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Evidence for dark matter



[NASA Hubble ultra deep field]



A very famous plot

Dark Energy

Dark Matter

Ordinary Matter

68.3%

26.8%

4.9%

• Content of the universe estimated from cosmological observations
• Ordinary matter account only for ≃ 5% of the Universe
• Open question: what constitutes the remaining part?

What constitutes the universe?
[data from ESA Planck]
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Signs in the sky: galaxy rotation

• Plot the orbital velocity of the stars versus their radial distance
• The curve does not follow what is expected from the gravitational potential
created by the visible matter [Rubin 70s]

Rotational curves of spiral galaxies

[M
.D
e
Le
o]Messier 33
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Signs in the sky: galaxy clusters

• Virial theorem prediction: Ekin = − 1
2Epot

• [Zwicky 1930] finds discrepancy: Ekin ≃ 170×− 1
2Epot

Galaxy cluster dynamics

[N
AS
A,
ES
A]

Coma cluster
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Signs in the sky: the cosmic microwave background

• Temperature differences in the CMB as a function of the angular scale in
the sky

• The green curve is the best fit of the ΛCDM model (extraction of
cosmological parameters)

Temperature fluctuations

[ESA Planck]
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Signs in the sky: gravitational lensing

• Two colliding galaxy clusters→ study of the mass distribution
• In pink X-ray data, in blue the mass distribution inferred from gravitational
lensing effect

Gravitational lensing
[NASA/Chandra X-ray observatori/STScI/D. Clowe et al.]
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Dark matter candidates



Weighting Dark Matter

• There are also non “fundamental” explanations such as primordial black
holes

• Also the possibility of modifying the description of the gravitation
interaction on large scale has been studied

• This possibility however encounters difficulties in describing some of the
indirect signs of DM

Other possibilities: non-particle Dark Matter

[Directdetection
ofDM

-APPEC
com

m
ittee

report,2104.07634]
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Producing dark matter

• We observe a certain relic density of Dark Matter in the universe
• We assume that it consists possibly of a new particle (or more than one)
that interacts in some way with the Standard Model particles

• How can we arrive to have such a relic density?

How do we generate the observed DM content?

[NASA
W
M
AP]
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Dark Matter freeze out
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• In the early universe the DM is in thermal equilibrium with the SM particles
(χ̃χ←→ f̃f)

• The number density of the DM particle is given by nχ,eq =
∫ d3p

(2π)3
e−Eχ/T

• As the temperature drops, the interactions freeze out and we’re left with a
leftover density of DM particles

Thermal equilibrium, and then freezeout
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Dark Matter freeze out

• The dynamics is described by the Boltzmann equation

dnχ
dt

+ 3nχ
ȧ
a

= −
(
n2χ⟨σ

(
χχ→ f̄f

)
vrel⟩ − n2f ⟨σ

(̄
ff→ χχ

)
vrel⟩

)
• We then impose the principle of detailed balance

n2f ⟨σ
(̄
ff→ χχ

)
vrel⟩ = n2χ,eq⟨σ

(̄
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)
vrel⟩

• We are then left with

dnχ
dt

+ 3nχ
ȧ
a

= −⟨σ
(
χχ→ f̄f

)
vrel⟩

(
n2χ − n2χ,eq

)

Thermal equilibrium, and then freezeout
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Dark Matter freeze out
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Equilibrium

• With such a cross-section it
should be possible to observe DM
annihilating today in region of
high density

Annihilation today?

1. Equilibrium, efficient annihilation
of DM into SM particles and
vice-versa

2. The scattering of SM particles into
DM states is less efficient

3. No more equilibrium, freeze-out

The phases of freezeout

1. We obtain the observed relic
density for ⟨σ

(
χχ→ f̄f

)
vrel⟩ ≃

2.2× 10−26cm3/sec
2. SM-like couplings
3. Mass around O(100) GeV

The WIMP miracle

[Steigm
ann

etal.PRD
86

(2012)023506]
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Other mechanisms
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• Assume that the particle couples
very weakly with the SM states

• The relic density then slow
increases up to the currently
observed value

• Very small couplings means very
difficult/impossible to observe at
colliders

The FIMPS and the freeze-in

• Field oscillations around the minimum→ condenste→ Dark Matter
• Low mass axions are good DM candidates (O(1− 10)µeV)
• Not very well probed at the LHC (LHC most sensitive to ALPs of a few GeVs)

Axions
[Bernaletal.IJM

PA
32
(2017)27,1730023]
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Dark matter halo of the Milky Way

• The sun orbits the center of the Milky Way inside the Dark Matter halo
• Can we detect these particles?

Dark matter in the halo
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Indirect detection



Can we observe DM annihilation today?

• Can we observe the
annihilation of DM in
space?

• Assuming a WIMP, decay
into the SM particles
results in mainly a flux of
gamma rays, positrons
and neutrinos

Annihilation today?

[Baltz et al. ’03]
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Where to search for these signals?

1. Pros: possibility of probing the distribution of the DM density in the
Universe

2. Cons: affected by irreducible astrophysical backgrounds and fake signals
3. Cons: low statistics

Detecting annihilation

[NASA
Ferm

i]
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Limits from MAGIC and the Fermi-LAT satellite
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[FERM
I,M

AGIC,JCAP
02
(2016)039]

[FERM
I]

[M
AGIC]
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Cosmic rays

• Detecting particles such as positron or proton/anitproton is a more
complex endeavour

• These particles travel across the galaxy and are affected by it
• Non-trivial to estimate backgrounds from astrophysical systems
(e.g pulsars)

Cosmic rays detection

[GALEX,JPL-Caltech,NASA;APS]
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Positron excess

gradually vanishes and the average positron spectrum is
flattening from 7.10 to 27.25 GeV (green vertical band).
At higher energies, where solar modulation effects are
small [3], it exhibits a complex structure: a rise from
27.25 to 290 GeV (orange vertical band), a maximum at
∼290 GeV followed by a sharp fall.
Figure 2 shows the AMS result together with earlier

experiments [26–31]. The AMS data significantly extend
the measurements into the uncharted high-energy region.
To examine the energy dependence of the positron flux

in a model independent way, the flux spectral index γ is
calculated from the equation

γ ¼ d½logðΦeþÞ�=d½logðEÞ�; ð2Þ

over nonoverlapping energy intervals which are chosen to
have sufficient sensitivity to the spectral index. The energy
interval boundaries are 3.36, 5.00, 7.10, 10.32, 17.98,
27.25, 55.58, 90.19, 148.81, 290, and 1000 GeV that
combine several energy bins defined in Table SI of the
Supplemental Material [23]. The results are presented in
Fig. 3(a). They are stable against the variation of energy
interval boundaries as verified by shifting the boundaries to
higher and lower values by one or two energy bins [see
Fig. S3 of the Supplemental Material [23] ]. As seen in
Fig. 3(a), the positron spectral index exhibits complex
behavior. It decreases (softens) rapidly with energy below
∼7 GeV. In the energy range [7.10–27.25] GeV, it is nearly
energy independent, with an average γ ¼ −2.99� 0.01. It
then rises (hardens) to an average γ ¼ −2.72� 0.04 in the
energy range [55.58–148.81] GeV. Above 148.81 GeV
the spectral index experiences significant decrease
reaching γ ¼ −3.35� 0.32 in the highest energy interval
[290–1000] GeV.
To determine the transition energy E0 where the

spectral index starts rising, we use a double power-law
approximation

ΦeþðEÞ ¼
�
CðE=55.58 GeVÞγ; E ≤ E0;

CðE=55.58 GeVÞγðE=E0ÞΔγ; E > E0:
ð3Þ

A fit to data is performed in the energy range [7.10–
55.58] GeV. The results are presented in Fig. 3(b). The fit
yields E0 ¼ 25.2� 1.8 GeV for the energy where the
spectral index increases and χ2=d:o:f: ¼ 23=31. The sig-
nificance of this increase is established at more than 6σ, as
illustrated in Fig. S4 of the Supplemental Material [23].
The energy E0 corresponds to the start of a significant
excess of the positron flux compared to the lower-energy
trends. Note that the choice of the constant 55.58 GeV,
corresponding to the fit range boundary, defines only the
flux normalization C. It does not affect fitted values of
γ and Δγ.
To determine the transition energy where the spectral

index starts decreasing, we use Eq. (3) to fit the data in the
energy range [55.58–1000] GeV. The results are presented in
Fig. 3(c). The fit yields E0 ¼ 284þ91

−64 GeV for the energy of
the spectral energy decrease and χ2=d:o:f: ¼ 13=16. The
significance of the spectral index decrease at 284þ91

−64 GeV is
established at more than 3σ, as illustrated in Fig. S5 of the
Supplemental Material [23].
This complex behavior of the positron flux (as illustrated

in Fig. 3) is consistent with the existence of a new source of
high-energy positrons with a characteristic cutoff energy,
whether of dark matter [5] or other astrophysical [6] origin.
It is not consistent with the exclusive secondary production
of positrons in collisions of cosmic rays [32].
The accuracy of the AMS data allows for a detailed study

of the properties of the new source of positrons up to 1 TeV.
In this Letter, we present the analysis of the positron
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FIG. 1. For display purposes, the positron flux, Φeþ is tradi-
tionally presented scaled by Ẽ3. The resulting AMS positron
spectrum, Ẽ3Φeþ , (red data points) is shown as a function of
energy Ẽ. The time variation of the flux at low energies due to
solar modulation [3] is indicated by the red band. To guide the
eye, the vertical color bands indicate the energy ranges corre-
sponding to changing behavior of the spectrum: flattening, rising,
and falling spectrum (see text).
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FIG. 2. The AMS positron spectrum (Ẽ3Φeþ ) together with
earlier measurements from PAMELA [26], Fermi-LAT [27],
MASS [28], CAPRICE [29], AMS-01 [30], and HEAT [31].

PHYSICAL REVIEW LETTERS 122, 041102 (2019)

041102-5

• Several experiments detect an excess in the positron flux
• Most precise measurements from the Alpha Magnetic Spectrometer
(AMS-02) on board the International Space Station

• Open question whether this is a Dark Matter signal or an astrophysical
background

A possible sign of Dark Matter ... or not

[AM
S-02

PRL
122.041102(2019)]

[AM
S-02]
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Neutrinos from the Sun16 Dark Matter
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Figure 1.4: Illustration of the capture of WIMPs in the Sun, their annihilation and the resulting signal in
neutrinos observable in a neutrino experiment at Earth.

connecting WIMP losses and accumulations, where CC is the kinetic constant for cap-
ture, CA for annihilation, and CE for evaporation. WIMP evaporation occurs when ini-
tially captured WIMPs encounter a hard elastic scattering from the nuclei of the Sun,
which brings their velocity above the escape velocity. Calculations show that the evap-
oration term can be ignored for mχ >10 GeV [49]. Annihilation depends on the ther-
mally averaged product of the total annihilation cross-section and the relative particle
velocity 〈σannv〉 [14]. WIMP capture depends on the WIMP mass (mχ ), the local halo
density, the velocity profile relative to the nuclei in the Sun and the interaction cross-
section for the initial scatter process. For the calculation of the scattering probability
and kinetics a standard dark matter halo model is assumed with the Sun moving at
v� = 220 km/s through the ambient dark matter halo with a density of 0.3 GeV/cm3.
The velocity distribution in turn is assumed to follow a Maxwellian at the average speed
of vrms '

√
3/2v� = 270 km/s for the collision of Sun nuclei and WIMPs. The to-

tal scattering cross-section is composed from the two distinguishable spin-dependent
(σSD) and spin-independent (σSI) components.

The spin-dependent scatter process via the axial-vector interaction (σSD) happens
almost exclusively on hydrogen nuclei, protons [48]. For spin-independent scattering
processes via scalar interaction (σSI) the composition of the Sun has to be taken into
account, due to the dependency σSI∼A2 that can not be ignored for the heavier elements
in the core of the Sun1 [48]. For this calculation, that involves protons and neutrons and
detailed knowledge about the nuclear form factors of the elements because of nuclear
form factor suppression [14], the cross-section on protons is assumed to be identical to
the one on neutrons [51].

1The Sun’s composition is roughly: hydrogen 75%, helium 24%, oxygen 1%, the rest are heavier elements
up to iron [50]

• Another possibility is that the DM is captured by the sun and it annihilates
in its center

• We can detect these processes by looking at neutrinos coming from the sun

Detecting annihilation in the Sun

[Fig. from M.C.R. Zoll, PhD thesis]
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Neutrino detection
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• Neutrino telescope located at the South Pole
• Look at the interactions of high-energy neutrinos in the ice
• Observations interpreted in terms of limits to the cross-section of the dark
matter with ordinary matter

Icecube

[IceCube, 2111.09970]
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Direct detection



Principles of WIMP direct detection

Universe 2021, 7, 313 6 of 28

3.2. Dual-Phase LXe TPC Technology

The successful technology used by the XENON project to search for DM is based
on dual-phase time projection chambers containing LXe with a small gap of gaseous
Xenon (GXe) above it. A sketch of a dual-phase TPC and the signal production is shown in
Figure 1. The cylindrical TPC is read by two arrays of light sensors, usually photomultiplier
tubes (PMTs): one at the bottom immersed in LXe and one at the top facing the GXe region.
The LXe sensitive volume is enclosed between two electrodes that establish an electric
drift field: the cathode, negatively biased, at the bottom and the gate, grounded, at the
top, right below the GXe volume. The drift field is kept uniform by means of thin copper
rings properly biased and distributed along the vertical axis. A particle interaction in LXe
produces a prompt scintillation signal, called S1, which is detected by both PMT arrays
(in a larger fraction at the bottom due to internal reflection of scintillation photons at the
liquid–gas interface). The ionization electrons that do not recombine are drifted towards the
gaseous region at the top, where they are extracted by a strong electric field (O(10 kV/cm))
applied by an anode electrode placed close to the gate, above the liquid–gas interface.
Ionization electrons moving under a high electric field can acquire enough energy to excite
atoms in GXe and produce light via proportional scintillation (electroluminescence) [59].
The related signal, called S2, is recorded by both PMT arrays. The S2 signal is delayed with
respect to S1 by the electron drift time from the interaction site to the liquid–gas interface.

Eextraction

Edrift

particle

S1 S2

time

drift time 
(depth)

e- e-
e-hν

GXe

LXe

hν

Figure 1. Schematic view of the working principle of a dual-phase TPC. The prompt scintillation
signal (S1) is observed by both the top and bottom PMT arrays. Ionization electrons are drifted from
the interaction vertex towards the LXe/GXe interface by means of a uniform electric field (Edri f t)
between the cathode (bottom red) and gate (right below the liquid–gas interface, black) electrodes.
The S2 signal is formed via proportional scintillation triggered by electrons extracted in the gaseous
region. The intense extraction electric field (Eextraction) is established between the gate electrode and
the anode (top red). The top (bottom) screening electrode is also shown in black, right below (above)
the PMT array. The localized pattern of the S2 signal in the top PMT array is used to reconstruct
the interaction position in the (x, y) plane. The time delay between S1 and S2 informs about the
z-coordinate. The energy is reconstructed from the combination of both S1 and S2 signals.

• Different design for these experiments possible
• Most sensitive ones for searches in the WIMP range are based on concept
of the dual-phase Time Projection Chamber design

Dual-phase liquid Xenon detector design

[DiGangietal,XENON
coll.,Universe

2021,7,313]
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Dark matter experiments

• The largest experimenrts are the
ones of the XENON1T, LUX and
PandaX II collaborations

• Successor experiments are in the
process of being design and built
(e.g. comissioning of XENONnT is
currently ongoing)

TPC experiments

[X
EN
ON

1T
]

[LUX]
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Results
[Directdetection

ofDM
-APPEC

com
m
ittee

report,2104.07634]
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The DAMA excess

• DAMA sees an annual modulation
in the scattering rates detected by
their experiment

• In conflict with the results of
other experiments, but different
technology

• Other experiments are now trying
to reproduce the result (COSINE,
ANAIS), for the moment no signal
detected

A controversial result
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[R. Bernabei et al., Nucl.Phys.Atom.Energy 19 (2018)4]
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XENON1T low mass excess
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• Excess in electron-recoil signals
• Could be explained by light
particles such as solar axions

• Could be also background from
tritium

• Will be clarified quickly by the
XENONnT experiment

Another hint, this time at low-masses
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[XENON Coll., PRD 102 (2020) 7, 072004]
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Detecting axion in the halo of the galaxy

February 21, 2018
10

How to Search for Dark Matter Axions

The	Axion	Haloscope
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• Based on the reverse Primakov effect [Sikivie PRL 51, 1415; PRD 32, 2988]
• In a static magnetic field oscillations of the axion field induce oscillations
in the electric field with a frequency corresponding to the axion mass

• Detect the axion in the milky way halo

The haloscope concept

[ADM
X,C.Boutan]
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Limits on ALPs
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Producing Dark Matter in a
collider



The Large Hadron Collider
[CERN]
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Searching for DM at the LHC
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• One can consider a well-defined
extension of the Standard Model

• The couplings between the Dark
Matter and the Standard Model
state are well defined and will
produce a specific pattern of final
state particles

Explicit SM extensions
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• Look at signatures where one
produced two dark matter
particles in association with a
single SM signature (one jet, one
photon etc.)

• Generically earch for mediators in
decay channels to SM particles
(dijet, dilepton final states)

Model-independent approaches

Open questions in particle physics Emanuele A. Bagnaschi (CERN) 30 / 46
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Minimal Supersymmetric Standard Model extension
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• One of the most widely studied extension of the Standard Model
• It features a state called the neutralino which is the archetype WIMP Dark
Matter (if it is the lightest state of the model)

• Widely investigated at the LHC and at direct detection experiments – no
detection so far

• We do not have a clear prediction for the masses of the new states

The MSSM
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Searching for the neutralino
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• Neutralinos can be produced via a
Z (or W) boson in association with
another neutralino (chargino)

• Smaller cross-sections with
respect to the production via
decay of colored states but could
be cleaner

Electroweak production
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• Being the lightest MSSM state,
other the decay chains of the
other SUSY states always end with
one neutralino

• In specific scenarios can be also
produced as the decay of the
Higgs bosons of the MSSM

From the decays of colored/Higgs states
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Results from the LHC
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• Experimental collaborations presnts the results of their analysis in terms of
limits of SUSY simplified models

• Useful to understand the progress of the analyses
• Can be used for recasting by theorists for phenomenological studies

From the experiment to the theory

[ATLAS
EPJC

(2021)81:1118]

[CM
S
SUS-21-002-PAS]
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The neutralino as Dark Matter
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pMSSM11 w/ (g − 2)µ : best fit, 1σ, 2σ, 3σ

• To be compatible with the observed relic density in the universe, specific
mass-relationships between the particles states are required

• Clear prediction of the spectra, but due to the current exp. constraints only
very specific regions with “ degenerate” spectra or the so-called “funnel”
regions are possible

Patterns of the MSSM

[ATLAS
JHEP

10
(2015)134]

[Bagnaschietal.EPJC
78
(2018)3,256]

Open questions in particle physics Emanuele A. Bagnaschi (CERN) 34 / 46



Spin-independent scattering cross-section
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• Complementarity of collider searches vs direct-detection searches.
• Relieving (g− 2)µ allows for light higgs funnel/Z funnel/t-channel-stau
regions to appear at the 2σ and 3σ level.

Correlating collider and non-collider constraints

[Bagnaschietal.EPJC
78
(2018)3,256]
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Spin-dependent scattering cross-section
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• PICO-60 results touch the 3σ contours.
• We cross-checked for a selection of points that IC constraints are relevant
only for a minority of points in our sample.

Correlating collider and non-collider constraints

[Bagnaschietal.EPJC
78
(2018)3,256]
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Dark Matter Simplified Models
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• Capture the “essence” of dark matter physics in a simplified model
• In their simples incarnations, we add one state that is our Dark Matter
particle and another state that is the mediator between the Standard
Model and the DM

• We can then search for both the production of the DM and of the mediator
at the LHC

Simplified descriptions
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LHC Results

• Different searches effective for different mass combinations
• Strong sensitivity to the values of the couplings

Collider probes
[ATLAS ATL-PHYS-PUB-2021-045]
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LHC - direct detection interplay

• Complementarity between LHC and direct detection experiments
• LHC covers more efficiently the mass range, direct detection experiments
gets to lower cross-sections

Collider vs direct detection [ATLAS ATL-PHYS-PUB-2021-045]
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Outlook



Future direct detection experiments
[Directdetection

ofDM
-APPEC

com
m
ittee

report,2104.07634]
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Future indirect detection experiments

146 CHAPTER 9. DARK MATTER AND DARK SECTORS
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Fig. 9.2: Current constraints on the DM self-annihilation cross section into b̄b from Fermi LAT
(dSph) [562] and H.E.S.S. Galactic Centre (GC) [563], and expected future reach with the CTA
and additional dwarfs found by LSST [564]. Also shown as red (blue) lines the annihilation
cross sections for pure Higgsino (Wino) DM in the vecinity of DM masses yielding the correct
relic density (the thick regions indicating the correct relic density, from [565]), as well as the
parameter range preferred by the Fermi GeV excess [562,566]. The H.E.S.S. constraints weaken
significantly if the DM profile at the Galactic centre is cored, leaving pure Wino DM consistent
with H.E.S.S. and Fermi observations (see text for details).

from gamma-ray observations of dwarf spheroidal (dSph) galaxies. Recent analyses (based on
a few dozen dSphs) exclude s-wave annihilating WIMPs into b̄b with masses between about
5 and 80 GeV [562] (Fig. 9.2). Arguably the best example for a DM annihilation signal can-
didate is the so-called ‘Fermi GeV excess’ [566], an excess emission of GeV photons in the
inner Galaxy. It is marginally consistent with dSph and antiproton constraints. Astrophysical
interpretations of the excess will be probed with upcoming radio observations (millisecond pul-
sar searches [567]), while collider experiments can test the dark matter origin. For instance, if
interpreted in terms of 60 GeV dark matter in supersymmetric models (consistent with dSphs,
see Fig. 9.2), the decays of heavy CP-odd and CP-even scalars into τ-pair provides a possible
target for the HL-LHC [568]. In a simple model with a scalar mediator and fermionic Dirac
DM with b̄b annihilation channel, effects on the Higgs signal strength and exotic Higgs decay
can be probed with prospective future colliders such as ILC and FCC-hh [569]. Furthermore,
DM annihilation into b̄b or other hadronic final states contributes significantly to the cosmic-ray
antinuclei flux observed at Earth [570]. Future probes of DM annihilation into hadronic final
states (sensitive to the Fermi GeV excess), will come from anti-deuteron measurements with
the balloon experiment GAPS (around 2021 [571]) and AMS-02.

The future LSST has the potential to discover hundreds of additional dSphs [564], which
together with Fermi LAT data can improve limits from dSph galaxies by a factor of around five.
The upcoming Cherenkov Telescope Array (CTA) is expected to strengthen current H.E.S.S.
constraints by a factor of about ten [572, 573], see Fig. 9.2. Furthermore, neutrino observations

• The Cherenkov Telescope Array (CTA) will be the next large experiments for
indirect DM detection

• Two arrays of Cherenkov telescopes, one (north site) in La Palma, in Spain,
and one (south site) in Paranal, Chile.

CTA
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Future colliders

2 N. AMAPANE et al.

1. – Introduction to a Muon Collider

Active discussions are ongoing about the next possible accelerator that would best
complement or even replace the LHC as the main instrument for consolidating the present
knowledge of the Standard Model (SM) and searching for Beyond Standard Model (BSM)
processes. The two most discussed classes of such accelerators are hadron-hadron and
electron-positron colliders, possessing either very high centre-of-mass energy or very clean
collision environment, respectively. Given that we still do not have clear evidences where
new physics could be found, the ideal future discovery machine should possess both a
high energy reach, for a direct observation of potential BSM particles, and the capability
of high-precision measurements of SM processes, to find deviations from its predictions.
An attractive solution in this scenario is a muon collider, which provides the same clean
collision environment as electron-positron colliders, but thanks to the much smaller syn-
chrotron radiation from muons allows to efficiently accelerate the beams to multi-TeV
energies [1].

Studies of neutrino factories and muon colliders have been on-going since the 1990’s
in the USA within the Muon Accelerator Program (MAP) [2], where muons are produced
through the decay of pions obtained from the collision of protons with a fixed target [3].
Muons that originate from pion decays at the material surface can be produced at a
very high intensity, sufficient for a muon collider, but the resulting muon beams have
very large emittance, which has to be reduced before accelerating the beams to collision
energy. Therefore, a dedicated muon cooling section is foreseen as an intermediate step
in the MAP accelerator concept, where emittance in the longitudinal and transverse
planes is reduced to achieve sufficient luminosity, as shown in fig. 1. The ionisation
cooling concept in the transverse plane has been tested by the MICE experiment at the
Rutherford Appleton Laboratory, finishing its program with positive results which are
now public [4]. The longitudinal cooling has not been put to test yet.

2. – LEMMA concept

The Low EMittance Muon Accelerator (LEMMA) program [6] is studying the possi-
bility of a muon collider with performance similar to that of MAP, but with muon beams
produced already with small emittance, eliminating the need for a complex and expensive
ionisation cooling system. In this scheme muons are produced from annihilation of a high
intensity positron beam with electrons in a fixed target at the centre-of-mass energy of
the e+e− → μ+μ− production threshold, which corresponds to a positron beam energy

 

Fig. 1. – MAP accelerator concept. The proton beam interacts with the target to produce
muons, which are then cooled by a sequence of passive absorbers and reaccelerated to recover
the lost longitudinal momentum.

[IL
C]

[CERN]

[Amapane et al. Nuovo Cim.C 42 (2020) 6, 259]
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Future colliders – supersymmetry
8.3. SUPERSYMMETRY 123
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Fig. 8.9: Exclusion reach for Wino-like lightest chargino (χ̃±1 ) and next-to-lightest neutralino
(χ̃0

2 ) from hadron and lepton colliders.

to
√

s/2 for ∆m as low as 0.5 GeV, while CLIC1500 and CLIC3000 allow a reach up to 650 GeV
and 1.3 TeV, respectively [454]. Monojet searches at hadron colliders can again complement
the reach for scenarios with small ∆m [443]. The soft decay products of the NLSP are not re-
constructed and the sensitivity solely depends on the production rate of EWkinos in association
with an ISR jet. The reach of different colliders are illustrated by the hatched areas of Fig. 8.10
for an indicative ∆m < 1 GeV. The sensitivity deteriorates at larger ∆m, due to the requirements
on additional leptons or jets. No attempt is made to evaluate this loss here, which is expected
to become relevant for ∆m≈ 5 GeV and above. Prospects for ep colliders (LHeC and FCC-eh)
performed using monojet-like signatures [139] are also shown in Fig. 8.10.

A special case arises when the lightest neutralino is either pure Higgsino or Wino. The
chargino-neutralino mass splitting is around 340 MeV and 160 MeV respectively, and the
chargino has a correspondingly long lifetime, which can be as large as several picoseconds.
The value of pmiss

T is small unless the pair-produced EWkinos recoil against an ISR jet. Taking
advantage of the long lifetime of the charginos, which can result in decays in the active volume
of the tracker detector, searches for disappearing charged tracks can be performed at hadron
colliders [443]. As an example, at the HL-LHC, studies using simplified models of χ̃

±
1 produc-

tion lead to exclusions of chargino masses up to m
χ̃
±
1

= 750 GeV (1100 GeV) for lifetimes of
1 ns for the Higgsino (Wino) hypothesis. When considering the lifetimes corresponding to the
chargino-neutralino mass splittings given above (leading to thermal relic dark matter candidates
and referred to as pure Higgsino and pure Wino, respectively), masses up to 300 (830) GeV can
be excluded. The reach for all facilities is illustrated in Sect. 8.5. Analyses exploiting displaced
decays of the charged SUSY state have been studied also for lepton colliders, e.g. CLIC3000
(using charge stub tracks [345]), and for ep colliders (using disappearing tracks [458]).
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Fig. 8.14: Summary of 2σ sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

representative examples [483] are chosen.
In both cases, the DM particle is a massive Dirac fermion (χ). In the first example,

the mediator is a spin-1 particle (Z′) coupled to an axial-vector current in the Lagrangian as
−Z′µ(gDM χ̄γ

µ
γ5χ +g f ∑ f f̄ γ

µ
γ5 f ), where f are SM fermions. This model is particularly inter-

esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (φ ) with interactions φ(gDM χ̄χ − g f ∑ f y f f̄ f/

√
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb−1 of LHC data [484] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [443, 485]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
consistent with the analysis performed in [139]. Estimates for FCC-hh, in the case of the scalar
model, are taken from [486]. Estimates for low-energy FCC-hh (LE-FCC) are generated from
the collider reach tool alone. Complementary dijet-resonance constraints for the axial-vector

• Future colliders will continue in their search for supersymmetry
• Linear colliders more efficient in the compressed region
• Hadron collider reach larger masses due to their higher center of mass
energy

Supersymmetry reach
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Future colliders – DMSMs
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Fig. 8.15: Summary of 2σ sensitivity to axial-vector and scalar simplified models at future
colliders for a DM mass of MDM = 1 GeV and for the couplings shown in the figure. References
and details on the estimates included in these plots can be found in the text.

model are taken from [448,486]. For the lepton colliders, the CLIC monophoton estimates were
provided privately by the CLICdp collaboration and all other lepton collider estimates are taken
from [487]. For CEPC estimates, without considering systematic uncertainties, see [488]. It is
clear from these estimates that future colliders can provide sensitive probes of DM, potentially
revealing evidence for invisible particle production, even for very massive mediators.

Searches at high-energy hadron colliders have the best reach for the visible decays of
multi-TeV mediator particles. Going beyond the HL-LHC reach for those same resonances
in the mass region between 10 GeV and 1 TeV is still possible with an increased dataset at
hadron colliders (see Sect. 8.6 and e.g. Ref. [489]), but it is inherently more challenging than
for lepton colliders. It is often the case that signatures of sub-TeV resonances at hadron col-
liders are indistinguishable from those of their high-rate backgrounds, especially considering
the impact of simultaneous pp interactions on searches for hadronically decaying resonances at
high-luminosity hadron colliders. Since it is generally not possible to record all events in their
entirety for further analysis, as doing so would saturate the experiment data-acquisition and
trigger systems, maintaining the sensitivity for sub-TeV resonances at hadron colliders requires
the employment of specific data-taking and analysis techniques [490] (see also Chapter 11).

The discovery of invisible particles at a collider experiment does not imply that those
invisible particles constitute the cosmological dark matter; for that, it would be necessary to
compare collider results to direct and indirect detection experiment, as well as to astrophysical
observations (e.g. the dark matter relic density). The comparison of the sensitivity of experi-
ments at future colliders and direct/indirect detection experiments searching for dark matter for
the models in this section can be found in Chapter 9.

8.6 Feebly-interacting particles
Unknown particles or interactions are needed to explain a number of observed phenomena and
outstanding questions in particle physics, astrophysics and cosmology. While there is a vast
landscape of theoretical models that try to address these puzzles, on the experimental side most
of the efforts have so far concentrated on the search for new particles with sizeable couplings
to SM particles and masses above the EW scale. An alternative possibility, largely unexplored,
is that particles responsible for the still unexplained phenomena are below the EW scale and
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Fig. 8.15: Summary of 2σ sensitivity to axial-vector and scalar simplified models at future
colliders for a DM mass of MDM = 1 GeV and for the couplings shown in the figure. References
and details on the estimates included in these plots can be found in the text.

model are taken from [448,486]. For the lepton colliders, the CLIC monophoton estimates were
provided privately by the CLICdp collaboration and all other lepton collider estimates are taken
from [487]. For CEPC estimates, without considering systematic uncertainties, see [488]. It is
clear from these estimates that future colliders can provide sensitive probes of DM, potentially
revealing evidence for invisible particle production, even for very massive mediators.

Searches at high-energy hadron colliders have the best reach for the visible decays of
multi-TeV mediator particles. Going beyond the HL-LHC reach for those same resonances
in the mass region between 10 GeV and 1 TeV is still possible with an increased dataset at
hadron colliders (see Sect. 8.6 and e.g. Ref. [489]), but it is inherently more challenging than
for lepton colliders. It is often the case that signatures of sub-TeV resonances at hadron col-
liders are indistinguishable from those of their high-rate backgrounds, especially considering
the impact of simultaneous pp interactions on searches for hadronically decaying resonances at
high-luminosity hadron colliders. Since it is generally not possible to record all events in their
entirety for further analysis, as doing so would saturate the experiment data-acquisition and
trigger systems, maintaining the sensitivity for sub-TeV resonances at hadron colliders requires
the employment of specific data-taking and analysis techniques [490] (see also Chapter 11).

The discovery of invisible particles at a collider experiment does not imply that those
invisible particles constitute the cosmological dark matter; for that, it would be necessary to
compare collider results to direct and indirect detection experiment, as well as to astrophysical
observations (e.g. the dark matter relic density). The comparison of the sensitivity of experi-
ments at future colliders and direct/indirect detection experiments searching for dark matter for
the models in this section can be found in Chapter 9.

8.6 Feebly-interacting particles
Unknown particles or interactions are needed to explain a number of observed phenomena and
outstanding questions in particle physics, astrophysics and cosmology. While there is a vast
landscape of theoretical models that try to address these puzzles, on the experimental side most
of the efforts have so far concentrated on the search for new particles with sizeable couplings
to SM particles and masses above the EW scale. An alternative possibility, largely unexplored,
is that particles responsible for the still unexplained phenomena are below the EW scale and

• Dark Matter Simplified Models are a good benchmark to understand the
capability of the machines

• However no prediction for the mass

DMSMs reach
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Muon collider
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• The muon collider is a more experimental concept
• However it would be able to probe more efficiently various DM candidates

Muon collider reach
[Bottaro et al., EPJC 82 (2022) 1, 31]
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Summary

• Understanding the nature of Dark Matter remains one of the most
important open task of particle physics

• To properly address this challenge we need a coordinated approach across
domains, raning from astro-particle to collider/lab experiments

• Many possibilities are still open and they will be explored by the current
and future generations of experiments

Summary
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