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Dark matter: candidates
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• Baryonic Dark Matter 
- Cold molecular gas 
- Massive compact halo objects (MACHOs) 

- brown dwarfs, planets, (black holes) 

• Non-baryonic Dark Matter 
- Thermal 

- neutrinos 
- weakly interacting massive particles (WIMPS) 
- gravitino 
- black holes 

- Non-thermal 
- axions
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Dark Matter (DM) candidates
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• Cold molecular gas 
• must be cold (i.e. not emitting radiation) 

because they are not observed 
• Many arguments against: 

- baryonic matter (in contradiction with 
CMB observations) 

- must be present in large quantities 
- would absorb light form distant objects 

 
⇒ not a likely DM candidate 

• Primordial black holes (BH) 
• To be counted as DM, primordial 

BHs must have been formed before 
the Big Bang nucleosynthesis 
(otherwise they would have been 
counted in the baryonic matter Ωb) 

• Only very special models are allowed 
 
⇒ BHs are not good candidates for DM 

• MACHOs 
- Massive compact halo objects: brown 

dwarfs, black holes, planets 
• Micro-lensing technique: 

- light amplification of distant star 

- duration  
 
 
 
 
 
 
 
 
 
 
 

• “MACHO” and “EROS” collaborations: 
- MACHOs contribute to less than 8% 
of the halo mass

≈ (mMACHO)1/2
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Baryonic dark matter

EHT collaboration
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• Express the DM density ΩDM as a function of annihilation cross 
section and mass 
 

-  is the mass of the DM particle 

-  is the thermal-averaged annihilation cross section 

• Both  and  are unknown 
⇒ present the experimental 
results in the  (or ) 
versus  plane

MDM

⟨σAv⟩

MDM σ

⟨σAv⟩ σ
MDM
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Dark Matter “relic” particles

Example

‣ Direct detection from interaction with nuclei 
⇒ recoil ⇒ low sensitivity for low MDM 

‣ At fixed  (i.e. fixed density), the number of DM 
particles decreases for higher  ⇒ lower probability 

for interaction ⇒ low sensitivity for high 

ΩDM
MDM

MDM

⌦DM / MDM

h�Avi

⟨σAv⟩

MDM

excluded

allowed
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• Light neutrinos 
- constrained by structure formation 

-  

- cannot contribute to more than  

• Heavy neutrinos 
-  (as required by LEP experiment) 

- must be "sterile" (to minimise interactions) 
- stable 

- why would a heavy neutrino be stable? 
- what quantum number could make it stable? 
- no obvious candidate... 

- too large mean free path to constitute galactic halo

∑ mν < 0.5 − 1.0 eV

Ων < 0.01

mν > mZ /2
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Relic neutrinos
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• Supersymmetry: 
- relates fermions and bosons: 

- each SM fermion has a spin 1 SUSY partner: 
quarks (spin 1/2) → squarks (spin 1) 
leptons (spin 1/2) → sleptons (spin 1) 

- each SM boson has a spin 1/2 SUSY partner: 
gauge bosons (spin 1) → gauginos (spin 1/2) 
Higgs boson (spin 1) → Higgsino (spin 1/2) 

-  if perfect symmetry 

⇒ SUSY is a broken symmetry at low energies 

- SUSY mass scales ≈ 1TeV

mparticle = msparticle
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Supersymmetry (SUSY)

SM SUSY

Spin 1/2
quarks 
leptons
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• -parity: 
‣   

 for particles 
 for sparticles 

‣  must be conserved to avoid proton decay 

• Consequence of -parity conservation: 
- sparticles are produced in pairs 
- Higgsino-gaugino mixing 
⇒ eigenstates called neutralino ( ) 

• The lightest neutralino  is stable, heavy, and it interacts weakly 
                ⇒ excellent Dark Matter candidate

R
R = (−1)2J+3B+L

= + 1
= − 1

R

R

χ0

χ0
1
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SUSY: -parityR
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20 Critical density (2020 : p.153)
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At the present time :
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The critical density, ⇢c, is defined as the density needed for the geometry to be flat, k = 0 :

k = 0 ) ⇢c =
3H

2
0

8⇡G
. (151)

21 CMB anisotropies (2020 : p.171)

Anisotropies are expressed using spherical harmonics :

T (✓,�) =

X

l,m

almYlm(✓,�) . (152)

Monopole :
T� = 2.7255± 0.0006K (! a00) . (153)

Dipole (l = 1) :
T = 3.3645± 0.0020mK (! a10) (154)

) v = 370 km/s of the solar system relative to the CMB.
Higher orders (l � 2) :
Isotropy ) all values of m are equivalent ) sum overall m is (2l+1)Cl/(4⇡), with Cl ⌘

⌦
|a2lm|

↵

(experimentally, use (2l + 1)Cl/(2⇡) because of correlations).

22 Thermal averaged annihilation cross-section (2020 : p.179)

(add drawing : cylinder or length v�t and cross-section �)

23 R parity (2020 : p.182)

J B L R

quarks 1
2

1
3 0 +1

leptons 1
2 0 1 +1

squarks 1
1
3 0 �1
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• Relic neutralino 
density: 

 

• If , 
and weak scale 
⇒  

 

• The neutralino is a good DM candidate

h2Ωχ ≈ 0.1 pb/⟨σβ⟩

mχ ≈ 100 GeV
σ ≈

Ωχ ≈ ΩDM
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SUSY: Neutralino

F.Blanc,  Neutrinos and Dark Matter, Spring 2014

SUSY: Neutralino

• Relic neutralino
density:
h2Ωχ ≈ 0.1pb  / ⟨σ β⟩

• If mχ ≈ 100GeV,
and σ ≈ weak scale
⇒ Ωχ ≈ ΩDM 

• The neutralino is a good DM candidate

11

A.Hicheur, Cours de Master "Neutrinos et MatiA.Hicheur, Cours de Master "Neutrinos et Matièère noire", Printemps 2009re noire", Printemps 2009
2424
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• Axions were postulated to solve the strong  problem: 
- strong interactions show no  violation, while QCD has terms naturally violating   

- introduce a scalar field that has its minimum such that  is conserved 

- new scalar field ⇒ new particle (axion) 

- mass of order  
- sort of light  , weakly coupling to photon pairs 

• Axions are DM candidates 
- non-thermal (e.g. produced in 

particle decays) 
- axino (axion’s SUSY partner) is 

also a DM candidate 

• Several searches in terrestrial (red), 
astrophysical (green + blue) 
and QCD (orange) 

CP
CP CP

CPQCD

10−5 − 10−2 eV/c2

π0
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Axions

4 90. Axions and Other Similar Particles

10�
12

10�
11

10�
10

10�
9

10�
8

10�
7

10�
6

10�
5

10�
4

10�
3

10�
2

10�
1

100
101

102
103

104
105

106
107

ma [eV]

10�19

10�18

10�17

10�16

10�15

10�14

10�13

10�12

10�11

10�10

10�9

10�8

10�7

10�6

|g
a�

�
|[

G
eV

�
1 ]

KSVZ

DFSZ

A
D

M
X

O
R

G
A

N

R
B

F+U
F

C
A

PP

Q
U

A
XB

A
SE

A
D

M
X

SLIC

MWD X-rays

MWD
Polarisation

M
U

SE V
IM

O
S

�

XMM-Newton

INTEGRAL
NuSTAR

Leo
T

Neutron stars

Figure 90.1: Exclusion plot for the ALP-photon coupling. Figure courtesy of Ciaran O’Hare
[61], contains exclusions from refs. [62–168]. Constraints in red are from terrestrial experiments.
ABRA 10 cm, SHAFT, BASE, ADMX SLIC, ADMX, RBF+UF, CAPP, QUAX, and ORGAN
search for axion DM and assume the axion in 100% DM; CROWS. ALPS-I, OSQAR, PVLAS are
light-shining-through-walls experiments that are purely terrestrial, while CAST searches for axions
produced in the Sun with no DM assumption. Those shown in green are astrophysical but make
no assumption about axions being DM. See text for details regarding the orange band expectation
for the QCD axion and assumptions for blue high mass axion astrophysical limits.

The interaction with fermions f has derivative form and is invariant under a shift a æ a + a0
as behooves a NG boson,

Laff = Cf

2fa
ˆµa Œ̄f “

µ
“5Œf . (90.8)

Here, Œf is the fermion field, mf its mass, and Cf a model-dependent coe�cient. The dimensionless
combination gaff © Cf mf /fa plays the role of a Yukawa coupling and –aff © g

2
aff /4fi of a “fine-

structure constant.” The often-used pseudoscalar form Laff = ≠i (Cf mf /fa) a Œ̄f “5Œf need not be
equivalent to the appropriate derivative structure, for example when two NG bosons are attached
to one fermion line as in axion emission by nucleon bremsstrahlung [169–171].

In hadronic axion models, Ce vanishes at tree level, but is then generated radiatively at one
loop [172,173],

Ce ƒ
3–

2

4fi2

5
E

N
log

3
fa

me

4
≠ 1.92 log

3
»‰

me

46
, (90.9)

where »‰ ƒ 1 GeV is the chiral symmetry breaking scale. In the DFSZ model [47,48], the tree-level
coupling coe�cient to electrons is [172]

Ce = sin2
—

3 , (90.10)

31st May, 2024
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• Dark photons : 
- electrically neutral 
- vector bosons (spin 1) 
- mass  

• Production through multiple processes, e.g. 
- scattering:     

- annihilation:  

• Searches: 
- experiments sensitive to masses in the range  
- direct detection via electromagnetic or gravitational interactions

V

mV < 2me ⇒ stable

γe± → Ve±

e+e− → Vγ

10−22 − 10−2 eV

172

Dark photons
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• Most extensions of the SM have DM candidates 
• Extra dimensions: unification of SM interactions and gravity ⇒ branes 
⇒ Kaluza-Klein excitations lead to stable fields 

• Other exotic models: 
- topological solitons 
- gravitino (graviton’s spin 3/2 partner) 

- difficult to test experimentally 

- modification of gravity 
- [and many more]

173

Other DM candidates

cf. PDG [pdg.lbl.gov]
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Detection of dark matter
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FIGURE 2. Simulated GLAST allsky map of neutralino DM annihilation in the Galactic halo, for a fiducial observer located 8
kpc from the halo center along the intermediate principle axis. We assumedMχ = 46 GeV, ⟨σv⟩ = 5×10−26 cm3 s−1, a pixel size
of 9 arcmin, and a 2 year exposure time. The flux from the subhalos has been boosted by a factor of 10 (see text for explanation).
Backgrounds and known astrophysical gamma-ray sources have not been included.

DM ANNIHILATION ALLSKY MAP

Using the DM distribution in our Via Lactea simulation, we have constructed allsky maps of the gamma-ray flux from
DM annihilation in our Galaxy. As an illustrative example we have elected to pick a specific set of DM particle physics
and realistic GLAST/LAT parameters. This allows us to present maps of expected photon counts.
The number of detected DM annihilation gamma-ray photons from a solid angle ΔΩ along a given line of sight (θ ,

φ ) over an integration time of τexp is given by

Nγ (θ ,φ) = ΔΩ τexp
⟨σv⟩
M2
χ

[

∫ Mχ

Eth

(

dNγ
dE

)

Aeff(E)dE
]

∫

los
ρ(l)2dl, (2)

where Mχ and ⟨σv⟩ are the DM particle mass and velocity-weighted cross section, Eth and Aeff(E) are the detector
threshold and energy-dependent effective area, and dNγ/dE is the annihilation spectrum.
We assume that the DM particle is a neutralino and have chosen standard values for the particle mass and annihilation

cross section:Mχ = 46 GeV and ⟨σv⟩= 5×10−26 cm3 s−1. These values are somewhat favorable, but well within the
range of theoretically and observationally allowed models. As a caveat we note that the allowed Mχ -⟨σv⟩ parameter
space is enormous (see e.g. [7]), and it is quite possible that the true values lie orders of magnitude away from the
chosen ones, or indeed that the DM particle is not a neutralino, or not even weakly interacting at all. We include only
the continuum emission due to the hadronization and decay of the annihilation products (bb̄ and uū only, for our low
Mχ ) and use the spectrum dNγ/dE given in [8].
For the detector parameters we chose an exposure time of τexp = 2 years and a pixel angular size of Δθ = 9 arcmin,

corresponding to the 68% containment GLAST/LAT angular resolution. For the effective area we used the curve
published on the GLAST/LAT performance website [9] and adopted a threshold energy of Eth = 0.45 GeV (chosen to

•  from galactic 
rotation curves 

• DM galactic 
simulations: 
- central cusp 
- DM clumps 

- “hot spots” for signals 
 

• DM could also accumulate gravitationally in stars after multiple 
scattering 

• Isotropic DM velocity in galaxy 
⇒ annual modulation from Sun-Earth movement

ρDM ∼ 1/r2

175

Galactic Dark Matter
astro-ph:0704.0944
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I. Direct detection 
- interaction of halo DM in detectors 

- generally underground detectors 

II.Indirect detection 
- SM signals from the annihilation of DM particles 

(e.g. ) 

III.Creation of DM particle candidates at accelerators 
- e.g. high-energy collisions producing SUSY

χ + χ → γ + γ
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Detection of Dark Matter

χ χ

SM SM
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χ
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χ
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• WIMP interactions in the detector: 
- scattering on nucleus 
→ 3 types of signals: 

- ionisation ⇒ electric pulse 

- scintillating light ⇒ photons 

- emission of phonons 
⇒ detected as heat increase 

(≈10mK ⇒ necessity for cryogenics) 

- Background rejection: 
- deep underground to reject cosmic noise 
- reject neutrons and radioactivity with thick walls 
- use energy deposition topology to distinguish 

recoiling nuclei (signal) from recoiling 
electrons 

- annual modulation

177

Direct detection experiments
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• Italy-China collaboration, 
at Gran Sasso 

• 250kg NaI(Tl) crystals 
- highly radio-pure scintillators 

• Significant annual modulation 
 
 
 
 
 
 

• ...but controversial result: 
- questions about background control 
- not observed by other experiments... until...
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Figure 1: Experimental model-independent residual rate of the single-hit scintillation
events, measured by DAMA/LIBRA,1,2,3,4,5,6 in the (2 – 4), (2 – 5) and (2 – 6)
keV energy intervals as a function of the time. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment [15]. The
experimental points present the errors as vertical bars and the associated time bin
width as horizontal bars. The superimposed curves are the cosinusoidal functions
behaviors A cosω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained
by best fit over the whole data including also the exposure previously collected by
the former DAMA/NaI experiment: cumulative exposure is 1.17 ton × yr (see also
ref. [15] and refs. therein). The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2nd), while the dotted vertical lines correspond to
the minimum. See text.

5

Interpretations: 
mχ ≃ 50GeV and  σχp≃7×10–6 pb 

or 
mχ ≃ 6–10GeV and  σχp≃1×10–3 pb
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• Dark matter search experiment 
at Soudan Lab (USA) 

• Since December 2009 
• A single high-purity 440g 

Germanium detector, operated 
at low temperature 

• Observe a 2.8σ significant 
modulation! 

• Unknown source, but 
incompatible with cosmic 
muons ⇒ ∼7GeV Dark Matter 

candidate [?]
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are taken to ensure that this noise is as stable as possible:
for instance, by automatically refilling the detector liquid
nitrogen Dewar every 48 h, the crystal temperature and its
associated leakage current are held as constant as possible.
The second panel shows the stability of the trigger thresh-
old, derived from the difference between the daily average
baseline DC level in the triggering channel and a constant
(digitally fixed) discriminator level. The small excursions
observed correspond to a temperature drift in the digitizers
(NI 5102) and shaping amplifier (Ortec 672) of !1" C.
These small instabilities do not result in any minor smear-
ing of the energy resolution, given that the amplitude of
each event is referenced to its individual pretrigger DC
level. The effect of this small baseline drift should instead
be envisioned as a maximum shift of the threshold effi-
ciency curve in Fig. 1 by about #10 eV. The third panel
shows the calculation of by how much such a shift can
affect the counting rate in the region 0:5–0:9 keVee.
This calculation includes the exponential spectral shape

observed there. The correction is referenced to the date of
the threshold efficiency calibration employed (small arrow
in Fig. 3) and found to be negligible at less than 0.1%. This
correction would be larger for events below 0:5 keVee, not
considered here, and even smaller for count rates in
broader energy regions starting at 0:5 keVee. The fourth
panel indicates the magnitude of the correction required to
account for the exponential decay of L-shell EC radio
isotopes, prior to an annual modulation analysis. This
correction affects the 0:4–1:6 keVee region (Fig. 1), where
a light-WIMP can express a modulated signature. The
uncertainties in this correction, indicated in Fig. 3 in
parentheses, are modest even at the present exposure. A
direct comparison of these predictions with the low-energy
spectrum, as done in Fig. 1, demonstrates that they are
robust.
Figure 4 shows the temporal rate behavior in several

spectral regions following the correction for L-shell EC
activity, when applicable. Even with the present limited
exposure, a noticeable annual modulation can be observed

FIG. 4. Rate vs time in several energy regions (the last bin
spans 8 days). A dotted line denotes the best-fit modulation. A
solid line indicates a prediction for a 7 GeV=c2 WIMP in a
galactic halo with Maxwellian velocity distribution. Background
contamination and/or a non-Maxwellian halo can shift the am-
plitude of this nominal modulation (see text). Dotted and solid
lines overlap for the bottom panels.

FIG. 3. Assessment of the stability of the CoGeNT PPC at
Soudan (see text). First panel: daily average in detector elec-
tronic noise (shaping time 10 !s). Second panel: stability of the
trigger threshold level. Third panel: negligible correction to the
counting rate in the region 0:5–0:9 keVee induced by it. Fourth
panel: expected counting rate in this same region originating in
L-shell EC. The observed stability augurs well for WIMP
modulation searches using next-generation PPCs like those
planned for the upcoming expansion of CoGeNT (C-4),
MAJORANA, GERDA, and CDEX.

PRL 107, 141301 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

30 SEPTEMBER 2011

141301-3

best fit

modulation from simulation 
of 7GeV Dark Matter 
particles in the halo
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Dark Matter Search Results from
the CDMS II Experiment
The CDMS II Collaboration*†

Astrophysical observations indicate that dark matter constitutes most of the mass in our universe,
but its nature remains unknown. Over the past decade, the Cryogenic Dark Matter Search
(CDMS II) experiment has provided world-leading sensitivity for the direct detection of weakly
interacting massive particle (WIMP) dark matter. The final exposure of our low-temperature
germanium particle detectors at the Soudan Underground Laboratory yielded two candidate events,
with an expected background of 0.9 T 0.2 events. This is not statistically significant evidence for a
WIMP signal. The combined CDMS II data place the strongest constraints on the WIMP-nucleon
spin-independent scattering cross section for a wide range of WIMP masses and exclude new
parameter space in inelastic dark matter models.

Awide variety of observational evidence
(1) indicates that ~85% of the matter in
our universe is in some nonluminous

form that has thus far eluded laboratory identifi-
cation. The inferred properties of this dark matter
suggest that it is composed of elementary parti-
cles beyond those described in the Standard Mod-
el of particle physics. weakly interacting massive
particles (WIMPs) (2) are a class of candidates to
constitute this dark matter that are particularly
well-motivated by independent considerations of
cosmology and particle physics (3–5). If WIMPs
constitute the dark matter in our galaxy, they
should occasionally scatter elastically off atomic
nuclei in a terrestrial target (6, 7). Laboratory
searches for such scattering events (8–10) establish
their rate to be less than 0.1 per day per kilogram
of target mass, and researchers have begun to test
the most interesting classes of WIMP models.

The Cryogenic DarkMatter Search (CDMS II)
experiment seeks to detect recoiling atomic
nuclei (nuclear recoils) from WIMP-scattering
events using particle detectors operated at cryo-
genic temperatures (<50 mK) (8, 11). Each de-
tector is a semiconductor disk ~10 mm thick and
76 mm in diameter, which is photolithographi-
cally patternedwith sensors to detect the phonons
and ionization generated by incident particles.
These detectors have extraordinary power to dis-
tinguish nuclear recoils (produced by interactions
of WIMPs or neutrons) from the far more com-
mon electron recoils produced by incident pho-
tons and electrons. Nuclear recoils generate less
ionization than electron recoils of the same de-
posited energy, allowing event-by-event rejection
of electron-recoil events with a misidentification
rate of <1 in 104. Electron recoils within a few
mm of the detector surface can suffer from re-
duced ionization collection, but these may be
identified by the relatively fast arrival of their

phonon signals. Combining the ratio of ioniza-
tion to phonon recoil energy (ionization yield)
with the timing of the phonon signals gives an
overall misidentification rate of <1 in 10−6 for
electron recoils.

CDMS II operated an array of 30 such de-
tectors (19 Ge and 11 Si) in a low-radioactivity
installation in the Soudan Underground Labora-
tory, Minnesota, USA (11). The depth of the
experimental facility (713 m below the surface)
greatly reduces the rate of background events
from particle showers induced by cosmic rays.
Nearly all remaining events from this source
were identified using a layer of plastic scintillator
surrounding the detector volume. Inner layers of
lead and polyethylene further shielded the de-
tectors against environmental radioactivity. Data
taken during four periods of stable operation

between July 2007 and September 2008 were
analyzed for this work. Because of their greater
sensitivity to spin-independent WIMP scattering,
only Ge detectors were used to search for WIMP
scatters. After excluding periods of poor detec-
tor performance, a total exposure to WIMPs of
612 kg-days was considered for this work.

After detector calibration, we defined a series
of criteria to identify candidate WIMP-scattering
events. WIMP candidates were required to de-
posit 10 to 100 keVof energy in a single detector,
have the ionization and phonon characteristics of
a nuclear recoil, and have no identifiable energy
deposition in the rest of the array or in the
scintillator shield. These criteria are described
in more detail in the supporting online material
(SOM) text. To avoid unconscious bias, we per-
formed a “blind analysis” in which the exact
selection criteria were defined without prior
knowledge of the content of the signal region or
its vicinity. The fraction of nuclear recoil events
accepted by these criteria was measured using a
calibration sample of nuclear recoil events in-
duced by a 252Cf source. Despite the great dis-
crimination power of this experiment, a small
expected rate of misidentified background events
remains. In the exposure considered here, we ex-
pected to misclassify 0.8 T 0.1 (statistical) T0.2
(systematic) surface electron recoils as WIMP
candidates. We also expect neutrons produced by
cosmic rays and radioactivity to generate an aver-
age of ~0.1 nuclear recoils, which would be in-
distinguishable from WIMP scatters.

After finalizing all selection criteria, we “un-
blinded” to examine the contents of the WIMP
acceptance region (SOM text). We observed two
candidate events at recoil energies of 12.3 keV
and 15.5 keV (Figs. 1 and 2). These events

REPORTS

*To whom correspondence should be addressed: Jodi Cooley.
E-mail: cooley@physics.smu.edu
†All authors and their affiliations appear at the end of this
paper.

Fig. 1. Ionization yield versus
recoil energy for events consistent
with all signal criteria, excluding
yield and timing. The top (bottom)
plot shows events for detector T1Z5
(T3Z4) (see SOM text for detector
nomenclature). The solid red lines
indicate the ionization yield accept-
ance region. The vertical dashed line
represents the recoil energy thresh-
old, and the slopingmagenta dashed
line is the ionization threshold.
Events with phonon timing charac-
teristics consistent with our selec-
tion criteria are shown with round
markers. The candidate events are
the round markers between the red
lines.
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• Cryogenic Dark Matter Search (CDMS) 
- at Soudan mine (Minnesota) 
- Silicon and Germanium detector 

operated at low temperature 
- charge collection on one side 
- tungsten-based phonon detection 

on the other side (ΔT) 
 
 
 
 

• Results [Science, 327 (2010) 1619]: 
- expect 0.9±0.2 background events 
- observe 2 WIMP candidates 

- not statistically significant yet

181

CDMS

recoiling 
particle ionisation phonons

WIMP Nucleus low delayed

e±, γ e± high fast

red points: phonon timing consistent with WIMPS 
red lines: acceptable ionisation range

https://science.sciencemag.org/content/327/5973/1619
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• Upgraded CDMS detector 
- 15 cylindrical Ge crystals 
- 0.6kg per crystal 
- 5 towers of 3 crystals 

• Results based on 577 kg-day 
• Optimised sensitivity for 

5, 7, 10, and 15 GeV/c2 WIMPs 
• 11 candidates are selected 

(expected background: 6±1) 
 
 

- compatible with background 
noise 
⇒ no observation; set new 
limits
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4

Compton recoils from the gamma-ray background; 1.1–
1.3 keV X-rays and Auger electrons from L-shell electron-
capture (EC) decay of 65Zn, 68Ga, 68Ge and 71Ge; and
decay products from 210Pb contamination on the detec-
tors and their copper housings. We normalize the flat
Compton background to the observed rate of electron
recoils in the range 2.6–5.1 keVee. The average rate of
L-shell EC events is estimated by scaling the observed
rate in the open dataset by the ratio of the K-shell event
rates in the WIMP-search and open datasets. We use
Geant4 to simulate the implantation and decay of 222Rn
daughters starting from 214Po as described in [23]. Back-
ground components from 210Pb decay products (betas,
conversion electrons, X-rays), 210Bi betas, and 206Pb nu-
clei from 210Po decays are considered, with rates nor-
malized to the alpha and 206Pb decay products of 210Po
under the assumption of secular equilibrium.

The background model is implemented using events
from high-energy sidebands and calibration data as
templates for low-energy backgrounds. Ionization and
phonon pulses are scaled to lower energies, injected with
noise from randomly triggered events throughout the
data, and reconstructed as actual data. The simulation is
then weighted to match the background energy spectra.
133Ba calibration data and K-shell EC events are used as
templates for the Compton recoils and L-shell EC events,
respectively. Templates for 210Pb daughters are sampled
from high-energy betas and 206Pb recoils.

The background model was finalized prior to unblind-
ing and predicted 6.1+1.1

�0.8 (stat.+syst.) events. Simula-
tions of radiogenic and cosmogenic neutrons, as described
in [21], predict an additional 0.098±0.015 (stat.) events.
Figure 2 shows the individual components of the back-
ground model as a function of the 10 GeV/c2 BDT dis-
crimination parameter after applying the preselection cri-
teria. These estimates included only known systematic
e↵ects, which were not certain to be exhaustive before
unblinding. Because the accuracy of background mod-
eling required for a full likelihood analysis is di�cult to
achieve in a blind analysis of this type, the decision was
made before unblinding to report an upper limit on the
WIMP-nucleon cross section

Upon unblinding, eleven candidates were observed as
indicated in Fig. 3. The events were found to be of
high quality and occurring during good periods of experi-
mental operation, except for the lowest-energy candidate,
which has an abnormal pulse shape and is suspected to
be noise. As seen in Table I, the observed number of
events is consistent with the background prediction for
most detectors. However, the three high-energy events
in detector T5Z3 strongly disagree with the background
prediction. The probability to observe at least this many
background events is 4⇥10�4. These events are observed
on the only detector in this dataset that has one ioniza-
tion guard electrode shorted to ground. Although the
background model attempts to account for the shorted

channel, we suspect that the altered electric field resulted
in a selection of background model templates for this
detector that was not representative of the true back-
ground.
The background model is compared to unblinded

events passing all preselection criteria in Fig. 2. The
systematic uncertainty, shown with tan fill, is dominated
by the uncertainty of the expected ionization of sidewall
events originating from 210Pb and 210Bi. P-value statis-
tics comparing the data passing the preselection criteria
with the blind background model prediction, summed
over the bins of BDT score, range from 8–26% for the
BDTs trained to each of the four masses. This reasonable
compatibility suggests that the background model cor-
rectly reproduces most features of the true background
when summed over all detectors.
A 90% C.L. upper limit on the spin-independent

WIMP-nucleon cross section was calculated using the op-
timum interval method without background subtraction.
The calculation used standard halo assumptions as dis-
cussed in [32]. The result is shown in Fig. 4. Statistical
and systematic uncertainties in the fiducial-volume e�-
ciency, the nuclear-recoil energy scale, and the trigger
e�ciency were propagated into the limit by Monte Carlo
and are represented by the narrow gray band around the
limit. All uncertainties are uncorrelated across detectors
except the systematic uncertainty of the fiducial-volume
e�ciency. The limit is consistent with the expected sen-
sitivity for masses below 10 GeV/c2 as shown by the
green band in Fig. 4. The discrepancy above 10 GeV/c2

is due to the three high-energy events in T5Z3, which are
in tension with the background expectation.
This work represents the first search for WIMPs with

the background rejection capability of SuperCDMS de-
tectors. A physically motivated background model gen-

Candidate Expected

Detector energies [keVnr] background

T1Z1 — 0.03+0.01
�0.01

T2Z1 1.7, 1.8 1.4+0.2
�0.2

T2Z2 1.9, 2.7 1.8+0.4
�0.3

T4Z2 — 0.04+0.02
�0.02

T4Z3 — 1.7+0.4
�0.3

T5Z2 5.8, 1.9, 3.0, 2.3 1.1+0.3
�0.3

T5Z3 7.8, 9.4, 7.0 0.13+0.06
�0.04

TABLE I. Energies of candidate events in each detector, la-
beled by tower (first number) and position within tower from
top to bottom (second number). Expected background is
based on the model used to train the BDT and includes the es-
timated systematic uncertainty. Di↵erences in expected back-
ground across detectors reflect di↵erent trigger thresholds and
background event rates. Event energies are calculated using
the measured mean ionization energy for nuclear recoils.
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FIG. 3. Small gray dots are all veto-anticoincident single-
scatter events within the ionization-partition fiducial volume
that pass the data-quality selection criteria. Large encircled
shapes are the 11 candidate events. Overlapping shaded re-
gions (from light to dark) are the 95% confidence contours ex-
pected for 5, 7, 10 and 15 GeV/c2 WIMPs, after application of
all selection criteria. The three highest-energy events occur on
detector T5Z3, which has a shorted ionization guard. Above
the expected signal contours is a band of events correspond-
ing to bulk electron recoils, including the 1.3 keV activation
line at a total phonon energy of ⇠3 keV. High-radius events
near the detector sidewalls form the wide band of events with
near-zero ionization energy. For illustrative purposes, an ap-
proximate nuclear-recoil energy scale is provided.

erally agrees with the data, except for the detector with a
shorted ionization guard. This analysis strongly disfavors
a WIMP-nucleon scattering interpretation of the excess
reported by CoGeNT, which also uses a germanium tar-
get. Similar tension exists with WIMP interpretations
of several other experiments, including CDMS II (Si),
assuming spin-independent interactions and a standard
halo model. New regions of WIMP-nucleon scattering
for WIMP masses below 6 GeV/c2 are excluded.

The SuperCDMS collaboration gratefully acknowl-
edges the contributions of numerous engineers and tech-
nicians. In addition, we gratefully acknowledge assis-
tance from the sta↵ of the Soudan Underground Lab-
oratory and the Minnesota Department of Natural Re-
sources. The iZIP detectors were fabricated in the Stan-
ford Nanofabrication Facility, which is a member of the
National Nanofabrication Infrastructure Network. This
work is supported in part by the National Science Foun-
dation, by the United States Department of Energy, by
NSERC Canada, and by MultiDark (Spanish MINECO).
Fermilab is operated by the Fermi Research Alliance,
LLC under Contract No. De-AC02-07CH11359. SLAC is
operated under Contract No. DE-AC02-76SF00515 with
the United States Department of Energy.

FIG. 4. The 90% confidence upper limit (solid black) based on
all observed events is shown with 95% C.L. systematic uncer-
tainty band (gray). The pre-unblinding expected sensitivity
in the absence of a signal is shown as 68% (dark green) and
95% (light green) C.L. bands. The disagreement between the
limit and sensitivity at high WIMP mass is due to the events
in T5Z3. Closed contours shown are CDMS II Si [3] (dotted
blue, 90% C.L.), CoGeNT [4] (yellow, 90% C.L.), CRESST-II
[5] (dashed pink, 95% C.L.), and DAMA/LIBRA [33] (dash-
dotted tan, 90% C.L.). 90% CL exclusion limits shown are
CDMS II Ge [21] (dotted dark red), CDMS II Ge low-threshold
[17] (dashed-dotted red), CDMSlite [34] (solid dark red), LUX
[35] (solid green), XENON10 S2-only [19, 36] (dashed dark
green), and EDELWEISS low-threshold [18] (dashed orange).
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scatter events within the ionization-partition fiducial volume
that pass the data-quality selection criteria. Large encircled
shapes are the 11 candidate events. Overlapping shaded re-
gions (from light to dark) are the 95% confidence contours ex-
pected for 5, 7, 10 and 15 GeV/c2 WIMPs, after application of
all selection criteria. The three highest-energy events occur on
detector T5Z3, which has a shorted ionization guard. Above
the expected signal contours is a band of events correspond-
ing to bulk electron recoils, including the 1.3 keV activation
line at a total phonon energy of ⇠3 keV. High-radius events
near the detector sidewalls form the wide band of events with
near-zero ionization energy. For illustrative purposes, an ap-
proximate nuclear-recoil energy scale is provided.
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all observed events is shown with 95% C.L. systematic uncer-
tainty band (gray). The pre-unblinding expected sensitivity
in the absence of a signal is shown as 68% (dark green) and
95% (light green) C.L. bands. The disagreement between the
limit and sensitivity at high WIMP mass is due to the events
in T5Z3. Closed contours shown are CDMS II Si [3] (dotted
blue, 90% C.L.), CoGeNT [4] (yellow, 90% C.L.), CRESST-II
[5] (dashed pink, 95% C.L.), and DAMA/LIBRA [33] (dash-
dotted tan, 90% C.L.). 90% CL exclusion limits shown are
CDMS II Ge [21] (dotted dark red), CDMS II Ge low-threshold
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• Dark matter search with liquid Xenon detector at Gran Sasso laboratory 
• Detection principle of the XeTPC 

(Time Projection Chamber): 
- dark matter interactions with Xe atoms create 

primary scintillation light (S1) and ionisation 
of the Xe atoms 

- the electrons produce secondary scintillation 
light (S2) 

- S1 and S2 light detected by 494 photomultiplier 
tubes 

- combination of S1 and S2 intensities allows to 
separate signal from background 

• Background 
- use outward-facing PMTs to veto background 

events produced outside the detector 
- simulation used to show the lowest background 

level is in the center of the detector volume 
(4t liquid Xe)
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XENONnT

JCAP11(2020)031

Figure 1. (Left) CAD rendering of the XENONnT cryostat and TPC. The TPC has a diameter of
1.3 m and is 1.5 m-tall. (Right) Geant4 rendering of the three nested detectors, including muon and
neutron veto. The water tank walls, which support the muon veto PMTs, the neutron veto support
structure, and other components (e.g. calibration systems) are omitted for clarity. Reflector panels,
which optically separate the neutron and muon vetos, are shown as transparent turquoise surfaces.
The neutron veto PMT windows face the neutron veto region through openings in the panels.

from the surrounding LXe. The top (bottom) PMT array consists of 253 (241) PMTs, ar-
ranged in a compact hexagonal structure to maximize light collection e�ciency (LCE). The
PMTs are 3” Hamamatsu R11410-21, chosen for their low radioactivity [15] and high quantum
e�ciency (QE ¥ 34% on average at room temperature) at the xenon scintillation wavelength
of 175 nm [16]. PMT characterization and performance are discussed in refs. [17, 18].

As in previous XENON detectors, the liquid level in the TPC is controlled by means of
a SS diving bell. The drift field is generated by means of a gate electrode slightly below the
liquid-gas interface and a cathode. The active region is demarcated by these two electrodes,
which are separated by 1485 mm at operating temperature. An anode electrode is placed
in the GXe 8 mm above the gate. In addition to the anode, gate and cathode electrodes,
the TPC has two screening electrodes. These are positioned directly below (above) the top
(bottom) PMT array to screen the PMTs from the field produced by the anode (cathode).
The electrodes consist of parallel SS wires, which are 216 µm-thick with the exception of the
cathode (304 µm), stretched onto SS rings. The top electrodes (top screening, anode, gate)
have a pitch of 5 mm, while the bottom electrodes (cathode, bottom screening) have a pitch
of 7.5 mm. The gate and anode have two and four additional 304 µm-thick wires, respectively,
running perpendicularly to all other wires. These perpendicular wires are added to counteract
deformation of the electrode plane under electrostatic forces.

Uniformity of the drift field is achieved by two concentric sets of OFHC copper field
shaping rings, vertically interleaved and with a 15 mm radial separation. The inner set
consists of 71 field shaping wires of 2 mm diameter and touches the outer side of the PTFE
panels of the TPC. The outer set is made of 64 rings, which are 15 mm-tall and 5 mm-thick.

The full 8.4 t LXe inventory is contained in a double-walled vacuum-isolated cryostat,
consisting of an inner and outer vessel, each with a domed upper section penetrated by several

– 3 –
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Figure 4. Spatial distribution of the radiogenic neutron background events inside the detector
active region, in the (4, 50) keV energy window, before (left) and after the NV cut is applied (right).
The dashed red line corresponds to the 4 t cylindrical fiducial volume. In this region, the total NR
contribution from neutrons corresponds to 0.321 (t y)≠1 without the suppression provided by the NV
and 0.041 (t y)≠1 after applying the NV cut.

through the stepping approximation [58] and conservatively assume a 3% uncertainty, as
suggested by the authors. The inclusion of this e�ect causes a suppression of the observable
neutrino rate of about 20% in the energy ROI. We consider the dominant sources of solar
neutrinos: pp fusion and electron capture by 7Be, which account for 98% of the total neutrino
flux. The estimated average contribution of 2.8 (keV t y)≠1is the second largest source of ER
background in XENONnT. Future multi-tonne scale LXe dark matter detectors can provide
high-precision measurements of the low-energy solar neutrino flux [59, 60], contingent upon
further reduction of the 222Rn background.

4.3 Nuclear recoil background
Radiogenic neutrons. Radiogenic neutrons are produced through spontaneous fission
(SF) or (–, n) reactions in detector materials. Neutron yields and energies are calculated using
the SOURCES-4A software [61, 62] as detailed in ref. [26], where the rates have been conser-
vatively estimated by simulating the emission of a single neutron with no coincident gamma
ray. Events which produce a single elastic scatter in the active LXe volume are selected and
weighted by the specific activities of the corresponding material and its neutron yield.

Due to the approximately 6 cm-thick layer of LXe between the bottom PMT windows
and the cathode, there is ≥ 250 kg of LXe in which a neutron can scatter elastically producing
an S1 signal without an associated S2. This region of the TPC is only sensitive to S1 light
since there is no electric field to drift the ionization electrons towards the liquid-gas interface.
If, in addition, the neutron scatters within the fiducial volume, the two prompt scintillation
signals are observed as a single S1 signal due to the O(ns) time of flight of MeV neutrons in
LXe. These events, referred to as neutron-X, distort the neutron background distribution in
the observable (cS1, cS2b) space, as they have lower S2/S1 ratios due to the additional S1
contribution from the S2-insensitive volume. Therefore, we also select events with a single
elastic scatter in the fiducial volume and an energy deposition in the LXe below the cathode,
where the combined energy falls within our NR energy ROI. Due to the much smaller mean-
free path of gammas in LXe, the contribution from gamma-X events in our FV is negligible.

– 12 –
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• Data taking during 95.1 days in 2021 
- exposure =   

- expected background:  events 
- observe 3 events in signal region 

 
 
 
 
 
 
 
 

-  

• Results: upper limit at 90% C.L. on the nucleon scattering 
cross section of  at 

(1.09 ± 0.03) t ⋅ yr
2.0 ± 0.2

2.58 × 10−47 cm2 28 GeV/c2
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XENONnT: results

Phys. Rev. Lett. 130, 261002 (2023)

the near-wire region give a 6 times larger AC rate for this
region compared to the rest of the TPC. Background
sidebands and 220Rn and 37Ar calibration data were used
to validate the AC model, and the rate is estimated with an
uncertainty of better than 5%. The surface background
model is constructed from 210Po events originating from
the TPC walls, using a similar method as in Ref. [31]. The
data are described in radius using a parametric likelihood fit
based on events foundbelow the blinded region. cS1 and cS2
are modeled using a kernel density estimation derived from
events reconstructed outside of the TPC. The wall model is
validated using the unblinded WIMP region outside of the
FVas a sideband. The expected values for both backgrounds
are summarized in Table I and their distributions in the
(cS1, cS2) space are shown in Fig. 3. An extended table
including separate values for the near- and far-wire region is
included in the Supplemental Materials [34] as Table S2.
The statistical analysis of the WIMP search data uses toy

MC simulations of the experiment to calibrate the distribu-
tion of a log-likelihood-ratio test statistic as in Refs. [31,40].
Four termsmake up the likelihood: two search-data terms for
events near and far from the transverse wires, an ER
calibration term, and a term representing ancillary measure-
ments of parameters. The first three are extended unbinned
likelihoods in cS1, cS2, as well as R for the first term. All
three terms have the same form as Eq. (21) in Ref. [31]. The
two search-data likelihoods include components for the ER,
AC, surface, CEνNS, and radiogenic neutron backgrounds,

as well as the WIMP signal. The 220Rn calibration term
includes the ER model as well as an AC component. The
expected number of events for each component is a nuisance
parameter in the likelihood. In addition, two shape para-
meters for the ER model are included, and a parameter
representing the uncertainty of the expected number of
signal events given the NR response model. The ER shape
parameters mainly modify the signal-like ER tail below
S1 ¼ 10 PE, where they allow the signal-like ER tail below
the median S2 expected from a 200 GeV=c2 WIMP to vary
between 0.009 and 0.017 at 60% confidence level. The
signal shape is fixed, as even a large signal excess would be
small enough that the calibration constraints would domi-
nate. The signal expectation value for a certain cross section
is included as a nuisance parameter. The ancillary meas-
urement term includes Gaussians representing the measure-
ments constraining the AC, radiogenic, surface, and CEνNS
rates, and the uncertain signal expectation.
The signal NR spectrum is modeled with the Helm

form factor for the nuclear cross section [41], and a
standard halo model with parameters fixed to the recom-
mendations of Ref. [40]. The main change from previous
XENON publications is an updated local standard of rest
velocity of 238 km=s [42,43]. The NR model fit to

TABLE I. Expected number of events for each model compo-
nent and observed events. The “nominal” column shows expect-
ation values and uncertainties, if applicable, before unblinding.
The nominal ER value is the observed number of ER events
before unblinding. Other columns show best-fit expectation
values and uncertainties for a free fit including a 200 GeV=c2

WIMP signal component. The best-fit signal cross section is
3.22 × 10−47 cm2. In addition to the expectation values in the full
ROI, we include the expectation values in a signal-like cS1,cS2
region containing the 50% of signal in with the best signal-to-
background ratio. This region is indicated in Fig. 3 with an orange
dashed contour. The best-fit and preunblinding values agree
within uncertainties for all components which include an ancil-
lary constraint term.

Nominal Best fit

ROI Signal-like

ER 134 135þ12
−11 0.92# 0.08

Neutrons 1.1þ0.6
−0.5 1.1# 0.4 0.42# 0.16

CEνNS 0.23# 0.06 0.23# 0.06 0.022# 0.006
AC 4.3# 0.9 4.4þ0.9

−0.8 0.32# 0.06
Surface 14# 3 12# 2 0.35# 0.07
Total background 154 152# 12 2.03þ0.17

−0.15
WIMP … 2.6 1.3
Observed … 152 3

FIG. 3. DM search data in the cS1-cS2 space. Each event is
represented with a pie chart showing the fraction of the best-fit
model, including the expected number of 200 GeV=c2 WIMPs
(orange) evaluated at the position of the event. The size of the pie
charts is proportional to the signal model at that position.
Background probability density distributions are shown as 1σ
(dark) and 2σ (light) regions as indicated in the legend for ER
(blue), AC (purple), and surface (green, “wall”). The neutron
background (yellow in pies) has a similar distribution to the
WIMP (orange-filled area showing the 2σ region). The orange
dashed contour contains a signal-like region which is constructed
to contain 50% of a 200 GeV=c2 WIMP signal with the highest
possible signal-to-noise ratio.
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calibration data is used to construct a model for the signal in
cS1 and cS2.
After unblinding, the ROI contains 152 events, 16 of

which were in the blinded WIMP region. The data
are shown in Fig. 3, and the best-fit expectation values
are in Table I. The binned GOF test indicates no large-
scale mismodeling (p ¼ 0.63). At high cS1, ⪆50 PE, we
observe more events which are consistent with ER events
than our model or calibration data predict, in particular
between cS1s of 50 and 75 PE. Of the 16 former blinded
events, 13 are found in the upper right half of the horizontal
event distribution, with no correlation with the transverse
wires observed (see Fig. S3 in Supplemental Material [34]).
The 220Rn, 83mKr, and 37Ar calibration datasets do not
exhibit any asymmetry, nor is any seen in the acceptances
evaluated in the X, Y plane for any of the applied cuts.
The WIMP discovery p-value indicates no significant

excess (p ≥ 0.20, with the minimum for masses above
100 GeV=c2), and the resulting limits on spin-independent
interactions are shown in Fig. 4, with spin-dependent limits
included in Figs. S1(a) and S1(b) in Supplemental Material
[34]. To constrain large downward fluctuations, the limit is
subjected to a power constraint following Ref. [44].
We choose a very conservative power threshold of 50%,
higher than that advocated in Ref. [40], as that paper
mistakenly defined the power constraint in terms of
discovery power when settling on a threshold of 15%.

See the Supplemental Material [34] for further discussion.
For spin-independent interactions, the lowest upper limit
is 2.58 × 10−47 cm2 at 28 GeV=c2 and 90% confidence
level. At masses above 100 GeV=c2, the limit is
6.08 × 10−47 cm2 × ½MDM=ð100 GeV=c2Þ%.
In conclusion, a blind analysis of 95.1 d of science data

with a total exposure of ð1.09& 0.03Þ ton yr has been
performed. The best fit to the data is compatible with the
background-only hypothesis. The experiment has achieved
an ER background level of ð15.8& 1.3Þ events=ton yr keV,
5 times lower than XENON1T, with comparable detector
resolutions, and energy threshold. This results in a sensi-
tivity improvement with respect to XENON1T by a factor
of 1.7 at a WIMP mass of 100 GeV=c2.
Currently, XENONnT continues to take data, with a

further reduced 222Rn ER background, using the radon
distillation system with combined gaseous and liquid xenon
flow. Subsequent data taking is planned with the NV
operating as designed, withGd-sulphate-octahydrate loaded
into the water [45,46] to increase the neutron tagging
efficiency to 87%with a lower overall lifetime reduction [8].
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FIG. 4. Upper limit on spin-independent WIMP-nucleon cross
section at 90% confidence level (full black line) as a function of
the WIMP mass. A power constraint is applied to the limit to
restrict it at or above the median unconstrained upper limit. The
dashed lines show the upper limit without a power constraint
applied. The 1σ (green) and 2σ (yellow) sensitivity bands are
shown as shaded regions, with lighter colors indicating the range
of possible downward fluctuations. The result from XENON1T
[3] is shown in blue with the same power constraint applied. At
masses above 100 GeV=c2, the limit scales with mass as
indicated with the extrapolation formula.
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case, however, the exposure required to get 100 neutrino
background events is 2,150 ton-years. Given these expo-
sure numbers, it is likely that at high masses, in
the absence of a WIMP signal at higher cross sections,
discovery limits much below 10−48 cm2 will become
impractical due to the large exposures required even in
the Poisson-dominated regime.
As a final calculation, we have mapped out the WIMP

discovery limit across the 500 MeV=c2 to 10 TeV=c2,
shown in Fig. 12 (right). To cover this large WIMP mass
range, we combined the discovery limits of two Xe-based
pseudoexperiments with a threshold of 3 eV and 4 keV. To
ensure we are well into the systematics limited regime,
exposures were increased to obtain 500 neutrino events.
This line thus represents a hard lower discovery limit for
dark matter experiments. Interestingly, we can denote three
distinct features in the discovery limits coming from the
combination of 7Be and CNO neutrinos, 8B and hep
neutrinos and atmospheric neutrinos at WIMP masses of
0.5, 6, and above 100 GeV=c2 respectively. Also shown are
the current exclusion limits and regions of interest from
several experimental groups. If the potential WIMP signals
around 10 GeV=c2 are shown not to be from WIMPs, the
remaining available parameter space for WIMP discovery
is bounded at the top by the LUX Collaboration and at the
bottom by the neutrino background. Progress below this
line would require very large exposures, lower systematic

errors on the neutrino flux, detection of annual modulation,
and/or large directional detection experiments.

VII. CONCLUSION

We have examined the limitations on the discovery
potential of WIMPs in direct detection experiments due
to the neutrino backgrounds from the Sun, atmosphere,
and supernovae. We have specifically focused on experi-
ments that are only sensitive to energy deposition from
WIMPs. We have determined the minimum detectable
spin-independent cross section as a function of WIMP
mass over a wide range of masses from 500 GeV=c2 to
10 TeV=c2 that could lead to a significant dark matter
detection. WIMP-nucleon cross sections of ∼10−45 and
∼10−49 cm2 are the maximal sensitivity to light and heavy
WIMP dark matter respectively that direct detection
searches without directional sensitivity could reach,
given the uncertainties on the neutrino fluxes. This limit
is roughly about 3 to 4 orders of magnitude below the
most recent experimental constraints. In the case of light
WIMPs (about 6 GeV=c2) next generation experiments
might already reach the saturation regime with about
100 neutrino background events. For heavier WIMPs
(above 20 GeV=c2) we have shown that progress below
10−48 cm2 will be strongly limited by the very large
increases in exposure required for decreasing gains in
discovery reach.

FIG. 12 (color online). Left: Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest.
The contours delineate regions in the WIMP-nulceon cross section vs WIMP mass plane which for which dark matter experiments will
see neutrino events (see Sec. III D). Right: WIMP discovery limit (thick dashed orange) compared with current limits and regions of
interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond this line would require a
combination of better knowledge of the neutrino background, annual modulation, and/or directional detection. We show 90%
confidence exclusion limits from DAMIC [46] (light blue), SIMPLE [47] (purple), COUPP [48] (teal), ZEPLIN-III [49] (blue),
EDELWEISS standard [50] and low threshold [51] (orange), CDMS II Ge standard [52], low threshold [53] and CDMSlite [54] (red),
XENON10 S2 only [55] and XENON100 [2] (dark green), and LUX [56] (light green). The filled regions identify possible signal
regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [57] (yellow, 90% C.L.), DAMA/LIBRA [58] (tan,
99.7% C.L.), and CRESST [59] (pink, 95.45% C.L.) experiments. The light green shaded region is the parameter space excluded by the
LUX Collaboration.
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JLab, MMAPS at Cornell, SBN at Fermilab, and SeaQuest [94].
27.6.2 Direct detection formalism

Direct detection experiments mostly aim to observe elastic or inelastic scatters of Galactic DM
particles with atomic nuclei, or with electrons in the detector material. Predicted event rates
assume a certain mass and scattering cross section, as well as a set of astrophysical parameters:
the local density fl0, the velocity distribution f(v̨), and the escape velocity vesc (see Sec. 27.4).

Table 27.1: Best constraints from direct detection experiments on the SI
(at high >5 GeV and low < 5 GeV masses) and SD DM-nucleon couplings.

Experiment Target Fiducial Cross DM Ref.
mass [kg] section [cm2] mass [GeV]

Spin independent high mass (>5 GeV)

LUX-ZEPLIN Xe 5500 9.2 ◊ 10≠48 36 [103]
PandaX-4T Xe 2670 3.8 ◊ 10≠47 40 [104]
XENONnT Xe 4180 2.6 ◊ 10≠47 30 [105]
SuperCDMS Ge 12 1.0 ◊ 10≠44 46 [106]
DarkSide-50 Ar 20 1.9 ◊ 10≠43 10 [107]
DEAP-3600 Ar 2000 3.9 ◊ 10≠45 100 [108]

Spin independent low mass (<5 GeV)

LUX (Migdal) Xe 118 6.9 ◊ 10≠38 2 [109]
XENON1T (Migdal) Xe 1042 3 ◊ 10≠40 2 [110]
XENON1T (ionisation only) Xe 1042 3.6 ◊ 10≠41 3 [111]
DarkSide-50 (ionisation only) Ar 20 1.4 ◊ 10≠42 2 [107]
SuperCDMS (CDMSlite) Ge 0.6 2 ◊ 10≠40 2 [112]
SuperCDMS (CDMSlite, Migdal) Ge 0.6 6 ◊ 10≠38 2 [113]
CRESST CaWO4 - O 0.024 1 ◊ 10≠39 2 [114]
CRESST Si 0.0035 4.5 ◊ 10≠32 0.15 [115]
DAMIC Si 0.3 1 ◊ 10≠40 4 [116]
NEWS-G Ne 0.3 1 ◊ 10≠38 2 [117]

Spin dependent proton

PICO60 C3F8 - F 49 3.2 ◊ 10≠41 25 [118]
PandaX-4T Xe 2670 1.7 ◊ 10≠40 40 [119]
LUX-ZEPLIN Xe 5500 4.2 ◊ 10≠41 32 [103]
XENONnT Xe 4180 1.4 ◊ 10≠40 30 [105]

Spin dependent neutron

PandaX-4T Xe 2670 5.8 ◊ 10≠42 40 [119]
LUX-ZEPLIN Xe 5500 1.5 ◊ 10≠42 30 [103]
XENONnT Xe 4180 4.3 ◊ 10≠42 30 [105]

Interactions with atomic nuclei: For DM scattering o� nuclei, the di�erential scattering
rate R as a function of nuclear recoil energy ER is

dR(ER, t)
dER

= NT

fl0

mDM

⁄

v>vmin

vf(v̨ + v̨E(t))d‡(ER, v)
dER

d
3
v, (27.10)

where NT is the number of target nuclei, mDM is the mass of the DM particles, v = |v̨| is the speed
of the particle in the experiment’s rest frame, f(v̨ + v̨E(t)) is the velocity distribution in the Earth’s
frame, vmin is the minimum speed of the DM particles that can cause a recoil energy ER and ‡ is
the scattering cross section on the nucleus [29, 120]. For elastic scattering, the minimum velocity
is vmin = (mN ER/2m

2
r)1/2, with mN being the mass of the nucleus, and mr = (mN mDM)/(mN +

mDM) the reduced mass of the nucleus-DM system. In case of inelastic scattering, the minimum
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• No unambiguous WIMP direct observation 
• Newest limits reduce the allowed theoretical phase space
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Summary direct searches

15 27. Dark Matter

Backgrounds, including neutrinos: Early direct detection experiments employing low-
background Ge spectrometers featured background levels around 2 events/(kg d keV), while the
latest generation of liquid Xe experiments reduced this noise by almost five orders of magnitude, to
4◊10≠5 events/(kg d keV). In liquid xenon detectors, the measured ER spectra at low energies are
for the first time dominated by solar pp neutrino interactions, second-order weak decays, as well as
214Pb —-decays from radon mixed with the xenon. Other backgrounds are due to the radioactivity
of detector components, followed by cosmic muons and their secondaries such as fast neutrons. The
cosmic and environmental radiation are suppressed by going deep underground and surrounding the
experiments with appropriate shielding structures (mainly large water Cherenkov detectors for the
current and next-generation detectors). Activation of materials via cosmic-ray interactions produce
long-lived radio-nuclides (e.g., 39Ar, 60Co, 68Ge, 32Si, etc), while long-lived, human-made isotopes
(85Kr, 137Cs, etc) can mix with detector materials or generate surface backgrounds. For details, we
refer to Section 36.6 of this Review.

Figure 27.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

The final backgrounds are due to the irreducible neutrino flux from the Sun, the atmosphere and
the di�use supernovae background [150]. Solar pp-neutrinos start dominating the electronic recoil
background due to elastic neutrino-electron scatters, at a level of ≥ (10 ≠ 25) events/(t y) below
energies of ≥100 keV, while coherent elastic neutrino-nucleus scatters (CE‹NS) from 8B solar neu-
trinos will induce up to ≥ 103 events/(t y) for high-A targets, at nuclear recoil energies below ≥few
keV. Nuclear recoils from atmospheric neutrinos and the di�use supernovae neutrino background
will yield event rates in the range (1 ≠ 5) events/(100 t y), depending on the detector material. In
general, 8B and atmospheric neutrinos will impact light (Æ 6 GeV) and heavy (100 GeV and above)
DM searches for cross sections on nucleons below ≥ 10≠45 cm2 and ≥ 10≠49 cm2, respectively. The
precise cross-sections where neutrinos constitute a dominant background strongly depend on the
systematic uncertainties on the neutrino flux normalisation for each source [151]. For very low
energy thresholds to nuclear recoils, e.g. 10-30 eV in Ge and Si detectors, CE‹NS due to the 7Be
neutrino flux become relevant for exposures of ≥50 kg y [152]. For DM searches with electron re-
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I. Direct detection 
- interaction of halo DM in detectors 

- generally underground detectors 

II.Indirect detection 
- SM signals from the annihilation of DM particles 

(e.g. ) 

III.Creation of DM particle candidates at accelerators 
- e.g. high-energy collisions producing SUSY

χ + χ → γ + γ
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• Search for signature of annihilation of DM particles 
- highest probability from regions with highest DM density 

• Signal could come from 
- center of stars (or from Earth!) 
- halo DM clumps 

• Possible signals: 
- monoenergetic photons from   or  

- Experiments: HESS, GLAST/Fermi 

- monoenergetic neutrinos from  
- Experiments: neutrino telescopes (e.g. Ice Cube)

χχ → γγ χχ → Zγ

χχ → νν

189

Indirect detection of DM
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The Large Area Telescope on the Fermi Gamma-ray Space TelescopeMission 27

FIG. 1.— Schematic diagram of the Large Area Telescope. The telescope’s dimensions are 1.8 m × 1.8 m × 0.72 m. The power required and the mass are
650 W and 2,789 kg, respectively.

FIG. 2.— LAT source sensitivity for exposures on various timescales. Each map is an Aitoff projection in galactic coordinates. In standard sky-survey mode,
nearly uniform exposure is achieved every 2 orbits, with every region viewed for ∼30 min every 3 hours.

• Fermi gamma-ray space telescope 
- detector for  pairs from  conversions 

with a silicon-strip tracker + calorimeter 
- covers 20MeV → 300GeV range 

• No significant signal

e+e− γ
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GLAST/Fermi

http://www-glast.stanford.edu
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].

FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [34], 112 hours of observations
of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with ⇢� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].
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• Charged particle detector in space 
• Installed on the ISS since 2011 
• Operated from CERN 
• Scientific output since 2013

191

Alpha Magnetic Spectrometer (AMS-02)

! 1!

!!!!!!!!!!!!!!! ! ! AMS!COLLABORATION!!
!

Press!Release!!! !!! !!!!!!!!!!April!3rd,!!2013,!Geneva,!Switzerland!
!
First!Results!from!the!Alpha!Magnetic!Spectrometer!(AMS)!Experiment!

!
The! Alpha! Magnetic! Spectrometer! (AMS)! Collaboration! announces! the!

publication!of!its!first!physics!result!in!Physical)Review)Letters.!The!AMS!Experiment!
is! the!most!powerful!and!sensitive!particle!physics!spectrometer!ever!deployed! in!
space.!As!seen!in!Figure!1,!AMS!is!located!on!the!exterior!of!the!International!Space!
Station! (ISS)! and,! since! its! installation! on! May! 19,! 2011! until! the! present,! it! has!
measured!over!30!billion!cosmic!rays!at!energies!up!to!trillions!of!electron!volts.!Its!
permanent! magnet! and! array! of! precision! particle! detectors! collect! and! identify!
charged!cosmic! rays!passing! through!AMS! from!the! far! reaches!of! space.! !Over! its!
long! duration!mission! on! the! ISS,! AMS!will! record! signals! from! 16! billion! cosmic!
rays!every!year!and!transmit!them!to!Earth!for!analysis!by!the!AMS!Collaboration.!
This!is!the!first!of!many!physics!results!to!be!reported.!!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

Figure)1:)From)its)vantage)point)~260)miles)(~400)km))above)the)Earth,)the)Alpha)Magnetic)
Spectrometer)(AMS))collects)data)from)primordial)cosmic)rays)that)traverse)the)detector.))

!
In! the! initial! 18! month! period! of! space! operations,! from!May! 19,! 2011! to!

December!10,!2012,!AMS!analyzed!25!billion!primary!cosmic!ray!events.! !Of!these,!
an!unprecedented!number,!6.8!million,!were!unambiguously!identified!as!electrons!
and! their!antimatter! counterpart,!positrons.! !The!6.8!million!particles!observed! in!

Main detector components: 
• Silicon Tracker + permanent magnet: 

momentum and charge identification 
• Transition Radiation Detector: 

e± identification 
• Time of Flight: 

particle velocity ⇒ identification 
• Cherenkov Detector: particle ID 
• Electromagnetic calorimeter: energy
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• Results from 18 months of data taking 
-  cosmic ray particles 
-  electrons/positrons 
- measure  fraction as a 

function of energy ( ) 
 

• Results: 
- confirms previous observations 
- spectrum is isotropic and stable in time (no yearly modulation) 
- spectrum is compatible with the sum of a diffuse component plus a 

common  source component 
 
⇒ potentially indication of a DM source ( ) 

⇒ need results at higher energies (up to 1 TeV)

25 × 109

6.8 × 106

e+/e−

0.5 − 350 GeV

e±

χχ → e+e−

192

Alpha Magnetic Spectrometer (AMS-02)

! 4!

!

!
!
Figure'3:'A'comparison'of'AMS'results'with'recent'published'measurements.''With'its'magnet'and'precision'particle'detectors,'high'accuracy'and'statistics,'

the'first'result'of'AMS,'based'on'only'~10%'of'the'total'data'expected,'is'clearly'distinguished'from'earlier'experiments'(see'References).'
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• Results from 5 years of data taking 
- 90×109 cosmic ray particle 
- from sample of 300⨉106 protons, 

study anti-proton / proton ratio 
- flat distribution up to 400GeV 
- cannot be explained by secondary 

production of anti-protons 
⇒ dark matter source (annihilation)? 

- positron spectrum shows excess 
at about  
⇒ is it a sign of DM?

1 TeV

!

! 2!

 
 

 
Figure 1.  Antiproton to proton ratio measured by AMS.  As seen, the measured ratio cannot be explained 
by existing models of secondary production. 
 
 
Most surprisingly, AMS has also found, based on 50 million events, that the helium flux exhibits nearly 
identical and equally unexpected behavior as the proton flux (see Figure 3).  AMS is currently studying 
the behavior of other nuclei in order to understand the origin of this unexpected change. 
 
These unexpected new observations provide important information on the understanding of cosmic ray 
production and propagation. 
 
The latest AMS measurements of the positron fraction, the antiproton/proton ratio, the behavior of the 
fluxes of electrons, positrons, protons, helium, and other nuclei provide precise and unexpected 
information.  The accuracy and characteristics of the data, simultaneously from many different types of 
cosmic rays, require a comprehensive model to ascertain if their origin is from dark matter, astrophysical 
sources, acceleration mechanisms or a combination. 
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AMS-02: results after 5 years

 
 

Figure 4.  The current AMS positron flux measurement compared with theoretical models. 
 

AMS has also studied the antiproton to proton ratio.  The excess in antiprotons 
observed by AMS cannot easily be explained as coming from pulsars but can be explained 
by dark matter collisions or by other new astrophysics models.  Antiprotons are very rare in 
the cosmos.  There is only one antiproton in 10,000 protons therefore a precision experiment 
requires a background rejection close to 1 in a million.  It has taken AMS five years of 
operations to obtain a clean sample of 349,000 antiprotons.  Of these, AMS has identified 
2200 antiprotons with energies above 100 billion electron volts.  Experimental data on 
cosmic ray antiprotons are crucial for understanding the origin of antiprotons in the cosmos 
and for providing insight into new physics phenomena.    

 
Protons are the most abundant particles in cosmic rays.  AMS has measured the 

proton flux to an accuracy of 1% with 300 million protons and found that the proton flux 
cannot be described by a single power law, as had been assumed for decades, and that the 
proton spectral index changes with momentum.   

 
AMS contains seven instruments (shown in Appendix II) with which to 

independently identify different elementary particles as well as nuclei. Helium, lithium, 
carbon, oxygen and heavier nuclei up to iron have been studied by AMS.  It is believed that 
helium, carbon and oxygen were produced directly from primary sources in supernova 
remnants whereas lithium, beryllium and boron are believed to be produced from the 
collision of primary cosmic rays with the interstellar medium.  Primary cosmic rays carry 
information about their original spectra and propagation, and secondary cosmic rays carry 
information about the propagation of primary and secondary cosmic rays and the interstellar 
medium. 
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• Ice Cube searched for DM annihilation signals 
into neutrino pairs 

• Data from IC-79 dataset 
• Limit: ⟨σAv⟩  ≤ 10–22 cm3s-1 ⟨σAv⟩ ≤ 10−41
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Ice Cube Dark Matter search
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Figure 7: Limits on the spin-dependent WIMP-proton cross-section from IC79, for a range
of di↵erent annihilation final states. The canonical hard (W+W� and ⌧+⌧�) and soft (bb̄)
channels bracket the possible limits for di↵erent models reasonably well. More extreme
channels (hardest: ⌫⌫̄, softest: gg) less often found in SUSY can lead to even stronger
or weaker constraints. For the ⌫⌫̄ channel we have assumed equal branching fractions for
all three neutrino flavours. The ability to easily and quickly compute full limits for any
combination of final states is a particular feature of the method and tools we present in this
paper. As a convenience, datafiles for all curves in this figure are available precomputed in
the nulike download3.

are up to a factor of 4 stronger than the previous analysis at multi-TeV masses. The latest
update of WIMPSim fixes an issue with propagation of neutrinos in the Sun that a↵ected
the version used to derive the original IC79 limits [1]. This resulted in conservative limits
for WIMP masses above ⇠500GeV, ranging from a factor of 1.05 at 500GeV to 1.2 at 1TeV
and up to 1.5 at 5TeV for the W+W� and ⌧+⌧� final states. Improvements beyond those
factors are due to the improved analysis method in this paper.

Fig. 6 compares these limits to other searches for spin-dependent DM-proton scattering,
both from the Sun and direct detection experiments. The 79-string IceCube data provide the
strongest limits of any search for all masses above ⇠100–200GeV (the exact value depends
on the annihilation channel). Super-Kamiokande [2] is the most sensitive experiment at all
lower masses. Limits from direct detection [33, 34] are weaker, except in the case of DM
with soft or suppressed annihilation spectra, in which case the PICO experiment [33, 34]
is the most constraining. Indirect DM searches by Antares [36] and Baksan [37] have set
less stringent limits on the spin-dependent DM-proton scattering and are consequently not
included in Fig. 6.

– 17 –
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• Use atmosphere as Cherenkov 
radiator for cosmic particles 

• HESS (High energy 
stereoscopic system) 
- search for DM near 

high-density objects: 
- black holes 
- galactic center 
- dwarf galaxy: 

no γ signal at expected location 

- Canis Major overdensity

195

Cherenkov telescopes

10

Table I: pMSSM parameter space randomly scanned to gen-
erate SUSY models. A set of parameters corresponds to a
specific pMSSM model.

Parameter Minimum Maximum

m0 1 TeV 30 TeV
M2 1 TeV 50 TeV
µ 1 TeV 50 TeV

mA 1 TeV 50 TeV
At,b -300 GeV +300 GeV
tanβ 3 60

measurements of the CMB anisotropies of the Wilkinson
Microwave Anisotropy Probe (WMAP) satellite. Some
models in the mass range 0.8 - 6 TeV can be excluded.
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Figure 7: 90% C.L. exclusion limits on the annihilation cross
section σv as a function of the mass of the dark matter par-
ticle mDM for a Kaluza-Klein boson B̃(1) (solid blue line) and
a pure wino W̃ in AMSB (solid red line). The limit is derived
from the H.E.S.S. flux sensitivity in the Galactic plane survey
within the mini-spike scenario. Kaluza-Klein models in UED
scenario (blue dashed line) and AMSB models (red dotted
line) are plotted together with those satisfying the WMAP
constraints on the dark matter particle relic density (pink
dashed line and green dotted line, respectively).

Fig. 7 shows the 90% C.L. exclusion limit on σv as
a function of the DM particle mass mDM in the case of
AMSB and Kaluza-Klein scenarios. In both cases, the
BRs of each annihilation channel entering in the calcu-
lation of the total annihilation differential spectra are
uniquely determined as discussed in section II. In the
AMSB scenario, the neutralino is considered here to be
a pure wino annihilating with 100% BR into the W+W−

channel. The predictions for σv are parameterized using
the results of [89] where it is derived in the case of the lat-
ter assumption on the annihilation scheme. The AMSB
models fulfilling in addition the WMAP constraints are
overlaid. Models yielding neutralino masses between 900
GeV and 6 TeV are excluded including those having
a neutralino thermal relic density compatible with the
WMAP measurements. Predictions on the annihilation
cross section for pairs of B̃(1) from UED theories [90] are
also plotted as well as those satisfying the WMAP con-
straints. In this scenario, B̃(1) masses in the range from
0.8 to 6 TeV can be excluded.

V. SUMMARY

Observational clues for the existence of IMBHs start
to accumulate. If they indeed exist, IMBH could be dark
matter annihilation boosters. The prospects for detect-
ing dark matter annihilation around IMBHs have been
widely discussed in the literature [36, 38, 39, 91, 92, 93].
In this work, we derive the first experimental constraints
on the mini-spike scenario of Ref [38].

Using H.E.S.S. data collected in the Galactic plane
survey, we show that H.E.S.S. has the required sensitiv-
ity to probe gamma-rays from dark matter annihilation
in mini-spikes around IMBHs believed to populate the
Milky Way halo. The new analysis using ∼ 400 hours of
data taken in the Galactic plane but not foreseen initially
for this purpose, allows to derive flux sensitivity limits for
indirect dark matter search. Combining all the survey
data, the gamma-ray flux sensitivity map is derived for
dark matter annihilation in the region [−30◦, 60◦] in lon-
gitude and [−3◦, 3◦] in latitude. We show that H.E.S.S.
reaches a flux sensitivity of ∼ 10−12 cm−2s−1 above 100
GeV.

For the first time, a clumpiness scenario has been
tested in a large field of view with an IACT. Strong
constraints are obtained in one of the two IMBH for-
mation scenarios discussed [38] (scenario B). The ab-
sence of plausible candidates for Galactic IMBHs in the
H.E.S.S. Galactic plane data set allows us to put con-
straints on one of the more optimistic scenarios for de-
tecting neutralino or LKP annihilation from mini-spikes
around IMBHs. The first experimental exclusion limits
at 90% C.L. on the velocity-weighted annihilation cross
section as a function of the dark matter particle mass
within the mini-spike scenario are derived. Predictions
from various WIMP particle physics scenarios are con-
strained.

Since the characteristic annihilation flux from a IMBH
varies as (σv)2/7, reflecting the depletion of the inner part
of dark matter halo due to annihilation during the life-
time of the IMBH, limits derived on σv in the absence
of a detection are proportional to (Φmin/Φref)7/2, where
Φmin is the sensitivity limit and Φref the predicted an-
nihilation flux for a nominal value of σv. Uncertainties
in Φref , reflecting for example the imperfect knowledgeFig. 1. Sky map of the γ-ray candidates with an oversampling radius of 0.14◦. No

excess is observed at the target position (RA = 18h54m40s,Dec = −30d27m05s)
in equatorial coordinates (J2000) marked with a black triangle. Other spots in the
field of view are not significant.
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Fig. 2. θ2 radial distribution of the ON and OFF events for γ-ray like events from
the target position (RA = 18h54m40s,Dec = −30d27m05s) (black dots). Estimated
background calculated as explained in the text is shown (black triangles). No excess
is seen at small θ2 value.
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H.E.S.S. (10 years results)

5
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FIG. 1: Constraints on the velocity-weighted annihilation cross section h�vi for the W+W� (left panel) and ⌧+⌧� (right panel)
channels derived from observations taken over 10 years of the inner 300 pc of the GC region with H.E.S.S. The constraints
for the bb̄, tt̄ and µ+µ� channels are given in Fig. 4 in Supplemental Material [16]. The constraints are expressed as 95%
C. L. upper limits as a function of the DM mass mDM. The observed limit is shown as black solid line. The expectations
are obtained from 1000 Poisson realizations of the background measured in blank-field observations at high Galactic latitudes.
The mean expected limit (black dotted line) together with the 68% (green band) and 95% (yellow band) C. L. containment
bands are shown. The blue solid line corresponds to the limits derived in a previous analysis of 4 years (112 h of live time)
of GC observations by H.E.S.S. [10]. The horizontal black long-dashed line corresponds to the thermal relic velocity-weighted
annihilation cross section (natural scale).
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• Several experimental techniques 
• Several independent results 
• Many hints but no significant or unambiguous signal 
• Very active field: 

- many more results expected in the coming years

197

Summary indirect searches
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I. Direct detection 
- interaction of halo DM in detectors 

- generally underground detectors 

II.Indirect detection 
- SM signals from the annihilation of DM particles 

(e.g. ) 

III.Creation of DM particle candidates at accelerators 
- e.g. high-energy collisions producing SUSY

χ + χ → γ + γ

198
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• For some models, DM particles are produced at accelerators 
• SUSY neutralino is (still!) 

a candidate for discovery 
- it has a mass accessible to 

the LHC (100GeV–1TeV) 
- it has a predicted signature that 

can distinguish it from other 
processes 

• Caution: 
- even if discovered at an accelerator, 

a new stable particle is only a DM candidate  
- its properties must then be studied to check they satisfy the requirements 

for being dark matter 
- ultimately, we will want to observe it directly!

199

WIMPs at accelerators
– 8–
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Figure 1: Cross sections for pair production
of different sparticles as a function of their
mass at the LHC for a center-of-mass energy
of 8 TeV [52]. Typically the production cross
section of colored squarks and gluinos is several
orders of magnitude larger than the one for
leptons or charginos. Except for the explicitly
shown pair production of stops, production cross
sections for squarks assumes mass degeneracy of
left- and right-handed u, d, s, c and b squarks.

CMS. Furthermore, confronting the remaining allowed param-

eter space with other collider and non-collider measurements,

which are directly or indirectly sensitive to contributions from

SUSY, the overall compatibility of these models with all data

is significantly worse than in the pre-LHC era (see section II.7

for further discussion), indicating that very constrained models

like the CMSSM might no longer be good benchmark scenarios

to solely characterize the results of SUSY searches at the LHC.

For these reasons, an effort has been made in the past years

to complement the traditional constrained models with more

flexible approaches.

February 8, 2016 19:57
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• Identification: 
- a neutralino would be associated with production of jets and photons 
- the missing mass is the  mass 

• Interpretation: 
- the production rate can be 

associated to the annihilation 
cross section  

-  and   DM properties 

• Finally, compare with cosmological 
constraints!

χ0

⟨σv⟩
⟨σv⟩ mχ ⇒

200

SUSY: experimental method
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SUSY: results from LHC

201

• First LHC results (7–8 TeV) 
- direct search by ATLAS and CMS  

- indirect search at LHCb  
 
⇒ no indication for DM candidate at accelerators...

⇒ MSUSY > O(1) TeV
⇒ MSUSY > O(10) TeV

– 32–
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Figure 8: A summary of limits on chargino
and neutralino masses in simplified models as
obtained by CMS [158].

mode of electroweak gauginos is provided by vector-boson-

fusion, where two additional jets with a large rapidity gap can

be used to select events and suppress backgrounds [112,117].

In scenarios with compressed spectra, charginos may be

long-lived. Charginos decaying in the detectors away from the

primary vertex could lead to signatures such as kinked-tracks,

or apparently disappearing tracks, since, for example, the pion

in χ̃±

1 → π±χ̃0
1 might be too soft to be reconstructed. At

the LHC, searches have been performed for such disappearing

tracks, and interpreted within anomaly-mediated SUSY break-

ing models [118,119]. Charginos with lifetimes between 0.1 and

10 ns are excluded for chargino masses up to 500 GeV. Within

AMSB models, a lower limit on the chargino mass of 270 GeV

is set, for a mass difference with the LSP of 160 MeV and a

lifetime of 0.2 ns.
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Figure 7: 95% C.L. exclusion contours in the
mt̃ − mχ̃0

1
plane for different top squark decay

chains and different searches from the ATLAS
collaboration [85]. The left plot shows simpli-
fied model limits for three different decay chains;
t̃ → cχ̃0

1 (W and t forbidden), t̃ → Wbχ̃0
1 (t

forbidden), and t̃ → tχ̃0
1 (t allowed), which rep-

resent three different kinematic regions of the
top squark decay. The right plot shows simpli-
fied model limits for the top decay chain via a
chargino: t̃ → bχ̃±

1 , χ̃±

1 → W±(∗)χ̃0
1 for different

mχ̃±

1
− mχ̃0

1
.

If the decays t̃ → tχ̃0
1 and t̃ → bχ̃±

1 , χ̃±

1 → W±(∗)χ̃0
1

are kinematically forbidden, the decay chains t̃ → Wbχ̃0 and

t̃ → cχ̃0 can become important. As shown in the left plot of

Fig. 7,the one-lepton ATLAS search provides for the kinematic

region mt̃−mχ̃± > mb+mW upper limits on top squark mass of

≈ 300 GeV for a neutralino lighter than ≈ 170 GeV [85], while

the boosted decision tree based CMS analysis pushes this limit

to about 320 GeV for neutralino masses below ≈ 200 GeV [99].

For the kinematic region in which even the production of real W

bosons is not allowed, ATLAS and CMS improves the Tevatron

limit on t̃ → cχ̃0 substantially. Based on a combination of a

monojet analysis and a dedicated charm quark identification

algorithm, away from the kinematic boundary a top squark

with a mass below 260 GeV is excluded by the ATLAS analysis

February 8, 2016 19:57
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q̃q̃, q̃!q�̃
0
1 0 e, µ 2-6 jets E

miss
T

140 m(�̃
0
1)<400 GeV 2010.142931.85q̃ [1⇥, 8⇥ Degen.] 1.0q̃ [1⇥, 8⇥ Degen.]

mono-jet 1-3 jets E
miss
T

140 m(q̃)-m(�̃
0
1)=5 GeV 2102.108740.9q̃ [8⇥ Degen.]

g̃g̃, g̃!qq̄�̃
0
1 0 e, µ 2-6 jets E

miss
T

140 m(�̃
0
1)=0 GeV 2010.142932.3g̃

m(�̃
0
1)=1000 GeV 2010.142931.15-1.95g̃̃g Forbidden

g̃g̃, g̃!qq̄W�̃
0
1 1 e, µ 2-6 jets 140 m(�̃

0
1)<600 GeV 2101.016292.2g̃

g̃g̃, g̃!qq̄(``)�̃0
1

ee, µµ 2 jets E
miss
T

140 m(�̃
0
1)<700 GeV 2204.130722.2g̃

g̃g̃, g̃!qqWZ�̃
0
1 0 e, µ 7-11 jets E

miss
T

140 m(�̃
0
1) <600 GeV 2008.060321.97g̃

SS e, µ 6 jets 140 m(g̃)-m(�̃
0
1)=200 GeV 2307.010941.15g̃

g̃g̃, g̃!tt̄�̃
0
1 0-1 e, µ 3 b E

miss
T

140 m(�̃
0
1)<500 GeV 2211.080282.45g̃

SS e, µ 6 jets 140 m(g̃)-m(�̃
0
1)=300 GeV 1909.084571.25g̃

b̃1b̃1 0 e, µ 2 b E
miss
T

140 m(�̃
0
1)<400 GeV 2101.125271.255b̃1

10 GeV<�m(b̃1,�̃
0
1)<20 GeV 2101.125270.68b̃1

b̃1b̃1, b̃1!b�̃
0
2 ! bh�̃

0
1 0 e, µ 6 b E

miss
T

140 �m(�̃
0
2 , �̃

0
1)=130 GeV, m(�̃

0
1)=100 GeV 1908.031220.23-1.35b̃1b̃1 Forbidden

2 ⌧ 2 b E
miss
T

140 �m(�̃
0
2 , �̃

0
1)=130 GeV, m(�̃

0
1)=0 GeV 2103.081890.13-0.85b̃1b̃1

t̃1 t̃1, t̃1!t�̃
0
1 0-1 e, µ � 1 jet E

miss
T

140 m(�̃
0
1)=1 GeV 2004.14060, 2012.037991.25t̃1

t̃1 t̃1, t̃1!Wb�̃
0
1 1 e, µ 3 jets/1 b E

miss
T

140 m(�̃
0
1)=500 GeV 2012.03799, ATLAS-CONF-2023-0431.05t̃1t̃1 Forbidden

t̃1 t̃1, t̃1!⌧̃1b⌫, ⌧̃1!⌧G̃ 1-2 ⌧ 2 jets/1 b E
miss
T

140 m(⌧̃1)=800 GeV 2108.076651.4t̃1t̃1 Forbidden

t̃1 t̃1, t̃1!c�̃
0
1 / c̃c̃, c̃!c�̃

0
1 0 e, µ 2 c E

miss
T

36.1 m(�̃
0
1)=0 GeV 1805.016490.85c̃

0 e, µ mono-jet E
miss
T

140 m(t̃1,c̃)-m(�̃
0
1)=5 GeV 2102.108740.55t̃1

t̃1 t̃1, t̃1!t�̃
0
2, �̃

0
2!Z/h�̃

0
1 1-2 e, µ 1-4 b E

miss
T

140 m(�̃
0
2)=500 GeV 2006.058800.067-1.18t̃1

t̃2 t̃2, t̃2!t̃1 + Z 3 e, µ 1 b E
miss
T

140 m(�̃
0
1)=360 GeV, m(t̃1)-m(�̃

0
1)= 40 GeV 2006.058800.86t̃2t̃2 Forbidden

�̃±1 �̃
0
2 via WZ Multiple `/jets E

miss
T

140 m(�̃
0
1)=0, wino-bino 2106.01676, 2108.075860.96�̃±1 /�̃

0
2

ee, µµ � 1 jet E
miss
T

140 m(�̃
±
1 )-m(�̃

0
1 )=5 GeV, wino-bino 1911.126060.205�̃±1 /�̃

0
2

�̃±1 �̃
⌥
1 via WW 2 e, µ E

miss
T

140 m(�̃
0
1)=0, wino-bino 1908.082150.42�̃±

1
�̃±1 �̃

0
2 via Wh Multiple `/jets E

miss
T

140 m(�̃
0
1)=70 GeV, wino-bino 2004.10894, 2108.075861.06�̃±1 /�̃

0
2�̃±1 /�̃
0
2 Forbidden

�̃±1 �̃
⌥
1 via ˜̀

L/⌫̃ 2 e, µ E
miss
T

140 m( ˜̀,⌫̃)=0.5(m(�̃
±
1 )+m(�̃

0
1)) 1908.082151.0�̃±

1

⌧̃⌧̃, ⌧̃!⌧�̃0
1 2 ⌧ E

miss
T

140 m(�̃
0
1)=0 ATLAS-CONF-2023-0290.48⌧̃ [⌧̃R, ⌧̃R,L] 0.34⌧̃ [⌧̃R, ⌧̃R,L]

˜̀L,R ˜̀L,R, ˜̀!`�̃0
1 2 e, µ 0 jets E

miss
T

140 m(�̃
0
1)=0 1908.082150.7˜̀

ee, µµ � 1 jet E
miss
T

140 m( ˜̀)-m(�̃
0
1)=10 GeV 1911.126060.26˜̀

H̃H̃, H̃!hG̃/ZG̃ 0 e, µ � 3 b E
miss
T

140 BR(�̃
0
1 ! hG̃)=1 To appear0.94H̃

4 e, µ 0 jets E
miss
T

140 BR(�̃
0
1 ! ZG̃)=1 2103.116840.55H̃

0 e, µ � 2 large jets E
miss
T

140 BR(�̃
0
1 ! ZG̃)=1 2108.075860.45-0.93H̃

2 e, µ � 2 jets E
miss
T

140 BR(�̃
0
1 ! ZG̃)=BR(�̃

0
1 ! hG̃)=0.5 2204.130720.77H̃

Direct �̃
+
1 �̃
�
1 prod., long-lived �̃

±
1 Disapp. trk 1 jet E

miss
T

140 Pure Wino 2201.024720.66�̃±
1

Pure higgsino 2201.024720.21�̃±
1

Stable g̃ R-hadron pixel dE/dx E
miss
T

140 2205.060132.05g̃

Metastable g̃ R-hadron, g̃!qq�̃
0
1 pixel dE/dx E

miss
T

140 m(�̃
0
1)=100 GeV 2205.060132.2g̃ [⌧( g̃) =10 ns]

˜̀ ˜̀, ˜̀!`G̃ Displ. lep E
miss
T

140 ⌧( ˜̀) = 0.1 ns 2011.078120.7ẽ, µ̃
⌧( ˜̀) = 0.1 ns 2011.078120.34⌧̃

pixel dE/dx E
miss
T

140 ⌧( ˜̀) = 10 ns 2205.060130.36⌧̃

�̃±1 �̃
⌥
1 /�̃

0
1 , �̃

±
1!Z`!``` 3 e, µ 140 Pure Wino 2011.105431.05�̃⌥1 /�̃

0
1 [BR(Z⌧)=1, BR(Ze)=1] 0.625�̃⌥1 /�̃
0
1 [BR(Z⌧)=1, BR(Ze)=1]

�̃±1 �̃
⌥
1 /�̃

0
2 ! WW/Z````⌫⌫ 4 e, µ 0 jets E

miss
T

140 m(�̃
0
1)=200 GeV 2103.116841.55�̃±1 /�̃

0
2 [�i33 , 0, �12k , 0] 0.95�̃±1 /�̃
0
2 [�i33 , 0, �12k , 0]

g̃g̃, g̃!qq�̃
0
1, �̃

0
1 ! qqq �8 jets 140 Large �00112 To appear2.25g̃ [m(�̃0

1)=50 GeV, 1250 GeV] 1.6g̃ [m(�̃0
1)=50 GeV, 1250 GeV]

t̃t̃, t̃!t�̃
0
1, �̃

0
1 ! tbs Multiple 36.1 m(�̃0

1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05t̃ [�00
323

=2e-4, 1e-2] 0.55t̃ [�00
323

=2e-4, 1e-2]

t̃t̃, t̃!b�̃
±
1 , �̃

±
1 ! bbs � 4b 140 m(�̃±1 )=500 GeV 2010.010150.95t̃̃t Forbidden

t̃1 t̃1, t̃1!bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1!q` 2 e, µ 2 b 36.1 BR(t̃1!be/bµ)>20% 1710.055440.4-1.45t̃1
1 µ DV 136 BR(t̃1!qµ)=100%, cos✓t=1 2003.119561.6t̃1 [1e-10< �0

23k
<1e-8, 3e-10< �0

23k
<3e-9] 1.0t̃1 [1e-10< �0

23k
<1e-8, 3e-10< �0

23k
<3e-9]

�̃±1 /�̃
0
2/�̃

0
1, �̃0

1,2!tbs, �̃
+
1!bbs 1-2 e, µ �6 jets 140 Pure higgsino 2106.096090.2-0.32�̃0

1

Mass scale [TeV]10
�1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
August 2023

ATLAS Preliminaryp
s = 13 TeV

*Only a selection of the available mass limits on new states or

phenomena is shown. Many of the limits are based on

simplified models, c.f. refs. for the assumptions made.

Figure 89.14: Overview of the current landscape of SUSY searches at the LHC (updated on Au-
gust 2023). The plot shows exclusion mass limits of ATLAS for di�erent searches and interpretation
assumptions. The corresponding results of the CMS experiment are similar.

modes and slepton masses. Constraints in R-parity violating SUSY models strongly depend also
on the assumed non-zero couplings.

The next LHC runs, with
Ô

s between 13 and 14 TeV and significantly larger integrated lu-
minosities (notably the High-Luminosity LHC), will provide a large data sample for future SUSY
searches. As mentioned above, the improvement in sensitivity will largely have to come from a
larger data set, and evolution of trigger and analysis techniques, since there will be no significant
energy increase at the LHC anymore. Although the sensitivity for colored sparticles will increase
somewhat as well, the expanded data set will be particularly beneficial for electroweak gaugino
searches, and for the more di�cult final states presented by compressed particle spectra, stealth
SUSY, long-lived sparticles, or R-parity violating scenarios.
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• Strong evidence for Dark Matter and Dark Energy from cosmological 
observations 

• Several DM candidates, among which the SUSY particles are (were?) 
the most promising 

• Several experiments: 
- hints of direct observation of a DM particle 
- hints of indirect observation through DM annihilation 

 
⇒ no unambiguous DM signature 

• Hopefully will soon get direct and/or indirect evidence, and possibly 
production of DM candidates at accelerators!
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