre-of-mass energy around 100 TeV. If at any point in the history of the early universe the DM is in
thermal equilibrium with the SM particles, then we can estimate its relic density today by studying how
it decouples from the SM, the so called freeze-out. For particles which are held in equilibrium by pair
creation and annihilation processes, (�� $ SM) one finds the simple relation that [288]
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where h�vi is the velocity averaged annihilation cross section of the DM candidate � into SM particles,
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h2 ⇡ 0.12 is the observed relic abundance of DM [282], M
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is the Planck scale and order one
factors have been neglected.

For a particle annihilating through processes which do not involve any larger mass scales, the
annihilation cross section scales as h�vi ⇠ g4
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i.e. that a DM candidate with a mass at or below the TeV scale and which couples to the SM with a
strength similar to the weak interactions naturally has a relic density in agreement with observations.
There are several variations of this simple approximation which modify the preferred mass range, e.g.
when the annihilation processes involve heavier states, when it is velocity suppressed, assisted by co-
annihilation or increased through a resonance [167]. Including these effects, one finds that weakly inter-
acting massive particles (WIMPs) can reproduce the observed relic abundance when their mass is in the
10s of GeV to few TeV range. On one side this is the main reason why we hope to find evidence for

60

4 Dark Matter
4.1 Introduction
Today there is an overwhelming amount of evidence from astrophysical observations that a large fraction
of the observed matter density in the universe is invisible to us. This so called Dark Matter (DM) makes
up 26% of the total energy density in the universe, and more than 80% of the total matter [282]. Despite
numerous observations of the astrophysical properties of DM, not much is known about its particle
nature. The main constraints on a particle DM candidate � are that it (see e.g. [283] for a more detailed
discussion)

– should gravitate like ordinary matter
– should not carry color or electromagnetic charge
– is massive and non-relativistic at the time the CMB forms
– are long lived enough to be present in the universe today (⌧ � ⌧

universe

)
– does not have too strong self-interactions (�/M

DM

. 100 GeV

�3).

While no SM particles satisfy these criteria, they do not pose very strong constraints on the properties of
new particles to play the role of DM. In particular the allowed range of masses spans almost 80 orders
of magnitude. Particles with mass below 10

�22 eV would have a wave length so large that they wipe
out structures on the kPc (kilo-Parsec) scale and larger [284], disagreeing with observations, while on
the other end of the scale micro-lensing and MACHO (Massive Astrophysical Compact Halo Objects)
searches put an upper bound of 2 ⇥ 10

�9 solar masses or 10

48 GeV on the mass of the dominant DM
component [285–287].

Clearly we can not hope that any future collider will probe the full mass range allowed by astro-
physical observations. However there is a very broad class of models for which theory motivates the
GeV - TeV mass scale, and which therefore could be in range of a future hadron collider operating at a
centre-of-mass energy around 100 TeV. If at any point in the history of the early universe the DM is in
thermal equilibrium with the SM particles, then we can estimate its relic density today by studying how
it decouples from the SM, the so called freeze-out. For particles which are held in equilibrium by pair
creation and annihilation processes, (�� $ SM) one finds the simple relation that [288]

⌦

DM

h2 ⇠ 10

9 GeV�1

M
pl

1

h�vi , (32)

where h�vi is the velocity averaged annihilation cross section of the DM candidate � into SM particles,
⌦

DM

h2 ⇡ 0.12 is the observed relic abundance of DM [282], M
pl

is the Planck scale and order one
factors have been neglected.

For a particle annihilating through processes which do not involve any larger mass scales, the
annihilation cross section scales as h�vi ⇠ g4

e↵

/M2

DM

, where g
e↵

is the effective coupling strength
which parameterises the process. It follows that

⌦

DM

h2 ⇠ 0.12 ⇥
✓

M
DM

2 TeV

◆
2

✓
0.3

g
e↵

◆
4

, (33)

i.e. that a DM candidate with a mass at or below the TeV scale and which couples to the SM with a
strength similar to the weak interactions naturally has a relic density in agreement with observations.
There are several variations of this simple approximation which modify the preferred mass range, e.g.
when the annihilation processes involve heavier states, when it is velocity suppressed, assisted by co-
annihilation or increased through a resonance [167]. Including these effects, one finds that weakly inter-
acting massive particles (WIMPs) can reproduce the observed relic abundance when their mass is in the
10s of GeV to few TeV range. On one side this is the main reason why we hope to find evidence for

60

4 Dark Matter
4.1 Introduction
Today there is an overwhelming amount of evidence from astrophysical observations that a large fraction
of the observed matter density in the universe is invisible to us. This so called Dark Matter (DM) makes
up 26% of the total energy density in the universe, and more than 80% of the total matter [282]. Despite
numerous observations of the astrophysical properties of DM, not much is known about its particle
nature. The main constraints on a particle DM candidate � are that it (see e.g. [283] for a more detailed
discussion)

– should gravitate like ordinary matter
– should not carry color or electromagnetic charge
– is massive and non-relativistic at the time the CMB forms
– are long lived enough to be present in the universe today (⌧ � ⌧

universe

)
– does not have too strong self-interactions (�/M

DM

. 100 GeV

�3).

While no SM particles satisfy these criteria, they do not pose very strong constraints on the properties of
new particles to play the role of DM. In particular the allowed range of masses spans almost 80 orders
of magnitude. Particles with mass below 10

�22 eV would have a wave length so large that they wipe
out structures on the kPc (kilo-Parsec) scale and larger [284], disagreeing with observations, while on
the other end of the scale micro-lensing and MACHO (Massive Astrophysical Compact Halo Objects)
searches put an upper bound of 2 ⇥ 10

�9 solar masses or 10

48 GeV on the mass of the dominant DM
component [285–287].

Clearly we can not hope that any future collider will probe the full mass range allowed by astro-
physical observations. However there is a very broad class of models for which theory motivates the
GeV - TeV mass scale, and which therefore could be in range of a future hadron collider operating at a
centre-of-mass energy around 100 TeV. If at any point in the history of the early universe the DM is in
thermal equilibrium with the SM particles, then we can estimate its relic density today by studying how
it decouples from the SM, the so called freeze-out. For particles which are held in equilibrium by pair
creation and annihilation processes, (�� $ SM) one finds the simple relation that [288]

⌦

DM

h2 ⇠ 10

9 GeV�1

M
pl

1

h�vi , (32)

where h�vi is the velocity averaged annihilation cross section of the DM candidate � into SM particles,
⌦

DM

h2 ⇡ 0.12 is the observed relic abundance of DM [282], M
pl

is the Planck scale and order one
factors have been neglected.

For a particle annihilating through processes which do not involve any larger mass scales, the
annihilation cross section scales as h�vi ⇠ g4

e↵

/M2

DM

, where g
e↵

is the effective coupling strength
which parameterises the process. It follows that

⌦

DM

h2 ⇠ 0.12 ⇥
✓

M
DM

2 TeV

◆
2

✓
0.3

g
e↵

◆
4

, (33)

i.e. that a DM candidate with a mass at or below the TeV scale and which couples to the SM with a
strength similar to the weak interactions naturally has a relic density in agreement with observations.
There are several variations of this simple approximation which modify the preferred mass range, e.g.
when the annihilation processes involve heavier states, when it is velocity suppressed, assisted by co-
annihilation or increased through a resonance [167]. Including these effects, one finds that weakly inter-
acting massive particles (WIMPs) can reproduce the observed relic abundance when their mass is in the
10s of GeV to few TeV range. On one side this is the main reason why we hope to find evidence for

60

Weakly inter- acting massive particles (WIMPs) can reproduce the observed relic abundance when 

their mass is in the 10s of GeV to few TeV range. 

WIMP miracle



• At present all evidence for the existence of DM is 
purely gravitational 

• The particle physics nature of DM is unknown - our 
main challenge! 

• The current measured relic density of DM from 
cosmic microwave background  

• DM searches: 

• Direct Detection (DD) experiments 

• Indirect Detection (ID) experiments 

• Collider searches (LHC & future colls 13-100 TeV)

ΩDM h2 = 0.1198 ± 0.0026 
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Summarizing : How Do We Find It?

Bake it

Φ

Break It

S
hake it

Make it
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Mediator
CollidersID

DD

The same 2-to-2 interaction involving DM and SM particles describes 
the DD, ID and Collider searches (only the initial state  varies).  

[However note that one has to be extra careful with drawing conclusions from this in 
abridged theories e.g. in Simplified Models. The Dark Sector, the SM particles (and the 
mediators) involved in the dominant process in each case can be completely different.]
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The challenge
CMS/ATLAS/FCC? 

FermiLAT

WMAP

LUX 

Can we corner dark
matter?
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The challenge
CMS/ATLAS/FCC? 

FermiLAT

WMAP

LUX 

Can we corner dark
matter?



I. Dark Sectors at Colliders: Simplified Models

Dark Sector should contain Dark Matter (which is cosmologically stable)
plus possibly other dark particles.

At colliders dark sector particles produced in collisions would manifest
themselves as missing transverse momentum (aka MET).

Use SM jets to recoil, consider jets + MET signatures.

Being stable on collider scales – is much less restrictive than the
cosmological DM – i.e. can look for more than just DM in dark sectors.

Dark Particles interact with the Standard Model by exchanging a
mediator field X. Mediator particle is a key new physics d.o.f. at colliders.

Four basic types of mediators: vectors, axial-vectors, scalars,
pseudo-scalars (can be exchanged in s- or t-channel). Concentrate below
on the s-channel models (colourless mediators):

g

g

�

�̄

g

X

t

t

t

t

q

q̄

�̄

�

g

q

X

Representative Feynman diagrams
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Simplified Models for Dark Matter at Colliders



I. Dark Sectors at Colliders: Simplified Models

At LHC energies mediators can be resolved and taken to be dynamical

Four basic types of mediators to the dark sector associated with scalar S ,
pseudo-scalar P, vector Z 0 and axial-vector Z 00 fields with interactions,
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S. Malik, C. McCabe, H. Araujo, et al., arXiv:1409.4075

M. R. Buckley, D. Feld and D. Goncalves, arXiv:1410.6497

P. Harris, VVK, M. Spannowsky and C. Williams, arXiv:1411.0535
& arXiv:1509.02904
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Early original papers:

Vectors:

& Scalars:

Simplified Models for Dark Matter at Colliders



I. Dark Sectors at Colliders: Simplified Models

Jets + MET topology of the final state

P. Harris, VVK, M. Spannowsky and C. Williams, arXiv:1509.02904
updating our earlier analysis in arXiv:1411.0535 to 14-100 TeV

Our Simplified Models for Dark Particles searches at colliders are characterised
by the type of the mediator plus the following free parameters:

1 mediator mass mMED

2 mediator width �MED

[Can use �MEDminimal computed in the simplified models ⇥{1, 2, 5, 10}
and check < mMED/2]

3 dark matter mass mDM

4 mediator couplings gDM and gq for scalar and pseudo-scalars;
or gDM and gSM for axial-vector and vector mediators.

Signal generated using MadGraph for Vector and Axial mediators and a
combination of MCFM and VBFNLO for the production of Scalar and
Pseudoscalar mediators in association with 1 and 2 jets. Backgrounds were
generated at NLO for 0,1,2 jets merged using MadGraph-aMC@NLO.

Valentin V. Khoze (IPPP) Dark Sectors and Higgs Portals 27 October 2015 6 / 37

   [ATLAS & CMS decided to use the minimal width instead 

                                 then the width is not a free parameter]

Simplified Models for Dark Matter at Colliders
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With Collider
Vector(SI) Axial (SD) 

Pseudoscalar 

Small cross section

Large cross section Same as vector

Low-ish cross section
Better than scalar

Scalar(SI) 

Collider Searches — Simplified DM Models [mediator types]
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With Direct Detection
Vector(SI) Axial(SD) 

Pseudoscalar 

Extremely good Not so great

Spin independent Spin dependent

So-so
Spin independent

Scalar(SI) 

Use indirect detection

Direct Detection — Simplified DM Models [mediator types]



I. Dark Sectors at Colliders: Simplified Models

Jets + MET topology

Collider cross section limits and projections at 14 and 100 TeV [Preliminary]
µ is the ratio of the exclusion �coll to the predicted �(gDM = 1, gSM = 1)

• Vector and Axial-vector mediators:
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P. Harris, VVK, M. Spannowsky and C. Williams, arXiv:1509.02904
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I. Dark Sectors at Colliders: Simplified Models

Jets + MET topology

Collider cross section limits and projections at 14 and 100 TeV [Preliminary]
µ is the ratio of the exclusion �coll to the predicted �(gDM = 1, gSM = 1)

• Scalar and Pseudo-scalar mediators:
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Exclusion limits on mediator mass vs DM mass at 14 TeV:
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Exclusion limits on mediator mass vs DM mass at 100 TeV:
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+ now:   LHC Dark Matter WG meetings

 Followed by a concerted DM@colliders effort (2015-16 experiment-theory papers) incl.: 



V&A DM+X 
CMS DM+Z, DM+γ, DM+j 

Tristan du Pree (CERN), LHC DM WG (19 Sep 2016) 8 

DM+j: CMS PAS EXO-16-037 

DM+γ: CMS PAS EXO-16-039 

DM+Z: CMS PAS EXO-16-038 

Vector & Axial-Vector Mediators



AV Summary 
•  DM+Z / DM+γ / DM+jet 

!  Limits: MMed ~ 2 TeV, mDM ~ 600 GeV (gq = 0.25, gDM = 1)  
!  Mono-jet most stringent - all channels contribute to interpretation 

Tristan du Pree (CERN), LHC DM WG (19 Sep 2016) 9 

Axial-Vector Mediators Summary



AV Summary 
•  DM+Z / DM+γ / DM+jet 

!  Limits: MMed ~ 2 TeV, mDM ~ 600 GeV (gq = 0.25, gDM = 1)  
!  Mono-jet most stringent - all channels contribute to interpretation 

Tristan du Pree (CERN), LHC DM WG (19 Sep 2016) 9 

Axial-Vector Mediators Summary

Off-shell region: Mmed < 2 mDM pair-
production of DM particles turns off

On-shell region: Mmed > 2 mDM 
LHC searches for MET signatures 

provide the most stringent constraints

Heavy Mediator limit:
cross-section turns off

& EFT can be applied 



AV Summary 
•  DM+Z / DM+γ / DM+jet 

!  Limits: MMed ~ 2 TeV, mDM ~ 600 GeV (gq = 0.25, gDM = 1)  
!  Mono-jet most stringent - all channels contribute to interpretation 

Tristan du Pree (CERN), LHC DM WG (19 Sep 2016) 9 

Axial-Vector Mediators Summary

Relic abundance > Observed

Relic abundance < Observed

Relic density can be computed in a specific simplified model with a single mediator, as if it 
was the full theory, and overlaid on the mass-mass collider exclusion contour.  

Note that other interactions present in the complete theory but not in the simplified model would 
increase the DM annihilation cross section and decrease the value of the relic abundance.  

Also assumes that all MET particles produced are cosmologically stable

Relic Density as an indication

New interactions

New interactions



V&A Summary 
•  MET+X & Mono-top 

•  This plot: FC = 100% 

Tristan du Pree (CERN), LHC DM WG (19 Sep 2016) 11 

Vector Mediators Summary



Scalar summary 
•  DM+bb & DM+tt & mono-jet (f-only) 

! Low MMed: sensitivities similar and approaching σ/σtheory ~1 
! Case for combined interpretation? 

Tristan du Pree (CERN), LHC DM WG (19 Sep 2016) 4 



Pseudoscalar 
•  DM+bb & DM+tt & mono-jet 

! Low MMed: sensitivities similar and close to σ/σtheory ~1 
! Case for combined interpretation? 

Tristan du Pree (CERN), LHC DM WG (19 Sep 2016) 5 
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What else?

● Without loss of generality we also have dijets

Can also just do a plain diet search

Dijet search puts significant bounds at high mass

BR(Z'→qq) ≈0.5BR(Z'→  )

Axial/Vector Mediators:  



  

CMS

CMS-DP-2016-057

Axial-Vector Mediator:  



  

ATLAS DM bounds

g
SM

=0.25
g

DM
=1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html#ATLAS_DarkMatter_Summary
 

Axial-Vector Mediator:  



ATLAS summary plots https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/
CombinedSummaryPlots/EXOTICS/index.html

SM&coupling&*&Mediator&mass&
Fixed&DM&mass&(off*shell),&&dijet&searches&only

DM&mass&*&Mediator&mass,&fixed&couplings 
Mono*jet/photon&and&dijet&searches



Mass limits using single-jet and multi-jet analysis at 14 & 100TeV:
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Detection 1 : Shake It

Dark matter 
Migrating in our 
solar system

 Matter
  In a detector 

Φ

Recoiling nucleon

@ mine 
near youχ

χ

Direct Detection



• Probes the rate of DM-nucleon interactions in earth-based 
experiments. DD search for nucleus recoil from a DM particle 
traversing the detector.  

• Two classes of interactions: Spin-independent (SI) and Spin-
dependent (SD) nucleon-mediator interactions 

• SI cross-section relevant for scalar and vector mediator models. 
Higher sensitivity to SI 

• SD cross-section relevant for axial-vector and pseudo-scalar 
mediators. However pseudo-scalar crosssection has additional 
velocity-suppression [non-relativistic limit]. 

The simplified models with a vector and scalar mediator lead to a SI interaction,

while the axial-vector and pseudo-scalar mediator induce SD interactions. The pseudo-

scalar interaction has additional velocity-suppression in the non-relativistic limit, which is

not present in the other interactions. In practice this means that pseudo-scalar interactions

are only very weakly testable with DD experiments. For this reason, we will only describe

the translation procedure into the m

DM

–�
SI/SD plane for vector, axial-vector and scalar

interactions.

Sections 4.1.1 and 4.1.2 detail procedures for translating LHC limits onto to the

m

DM

–�
SI/SD planes. Figures 2a and 2b illustrate the conventions recommended for the

presentation of results obtained from these procedures. These plots show the minimum

number of DD limits that we recommend to show. Bounds from other experiments may

also be included. As in the mass-mass plots, we recommend to explicitly specify details of

the mediator and DM type, the choices of couplings and the CL of the exclusion limits. It

may also be useful to show theoretical and experimental uncertainties. Generally, the LHC

searches exclude the on-shell region in the mass-mass plane such that for a fixed value of

m

DM

, the exclusion contour passes through two values of M
med

. This means that when

translating into the m

DM

–�
SI/SD planes, for a fixed value of m

DM

, the exclusion contour

must pass through two values of �
SI/SD. This explains the turnover behaviour of the LHC

contours observed in Figures 2a and 2b.

4.1.1 SI cases: Vector and scalar mediators

In general, the SI DM-nucleon scattering cross section takes the form

�

SI

=
f

2(gq)g2
DM

µ

2

n�

⇡M

4

med

, (4.1)

where µn� = mnm
DM

/(mn+m

DM

) is the DM-nucleon reduced mass with mn ' 0.939GeV

the nucleon mass. The mediator-nucleon coupling is f(gq) and depends on the mediator-

quark couplings. For the interactions mediated by vector and scalar particles and for the

recommended coupling choices, the di↵erence between the proton and neutron cross section

is negligible.

For the vector mediator,

f(gq) = 3gq , (4.2)

and hence

�

SI

' 6.9⇥ 10�41 cm2 ·
⇣
gqg

DM

0.25

⌘
2

✓
1TeV

M

med

◆
4 ⇣

µn�

1GeV

⌘
2

. (4.3)

For the simplified model with scalar mediator exchange we follow the recommendation

of ATLAS/CMS DM Forum [1] and assume that the scalar mediator couples to all quarks

(like e.g. the SM Higgs). In general the formula for f(gq) is

f

n,p(gq) =
mn

v

2

4
X

q=u,d,s

f

n,p
q gq +

2

27
f

n,p
TG

X

Q=c,b,t

gQ

3

5
. (4.4)

These data, however, are not always o�cially blessed or scrutinised by the experiments and thus should be

used with care.
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(a) (b)

Figure 2: A comparison of LHC results to the m

DM

–�
SI

(a) and m

DM

–�
SD

(b) planes.

Unlike in the mass-mass plane, the limits are shown at 90% CL. The LHC contour in

the SI (SD) plane is for a vector (axial-vector) mediator, Dirac DM and couplings gq = 0.25

and g

DM

= 1. The LHC SI exclusion contour is compared with the LUX, CDMSLite and

CRESST-II limits, which are the most constraining in the shown mass range. The SD

exclusion contour constrains the DM-proton cross section and is compared with limits

from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the

Super-Kamiokande limit for the bb̄ annihilation channel. The depicted LHC results are

intended for illustration only and are not based on real data.

Here fn,p
TG

= 1�P
q=u,d,s f

n,p
q . The state-of-the-art values for fn,p

q are from [48] (for fn,p
u and

f

n,p
d ) and [49] (for fn,p

s ) and read f

n
u = 0.019, fn

d = 0.045 and f

n
s = 0.043. The values for

the proton are slightly di↵erent, but in practice the di↵erence can be ignored. Substituting

these values, we find that numerically

f(gq) = 1.16 · 10�3

gq , (4.5)

and therefore the size of a typical cross section is

�

SI

' 6.9⇥ 10�43 cm2 ·
⇣
gqg

DM

1

⌘
2

✓
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M

med

◆
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1GeV
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. (4.6)

4.1.2 SD case: Axial-vector mediator

For the axial-vector mediator, the scattering is SD and the corresponding cross section can

be written as

�

SD

=
3f2(gq)g2

DM

µ

2

n�

⇡M

4

med

. (4.7)

In general fp,n(gq) di↵ers for protons and neutrons and is given by

f

p,n(gq) = �(p,n)
u gu +�(p,n)

d gd +�(p,n)
s gs , (4.8)
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presentation of results obtained from these procedures. These plots show the minimum

number of DD limits that we recommend to show. Bounds from other experiments may

also be included. As in the mass-mass plots, we recommend to explicitly specify details of

the mediator and DM type, the choices of couplings and the CL of the exclusion limits. It

may also be useful to show theoretical and experimental uncertainties. Generally, the LHC

searches exclude the on-shell region in the mass-mass plane such that for a fixed value of

m

DM

, the exclusion contour passes through two values of M
med

. This means that when

translating into the m

DM

–�
SI/SD planes, for a fixed value of m
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, the exclusion contour

must pass through two values of �
SI/SD. This explains the turnover behaviour of the LHC

contours observed in Figures 2a and 2b.
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the nucleon mass. The mediator-nucleon coupling is f(gq) and depends on the mediator-

quark couplings. For the interactions mediated by vector and scalar particles and for the

recommended coupling choices, the di↵erence between the proton and neutron cross section

is negligible.

For the vector mediator,

f(gq) = 3gq , (4.2)

and hence
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For the simplified model with scalar mediator exchange we follow the recommendation

of ATLAS/CMS DM Forum [1] and assume that the scalar mediator couples to all quarks

(like e.g. the SM Higgs). In general the formula for f(gq) is

f

n,p(gq) =
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These data, however, are not always o�cially blessed or scrutinised by the experiments and thus should be

used with care.
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Direct Detection



Direct Detection

• A large number of DD experiments with different target nuclei and different detector 
technologies. 

• For SI interactions and heavy DM > O(10 GeV), the most sensitive are two-phase Xenon 
experiments: LUX (current) and XENON1T (1st run later this year) and LUX extensions - 
LZ and Darwin. 

• For SI interactions and lighter DM < O(10 GeV), solid state cryogenic detectors are 
more constraining than Xenon experiments and their energy threshold is lower: 
SuperCDMS and CRESST-II collaborations. 

• For SD proton-DM interactions strongest limits are from PICO, and for neutron-DM are 
from LUX. 

• An ultimate bound for DD comes from neutrino interactions in the detectors. This 
neutrino wall background is irreducible - cannot be distinguished from DM 
interactions. [But the directional DM detection can work in future - no current planned 
experiment.] 

• Neutrino observatories IceCube and Super-Kamiokande are also able to constrain SD 
and SI crosssections. After elastic scatterings in the Sun, DM becomes gravitationally 
bound and  self-annihilations of DM produce neutrinos directly or in showering.
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Fig. 39: Comparison of the current best bound (solid line) with upcoming experiments (dashed line), and the
neutrino wall for spin independent(left) and spin dependent detection (right). For spin dependent interactions
additional lines potentially exist for the LZ however they are currently not publicly available.

sensitive to spin dependent DM [298, 299]. Thus, allowing for the the extension of DM searches to the
neutrino wall for all DM masses with both spin independent and spin dependent DM.

4.2.2 Indirect Detection
Indirect detectors consist of space- and ground-based telescopes, which look for the products of DM
induced interactions in and beyond the galaxy. Essentially, these searches consist in looking for the
presence, on top of the ordinary cosmic rays, of possible anomalous fluxes of high energy photons,
positrons, anti-protons and neutrinos which could be attributed to DM annihilations or decays. Further
discrimination can be done by directional searches; explicitly searching for particles from dwarf galaxies
or the center of the galaxy. Currently, the experiments can be divided into two sets of experiments:
particle based detectors, such as AMS, and photon based detectors, such as the FermiLAT satellite. In
both cases, the quoted bound is on the interaction rate of particles at a given energy (dN/dE). For the
case of photons, this can be written as

dN

dE
=

1

4⇡

h�vi
2m2

DM

F (q2)⇢0DM , (36)

⇢0DM =

Z

�⌦

d⌦

Z

los
⇢2DM (r(l,�))dl(r, �) . (37)

Here ⇢0DM is the integral over the line of sight (los) of the square of the DM density ⇢DM , F (q2) is the
resulting fragmented particle distribution considering the initial particle produced, and mDM is the DM
mass. As with direct detection, the DM mass profile ⇢DM is a necessary input into the calculation. These
measurements also suffer from large uncertainties since the rates depend quadratically on ⇢

DM

and the
integral often runs over regions where the density is poorly constrained.

Photon bounds coming from annihilating DM interactions consist of two classes of searches: con-
tinuum photon excess searches, and direct photon line searches. Continuum photon searches consist of
searches of a broad excesses of photons over the predicted photon background. These searches have rel-
atively large uncertainties since they require a precise knowledge of the photon background. When DM
annihilates to a final state that is direct photons, photon line searches can be performed. These searches
can exclude much smaller production cross sections since they consist of a classic bump hunt on top of
the photon continuum background [162,163]. In both cases, the current results are driven by two exper-
iments: FermiLAT, a low energy gamma ray satellite, and HESS, a high energy gamma ray telescope.

63

LHC vs DD/ID 
LHC especially competitive for SD (Pseudoscalar & Axial) 

and LHC clearly better at low mass! 

Tristan du Pree (CERN), LHC DM WG (19 Sep 2016) 15 

!  Request from DD community to show Cresst/CDMSlite limits down to mDM~0.5 GeV 
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Fig. 39: Comparison of the current best bound (solid line) with upcoming experiments (dashed line), and the
neutrino wall for spin independent(left) and spin dependent detection (right). For spin dependent interactions
additional lines potentially exist for the LZ however they are currently not publicly available.

sensitive to spin dependent DM [298, 299]. Thus, allowing for the the extension of DM searches to the
neutrino wall for all DM masses with both spin independent and spin dependent DM.

4.2.2 Indirect Detection
Indirect detectors consist of space- and ground-based telescopes, which look for the products of DM
induced interactions in and beyond the galaxy. Essentially, these searches consist in looking for the
presence, on top of the ordinary cosmic rays, of possible anomalous fluxes of high energy photons,
positrons, anti-protons and neutrinos which could be attributed to DM annihilations or decays. Further
discrimination can be done by directional searches; explicitly searching for particles from dwarf galaxies
or the center of the galaxy. Currently, the experiments can be divided into two sets of experiments:
particle based detectors, such as AMS, and photon based detectors, such as the FermiLAT satellite. In
both cases, the quoted bound is on the interaction rate of particles at a given energy (dN/dE). For the
case of photons, this can be written as

dN

dE
=

1

4⇡

h�vi
2m2

DM

F (q2)⇢0DM , (36)

⇢0DM =

Z

�⌦

d⌦

Z

los
⇢2DM (r(l,�))dl(r, �) . (37)

Here ⇢0DM is the integral over the line of sight (los) of the square of the DM density ⇢DM , F (q2) is the
resulting fragmented particle distribution considering the initial particle produced, and mDM is the DM
mass. As with direct detection, the DM mass profile ⇢DM is a necessary input into the calculation. These
measurements also suffer from large uncertainties since the rates depend quadratically on ⇢

DM

and the
integral often runs over regions where the density is poorly constrained.

Photon bounds coming from annihilating DM interactions consist of two classes of searches: con-
tinuum photon excess searches, and direct photon line searches. Continuum photon searches consist of
searches of a broad excesses of photons over the predicted photon background. These searches have rel-
atively large uncertainties since they require a precise knowledge of the photon background. When DM
annihilates to a final state that is direct photons, photon line searches can be performed. These searches
can exclude much smaller production cross sections since they consist of a classic bump hunt on top of
the photon continuum background [162,163]. In both cases, the current results are driven by two exper-
iments: FermiLAT, a low energy gamma ray satellite, and HESS, a high energy gamma ray telescope.
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Stacking it up against the wall
● Axial & vector compare well against neutrino wall

For the axial mediator we exceed the bounds of the wall
Can safely push the bounds up to 12-15 TeV in mediator

100TeV



  

Direct Detection

CMS-DP-2016-057

Axial-Vector Mediator:  
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sensitive to spin dependent DM [298, 299]. Thus, allowing for the the extension of DM searches to the
neutrino wall for all DM masses with both spin independent and spin dependent DM.

4.2.2 Indirect Detection
Indirect detectors consist of space- and ground-based telescopes, which look for the products of DM
induced interactions in and beyond the galaxy. Essentially, these searches consist in looking for the
presence, on top of the ordinary cosmic rays, of possible anomalous fluxes of high energy photons,
positrons, anti-protons and neutrinos which could be attributed to DM annihilations or decays. Further
discrimination can be done by directional searches; explicitly searching for particles from dwarf galaxies
or the center of the galaxy. Currently, the experiments can be divided into two sets of experiments:
particle based detectors, such as AMS, and photon based detectors, such as the FermiLAT satellite. In
both cases, the quoted bound is on the interaction rate of particles at a given energy (dN/dE). For the
case of photons, this can be written as
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Here ⇢0DM is the integral over the line of sight (los) of the square of the DM density ⇢DM , F (q2) is the
resulting fragmented particle distribution considering the initial particle produced, and mDM is the DM
mass. As with direct detection, the DM mass profile ⇢DM is a necessary input into the calculation. These
measurements also suffer from large uncertainties since the rates depend quadratically on ⇢

DM

and the
integral often runs over regions where the density is poorly constrained.

Photon bounds coming from annihilating DM interactions consist of two classes of searches: con-
tinuum photon excess searches, and direct photon line searches. Continuum photon searches consist of
searches of a broad excesses of photons over the predicted photon background. These searches have rel-
atively large uncertainties since they require a precise knowledge of the photon background. When DM
annihilates to a final state that is direct photons, photon line searches can be performed. These searches
can exclude much smaller production cross sections since they consist of a classic bump hunt on top of
the photon continuum background [162,163]. In both cases, the current results are driven by two exper-
iments: FermiLAT, a low energy gamma ray satellite, and HESS, a high energy gamma ray telescope.
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Stacking it up against the wall Part II
● Scalar also breaches the neutrino wall

On this plot we have put to computations of the v Wall
One where we have added the light quarks(magenta)
Other where we have not added the light quarks (red)

Spin-0 mediators  



  6

Detection 2 : Break It

Dark matter 

 Matter

Φ

χ

χ

Known as indirect detection* 

q

q

q

qq

q

q

γ

γ

γ

γ

@ galaxy 
near you

*Strong bounds exist from anti-proton production using AMS

Indirect Detection
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The Future of Indirect Detection
● How far can we reach?

*Neutrino detection can also be added (not as sensitive)

γ

γ

Φ

Projected bands will cover the expected relic density bound
Direct photon bounds also bring additional constraints
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Stacking it up against the wall Part II
● Scalar also breaches the neutrino wall

On this plot we have put to computations of the v Wall
One where we have added the light quarks(magenta)
Other where we have not added the light quarks (red)

FermiLAT

LHC FCC 100TeV

Pseudoscalar 
ID vs Colliders
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Putting it all togther
● Sizeable bounds across the full range

Combining 100TeV future collider projections with  
future Direct Detection (i.e. neutrino wall bound)  

and the relic abundance constraint  

Caution: Recall the limitations of the Simplified Model treatment  
for the relic density and DD.

Vector and Axial-vector mediators

T.du Pree 
K.Hahn 
P.Harris 

C.Roskas 
1603.08525
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Putting it all together : (Pseudo)Scalar
● Sizeable bounds across the full range

100ab-1

The most
challenging case

100ab-1

Combining 100TeV future collider projections with  
future Direct Detection (i.e. neutrino wall bound)  

and the relic abundance constraint  

Caution: Recall the limitations of the Simplified Model treatment  
for the relic density and DD.

T.du Pree 
K.Hahn 
P.Harris 

C.Roskas 
1603.08525 Scalar and Pseudo-scalar mediators



Summary
• we have very simple and less simple models of DM 

[theory input] 

• huge effort and prospects on the experimental side  

• present and future colliders 13-100TeV, Direct and 
Indirect Detection, cosmological bounds       

• [DM simplified models — use caution when 
comparing collider and non-collider searches]
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Scalar singlet mediator  
Model with Mixing SMM
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The SMM

Simplest extension of the SM that includes DM
● Fermion DM

● Scalar mediatior portal

Portal interaction induceds scalar/Higgs boson mixing
● Mass eignestates: h1 & h2

● Take h1 to be observed 125 GeV state

h1,h2 couplings to DM & SM fermions,W,Z through mixing

Usual mediator-
DM coupling, as in 
DMF models 

New portal 
interaction

Starting point: the simplified model in 
VVK-Ro-Spannowsy1505.03019
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SMM vs DMF scalar models

Modified coupling structure 
with respect to DMF

Usual monojet and HF+DM 
processes, as in DMF 

New VBF & mono-V 
diagrams

NB: Run-I Higgs global fit → sinθ < ~0.4 
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Kinematics
● New h2 scalar mediator can decay into DM

● SSM kinematics generally map to those of DMF

– Disagreement in monojet near pT(χχ) ~ 150 GeV from new diagrams

Cross section
● Suppressed relative to DMF and SM    

Scenario A :                        

monojet tt+DM tt+DM
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Kinematics
● h1 can decay into DM, new h2 mediator can't

● SSM kinematics map directly to those of SM Higgs 

Cross section
● Approaches SM, higher than in DMF

– Only off-shell decays in the DMF scenario ...     

Scenario B :                        

monojet tt+DM tt+DM
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Kinematics
● h1 → DM resonantly enhanced due to small h1 width

● SSM kinematics map to those of SM Higgs 

  

Scenario C :                        

monojet tt+DM
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Kinematics
● Impact of mixing clear 

for nominal (yDM = 1.0) 
couplings 

● Both h1 → DM and      
h2 → DM on-shell

● Both processes 
important if Γh1 and 
Γh2 comparable

● Kinematics evolve 
toward DMF as 
coupling is lowered

  

Scenario D :                        

tt+DM

monojet

yDM = 1.0 yDM = 0.01
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Approaches SM Higgs for Scenario C, > σDMF

Generally between σSM and σDMF for Scenario D

Scenario C/D Cross Sections

Scenario C Scenario D

Higgs mixing is the simplest extension to the current DMF scalar models & one can play with 4 regions

In several regimes, kinematics & cross section differ significantly from those of the DMF models 


