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• So far spoke basically only about first box 

• More details tomorrow
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Figure 27-1. Dark matter may have non-gravitational interactions with one or more of four categories of
particles: nuclear matter, leptons, photons and other bosons, and other dark particles. These interactions
may then be probed by four complementary approaches: direct detection, indirect detection, particle
colliders, and astrophysical probes. The lines connect the experimental approaches with the categories of
particles that they most stringently probe (additional lines can be drawn in specific model scenarios). The
diagrams give example reactions of dark matter with standard model particles (SM) for each experimental
approach.

impact the densities of dark matter present in the central regions of galaxies, or the amount of dark
matter substructure found in halos. Such interactions may also alter the cooling rates of stars, and
influence the pattern of temperature fluctuations observed in the cosmic microwave background.

These search strategies are each shown in Figure 27-1 and are connected to the particle interactions that
they most stringently probe.

After summarizing many of the most promising particle candidates for dark matter in Sec. 27.2, we return
in Sec. 27.3 to these four pillars in more detail, discussing the current status and future prospects of direct,
indirect, and collider searches for dark matter, as well as the impact of astrophysical observations. In
Sec. 27.4 we begin the discussion of the complementarity between di↵erent dark matter search strategies
at a qualitative level. We extend this further in Sec. 27.5, discussing quantitatively the interplay between
experimental approaches, considering a number of representative particle physics frameworks. Finally, we
summarize our conclusions in Sec. 27.7.

27.2 Dark Matter Candidates

In this section, we briefly summarize a number of specific dark matter candidates and candidate classes that
have been considered in the literature. While certainly not exhaustive, this discussion is intended to reflect
a representative sample of how the particle physics community currently views the form that dark matter
particles might take.
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• Parametrized as toy model with spin 1/2 DM and democratic couplings to various 
models 

• Makes collider look a bit too good. One particular model/representation of course 

• Have seen similar plots expressing the opposite this morning

3

27.5 Quantitative Complementarity 13

Figure 27-2. Dark matter discovery prospects in the (m�,�i/�th) plane for current and future direct
detection [152], indirect detection [95, 153], and particle colliders [154, 155, 156] for dark matter coupling
to gluons [137], quarks [137, 157], and leptons [158, 159], as indicated.

annihilation cross section at the temperature of freeze-out predicts the dark matter relic density, the reach
of any experiment is thus equivalent to a fraction of the observed dark matter density ⌦

DM

. This connection
can be seen in the plots in Figure 27-2, which show the annihilation cross sections �i(Mi), (i = g, q, l) for
each individual channel, normalized to the value �

th

required1 for a single thermal WIMP

�i(Mi)

�
th

=
fi

⌦�/⌦DM

, (27.2)

where

fi ⌘ �i(Mi)

�
total

 1 (27.3)

is the fractional contribution of the particular channel i to the total annihilation cross-section �
total

⌘
�(�� ! anything).

Assuming fi = 1 (i.e., that an individual channel i saturates the total annihilation cross-section �
total

),
�
th

provides a natural target for dark matter searches: if the discovery potential for an experiment reaches
cross sections �i ⇠ �

th

(the horizontal dot-dashed lines in Figure 27-2), that experiment will be able to
discover a thermal relic which could potentially (with the assumption of fi = 1) account for all dark matter
in the universe. On the other hand, if an experiment were to observe an interaction consistent with an
annihilation cross section �i below �

th

(yellow-shaded regions in Figure 27-2), it would have discovered dark
matter, but through an interaction that cannot alone account for the observed relic abundance. In that
situation, ⌦� ⇠ ⌦

DM

can be achieved only with fi < 1 and therefore, additional interactions contributing
to other annihilation channels in addition to i must have been present in the early universe. Finally, if
an experiment were to observe a cross section �i above �

th

(green-shaded regions in Figure 27-2), this
discovery could point to a multicomponent dark matter scenario, in which the � species is only one among
several dark matter particles (⌦� < ⌦

DM

). Alternatively, it can also be suggestive of dark matter with
a non-thermal origin (in which case eq. (27.2) does not apply), or of dark matter with interactions that
are not well-described by the e↵ective operator approach of eq. (27.1). Further discussion can be found in
Refs. [143, 144, 145, 146, 147, 148, 149, 150, 151].

1For non-thermal WIMPs or asymmetric dark matter, the annihilation cross-section does not have a naturally preferred
value, but the plots in Figure 27-2 are still meaningful.
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• Indirect Detection is potentially sensitive to dark matter interactions with all standard model particles,
through combinations of gamma-ray, cosmic ray, neutrino, and multi-wavelength observations. These
approaches are currently beginning to probe dark matter particles with annihilation cross sections
similar to that predicted for a simple thermal relic, and experimental sensitivities are expected to
improve significantly on several fronts within the coming decade. Discovery through indirect detection
requires understanding of astrophysical backgrounds, and prospects are often subject to uncertainties
in the dark matter distribution.

• Particle Colliders, such as the Large Hadron Collider, provide the opportunity to study dark matter
in a highly controlled laboratory environment, and are potentially sensitive to a wide variety of dark
matter models. Hadron (lepton) colliders are relatively insensitive to dark matter that interacts only
with leptons (hadrons). Unlike direct and indirect astrophysical searches for dark matter, colliders
will not be able to determine whether any newly discovered weakly interacting particle is stable and
cosmologically relevant, or merely long-lived on the timescales relevant to its detectors (⇠ 100 ns).

• Astrophysical Probes can be sensitive to the “warmth” of dark matter and to properties such as its
self-interaction strength. By measuring the impact of the dark matter properties on the structure
formation of the Universe, astrophysical probes may be able to identify departures from the cold,
collisionless dark matter paradigm.

27.5 Quantitative Complementarity

27.5.1 E↵ective Operator Description

Many of the qualitative features outlined above can be illustrated in a simple and fairly model-independent
setting by considering dark matter that interacts with standard model particles through four-particle contact
interactions, which represent the exchange of very heavy particles. While not entirely general, these
contact interactions are expected to work well to describe theories in which the exchanged particle mass
is considerably larger than the momentum transfer of the physical process of interest.

In this toy exercise, we consider a spin-1/2 dark matter particle, �, with the following generation-independent
interactions to quarks q, gluons g, and leptons ` (including neutrinos), respectively:

1

M2

q

�̄�µ�
5

�
X

q

q̄�µ�5q +
↵S

M3

g

�̄�Gaµ⌫Ga
µ⌫ +

1

M2

`

�̄�µ�
X

`

¯̀�µ` . (27.1)

Although we could have chosen many other interactions (e.g., operators with di↵erent Lorentz structures, or
involving other SM particles), these three are reasonably representative examples which capture many of the
phenomenological features most relevant for dark matter searches [135]. For example, the interactions with
quarks described above lead to spin-dependent elastic scattering with nuclei, while the interaction with gluons
mediates a spin-independent interaction. The coe�cients Mq, Mg, and M` each characterize the strength of
the interaction with the respective standard model particle. The values of the three interaction strengths,
together with the mass of the dark matter particle, m�, completely define this theory (at su�ciently low
energies) and allow one to predict the rates of both spin-dependent and spin-independent direct scattering,
the annihilation cross sections into quarks, gluons, and leptons, and the production rate of dark matter at
colliders [136, 137, 138, 135, 139, 140, 141, 142].

Each class of dark matter search outlined in Section 27.3 is sensitive to some range of the interaction
strengths for a given dark matter mass. Therefore, they are all implicitly capable of putting a bound
on that interaction’s contribution to the annihilation cross section into a particular channel. Since the
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• More specifically comparison to GC excess:
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FIG. 1. The results for fermionic DM annihilating through the s-channel exchange of a spin-0 mediator. The upper
frames correspond to the case of a Dirac fermion with either pseudoscalar-pseudoscalar (left) or pseudoscalar-scalar
interactions (right). The lower frames denote the same interactions, but for the DM as a Majorana fermion. In the
lower portion of each frame, the solid line represents the coupling strength required (as a function of the mediator
mass, mA) to produce a thermal relic abundance in agreement with the measured cosmological DM density (see
Appendix D). In the upper portion of each frame, we show the low-velocity annihilation cross section predicted, which
must fall between the two horizontal dashed lines if the normalization of the gamma-ray excess is to be accommodated.
Throughout this study, we have taken a value of 1 GeV for the width of the mediator, although the precise value of this
quantity has little impact on our conclusions. In the lower portion of each frame, the dotted line denotes the current
constraint from direct detection experiments (if not shown, the direct detection constraint is too weak to appear within
the boundaries of the plot). The dashed line represents the projected constraint from LHC mono-b searches [46], under
the (possibly tenuous) assumption that e↵ective field theory is valid in this application. For mediating particles heavier
than ⇠10 GeV, neither direct detection experiments nor the LHC constrains any of the models shown.

spin-1 mediator with vector interactions with both
the DM and with SM fermions.

We also show in these figures the projected con-
straints (95% CL) from mono-b [46] and actual
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FIG. 2. Similar to as shown in Fig. 1, but for fermionic DM annihilating through the s-channel exchange of a spin-1
mediator. The upper frames correspond to the case of a Dirac fermion with either vector-vector (left) or vector-axial
interactions (right). The lower frames denote the cases of a Dirac (left) or Majorana (right) fermion interacting through
axial-axial interactions. In the lower portion of each frame, the dashed lines denote the constraint from LHC mono-jet
searches [47], under the (possibly tenuous) assumption that e↵ective field theory is valid in this application. Only in
the case of a Dirac fermion with vector-vector interactions (upper left) do direct detection constraints rule out any of
the models shown (although XENON100 does restrict mV >⇠ 20 GeV in the case of axial-axial interactions).

constraints from mono-jet [47] plus missing energy
searches at the LHC (dashed lines).4 Although these
constraints do not rule out any of the models un-

4 The ATLAS Collaboration’s search for hadronically decaying
mono-W and mono-Z plus missing energy events has a sensi-
tivity that is comparable to that of their monojet search [48].
We do not additionally plot these limits here.

der consideration, it is possible that data taken af-
ter the upcoming energy upgrade could be sensitive
to such scenarios. We caution, however, that these
constraints are derived under the assumptions of ef-
fective field theory, whose applicability to the prob-
lem at hand is far from clear [34–37]. In particular,
these constraints are calculated under the assump-
tion that the mass of the mediator is well above that

Spin 0, 	


pseudoscalar coupling

Spin 1, 	


vec. coupling
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FIG. 4. Similar to as shown in the previous figures, but for scalar DM annihilating through the s-channel exchange of a
spin-0 mediator. The upper frames correspond to the case of a complex scalar with either scalar (left) or pseudoscalar
interactions (right). The lower frames denote the cases of a real scalar interacting through scalar (left) or pseudoscalar
(right) interactions. In the lower portion of each frame, the dashed lines denote the constraint from LHC mono-
W/Z searches, under the (possibly tenuous) assumption that e↵ective field theory is valid in this application. Direct
detection constraints exclude the case of a either a complex or real scalar with scalar interactions (left frames).

IV. DARK MATTER ANNIHILATING
THROUGH t-CHANNEL DIAGRAMS

In this section, we shift our focus to DM that is
described by the t-channel Lagrangian of Eq. 1. More
specifically, we consider Fermionic DM, �, that anni-
hilates into SM fermions via the t-channel exchange

of either a spin-0 mediator, A:

L � �̄(�
s

+ �
p

�5)fA+ f̄(�
s

� �
p

�5)�A†, (8)

or a spin-1 mediator, V
µ

:

L � �̄�µ(g
�v

+ g
�a

�5)fV
µ

+ f̄�µ(g
�v

+ g
�a

�5)�V †
µ

.
(9)

We also consider the case of a spin-1/2 mediator,

9

FIG. 5. Similar to as shown in the previous figures, but for vector DM annihilating through the s-channel exchange of a
spin-0 mediator. The upper frames correspond to the case of a complex vector with either scalar (left) or pseudoscalar
interactions (right). The lower frames denote the cases of a real vector interacting through scalar (left) or pseudoscalar
(right) interactions. Direct detection constraints exclude the case of a either a complex or real vector with scalar
interactions (left frames).

 , with either a scalar DM particle, �:

L �  ̄
�
�
s

+ �
p

�5
�
f�† + f̄

�
�
s

� �
p

�5
�
 �, (10)

or vector DM, X
µ

:

L �  ̄�µ
�
g
v

+ g
a

�5
�
fX†

µ

+ f̄�µ
�
g
v

+ g
a

�5
�
 X

µ

.
(11)

These models are di↵erent from s-channel scenar-
ios in three important ways. First, the t-channel me-
diator is required to carry the same quantum numbers

as the final state quarks, and thus is both colored and
charged. As a result, the mediator can be pair pro-
duced via QCD, making constraints from the LHC
significantly more restrictive [56–59]. Second, direct
detection constraints are in most cases much more
di�cult to evade, particularly in the case in which
the DM or the mediator couples to first generation
quarks [56–58]. Finally, there are two diagrams that
contribute to the scattering [56], as opposed to a sin-
gle diagram in the s-channel case, although the mag-

compelx scalar, 	


scalar coupling
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?



• Set first limits on some of these models with 8 TeV 

• Well motivated by recent finding (including Fermi-LAT) 

• With upcoming run can exclude scenarios and probe new ones
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FIG. 3: Results from a model-independent scan [62, 63] of the full parameter space in the minimal supersym-
metric model (MSSM), presented in the (m�,�

p
SI) plane (left panel) or the (m�,mLCSP) plane (right panel).

The models are divided into categories, depending on whether dark matter can be discovered in future direct
detection experiments (green points), indirect detection experiments (blue points) or both (red points). The
gray points represent models that may be discovered at the upgraded LHC, but escape detection in future
direct or indirect detection experiments.

2. Complete Models

The e↵ective theory description (1) of the dark matter interactions with standard model particles
is an attempt to capture the salient features of the dark matter phenomenology without reference
to any specific theoretical model. However, the complementarity between the di↵erent dark matter
probes seen in Fig. 2 persists also when one considers specific well-motivated theoretical models.
Among the many possible alternatives, low energy supersymmetry [61] has been the most popular
and widely studied extension of the standard model, and we shall use it here as our second example.
In supersymmetry, the DM candidate is generally the lightest neutralino �̃0

1, which is its own anti-
particle.

Even within the general framework of supersymmetry, there are many di↵erent model scenar-
ios, distinguished by a number of input parameters (⇠ 20). A model-independent approach to
supersymmetry is to scan over all those input parameters and consider all models that pass all
existing experimental constraints and have a dark matter candidate which could explain at least
a portion of the observed dark matter density [62]. Results from such model-independent scans
with over 200,000 points are shown in Fig. 3, where each dot represents one particular supersym-
metric model. Within each model, the dark matter interactions are completely specified and one
can readily compute all relevant dark matter signals. The models are categorized depending on
the observability of a dark matter signal in direct detection experiments (green points), indirect
detection experiments (blue points) or both (red points). The gray points represent models that
escape detection in dark matter experiments, but may be discovered at the upgraded LHC, if the
mass of the lightest colored superpartner is within mLCSP ⇠ 3 TeV. A sizable fraction of models
(the blue points) can only be seen in indirect detection (via ground-based gamma ray telescopes).
Another large fraction of models (the gray points) can only be seen at the LHC. Figure 3 demon-
strates that the three di↵erent dark matter probes nicely combine to discover most (albeit not all)
supersymmetry models in this scan.

indirect
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• MSSM scan plot on the left 
shows nicely 
complementarity

MSSM scans

Mastercode 

• However, I am missing how 
the plot on the right 
translates into an analysis 
recipe.
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