
‘Spåtind’ conference,  Skeikampen, 2-7 Jan 2020

Searching for Dark Matter

Torsten Bringmann



 (Torsten Bringmann) Searching for dark matter ‒ 2

Outline
Introduction
Evidence
Candidates & Tools

Collider searches

Direct searches
‘reverse’ direct detection

Indirect searches
Gamma rays
Charged cosmic rays

Su
nd

ay
 (

5 
Ja

n)

Other astrophysical probes
The matter power spectrum 
Self-interacting dark matter
ETHOS

Complementarity
Example: Light scalar mediators

M
on

da
y 

(6
 J

an
)

Ruchayskiy

Bjørke, Corrigan, 
Hansen, Vadla, …

Koskinen

Tjemsland

Sokolenko

Sokolenko 
(Oslo Winter school)
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Dark matter all around

overwhelming evidence on all scales! 

Figure 1: The galaxy distribution obtained from spectroscopic redshift surveys and from mock

catalogues constructed from cosmological simulations. The small slice at the top shows the CfA2

“Great Wall”3, with the Coma cluster at the centre. Drawn to the same scale is a small section of the

SDSS, in which an even larger “Sloan Great Wall” has been identified100. This is one of the largest

observed structures in the Universe, containing over 10,000 galaxies and stretching over more than 1.37

billion light years. The wedge on the left shows one-half of the 2dFGRS, which determined distances

to more than 220,000 galaxies in the southern sky out to a depth of 2 billion light years. The SDSS

has a similar depth but a larger solid angle and currently includes over 650,000 observed redshifts

in the northern sky. At the bottom and on the right, mock galaxy surveys constructed using semi-

analytic techniques to simulate the formation and evolution of galaxies within the evolving dark matter

distribution of the “Millennium” simulation5 are shown, selected with matching survey geometries and

magnitude limits.

28
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Cosmology without dark matter ?

DM is a crucial ingredient of cosmological SM!
constant co-moving energy density
only gravitational interactions
cold + dissipation-less

Image credit: KIAS

Percent-level 
measurements of a 
single parameter!

⌦CDMh2 = 0.1188± 0.0010
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Ade+ [Planck Coll.],  A&A ‘16

only gravitational

ΩCDM decrease of up to 10% possible during matter domination! 
(model-independent; but much more allowed during RD) TB, Kahlhoefer, Schmidt-Hoberg & Walia,  PRD ‘18

Fails miserably already at linear level:
1. Observation:  
2.  
3. Observation: 
4. (Linear gravity) 

�T/TCMB ⇠ � ⌘ |⇢� ⇢̄|/⇢̄ ⇠ 10�5

<latexit sha1_base64="/QdAO7UK/41j1zYmCmqU+fS7dPc="></latexit>

TCMB ⇠ 2.7K  aCMB/a0 ⇠ 10�3

<latexit sha1_base64="6zu9sVHNtGukJWdFbedRbm6rPFk="></latexit>

T > TCMB : �� = �b
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T < TCMB : �� ⇠ const, �b / a(t)

<latexit sha1_base64="L0ADrw7XA0a7euB285ldcsCTzaE="></latexit>

}

<latexit sha1_base64="kIDbHRf4nodD2cxi5M2SLwcG8EQ=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRSsMuCG5dV7APaUCbTm3boZBJmJkIpxR9wq3/gTtz6Lf6A3+GkzUJbD1w4nHNfnCARXBvX/XIKG5tb2zvF3dLe/sHhUfn4pK3jVDFssVjEqhtQjYJLbBluBHYThTQKBHaCyU3mdx5RaR7LBzNN0I/oSPKQM2qsdN+fD8oVt+ouQNaJl5MK5GgOyt/9YczSCKVhgmrd89zE+DOqDGcC56V+qjGhbEJH2LNU0gi1P1t8OicXVhmSMFa2pCEL9ffEjEZaT6PAdkbUjPWql4n/egnPFq5cN2Hdn3GZpAYlWx4PU0FMTLIoyJArZEZMLaFMcfs/YWOqKDM2sJINxluNYZ20r6perVq7q1Ua9TyiIpzBOVyCB9fQgFtoQgsYhPAML/DqPDlvzrvzsWwtOPnMKfyB8/kD4iyV4w==</latexit>

Expect                 today:
No galaxies, stars, 
planets, …life !

� ⇠ 10�2

<latexit sha1_base64="0E+IPGviELGHR8PmrgMQrvWYrsQ=">AAACD3icbVDLSsNAFJ3UV62vWJduBovgxpKUgl0W3LisYB/QxDKZTNqhM5MwMxFL6Ef4A271D9yJWz/BH/A7nLRZaOuBC4dz7osTJIwq7ThfVmljc2t7p7xb2ds/ODyyj6s9FacSky6OWSwHAVKEUUG6mmpGBokkiAeM9IPpde73H4hUNBZ3epYQn6OxoBHFSBtpZFe9kDCNPEU5dJ377LIxH9k1p+4sANeJW5AaKNAZ2d9eGOOUE6ExQ0oNXSfRfoakppiRecVLFUkQnqIxGRoqECfKzxa/z+G5UUIYxdKU0HCh/p7IEFdqxgPTyZGeqFUvF//1EpovXLmuo5afUZGkmgi8PB6lDOoY5uHAkEqCNZsZgrCk5n+IJ0girE2EFROMuxrDOuk16m6z3rxt1tqtIqIyOAVn4AK44Aq0wQ3ogC7A4BE8gxfwaj1Zb9a79bFsLVnFzAn4A+vzB4PnnBw=</latexit>

DM conversion into (in)visible energy? 
E.g. decays, late-time annihilation, coalescing PBHs, …

constant density
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Candidates
Existence of (particle) DM = evidence for BSM physics!
+ rather good handle on what it is not

Feebly interacting particles and where to find them

Dark photon
Heavy neutral
lepton Dark scalar . . . your favourite beast

here. . .

Oleg Ruchayskiy (O. Ruchayskiy) FIP and SHiP January 3, 2020 2 / 69

Unfortunately, this still leaves too many options…

Oleg’s favourites

PoS(ICRC2015)005

Dark Matter Candidates: Status and Perspectives Tim M.P. Tait

Theories of 
Dark Matter

mSUGRA

R-parity
Conserving

Supersymmetry

pMSSM

R-parity
violating

Gravitino DM

MSSM NMSSM

Dirac
DM

Extra Dimensions

UED DM

Warped Extra 
Dimensions

Little Higgs

T-odd DM

5d

6d

Axion-like Particles

QCD Axions

Axion DM

Sterile Neutrinos

Light
Force Carriers

Dark Photon

Asymmetric DM

RS DM

Warm DM

?

Hidden
Sector DM

WIMPless DM

Littlest Higgs

Self-Interacting
DM

Q-balls

T Tait

Solitonic DM

Quark
Nuggets

Techni-
baryons

Dynamical 
 DM

Figure 1: (Incomplete) Venn diagrams of theories of dark matter.

1. Introduction

The evidence for dark matter is overwhelming [1], and points to the need for what is most
likely a new quantum field which must supplement the Standard Model (SM) of particle physics.
The identification of this field is thus of paramount importance in order to extend the Standard
Model. Seeing how dark matter fits together with the Standard Model structure is a likely to
provide key insights into fundamental physics and may reveal new principles of Nature. A wide
variety of experimental searches aimed at uncovering clues are underway. In this talk I provide an
over-view of theoretical ideas for what could constitute the dark matter (Sec. 2) and discuss the
current status of experimental searches (Sec. 3). I apologize in advance that because each of these
areas are wide fields in themselves, my discussion will by necessity be somewhat personalized and
incomplete. I must further apologize that references are largely to reviews or other talks at the
conference, and are intended more as a starting point for an interested reader to learn more rather
than a fair historical representation of the literature.

2. Candidates

There are a wide variety of the theoretical ideas as to what might constitute the dark matter
(see Fig. 1). In terms of its particle physics properties, a viable dark matter candidate must satisfy

2

Tim Tait’s favourites

Baer+, Phys.Rep. ‘15
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Weakly Interacting Massive Particles
well-motivated from particle physics [SUSY, EDs, …]
thermal production in early universe:

Torsten Bringmann, Stockholm

The WIMP “miracle”

In the early universe, the WIMP
number density n is determined by
the Boltzmann equation

dn

dt
+ 3Hn = −⟨σv⟩

(

n2 − n2
eq

)

Once the interaction rate falls be-
hind the expansion rate of the uni-
verse, WIMPs decouple from the
thermal bath. Today, their relic
density is then given by: Jungman, Kamionkowski & Griest, PR ’96

ΩWIMPh2 ∼3·10−27cm3s−1

⟨σv⟩ = O(0.1) [for interaction strengths of the weak type]

New Gamma-Ray Contributions – p.9/32

(thermal average)

dn�

dt
+ 3Hn� = �⇥�v⇤

�
n2

� � n2
�eq

⇥

��� SM SM

time

increasing��v⇥

a3
n

�

Fig.: Jungman, Kamionkowski & Griest, PR’96

��v⇥ :

“Freeze-out” when annihilation 
rate falls behind expansion rate

Relic density (today):

for weak-scale 
interactions!

��h2 � 3 · 10�27cm3/s
⇥�v⇤ � O(0.1)

n�eq

WIMP DM is seriously pressured, 
but not (yet) ‘dead’ !

Arcadi+, EPJC ’18
Athron+, EPJC ’19

(+ many more)

= a ‘miracle’ ?
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Dead or alive ? 30/12/2019, 14*38The 'WIMP Miracle' Hope For Dark Matter Is Dead

Page 1 of 14https://www.forbes.com/sites/startswithabang/2019/02/22/the-wim…ad-as-dark-matter-experiments-come-up-empty-again/#69df639f6dbc

52,696 views | Feb 22, 2019, 02:00am

The 'WIMP Miracle' Hope For Dark
Matter Is Dead

Science

The Universe is out there, waiting for you to discover it.

Ethan Siegel Senior Contributor
Starts With A Bang Contributor Group 

 LUX-

ZEPLIN (LZ) COLLABORATION / SLAC NATIONAL ACCELERATOR LABORATORY

The quest for particle dark matter has led us to look for WIMPs that may recoil with atomic nuclei.... [+]

. . .
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Where next?

Challenge for the field: Stay open-minded yet focussed !

If fine-tuning isn’t a good guiding 
principle, what about the alternatives?
quite hard to ‘automatically’ get the DM relic 
density right, even for ‘nice’ models! 

Problem: there might be quite a few of 
them (not even counting those that cannot be unturned)… 

Or should we give up on 
theoretical guiding principles, 
leaving ‘no stone unturned’?

Bertone & Tait, Nature ’18
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Strategies for WIMP searches
at colliders

directly indirectly

all complementary !

not only

�

SM

�

SM

� SM

� SM

�SM

�SM
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Strategies for dark matter searches

directly indirectly

at colliders astrophysical probes

of matter distribution
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DarkSUSY

http://
darksusy.hepforge.org

Numerical package to calculate 
‘all’ DM related quantities:
relic density + kinetic decoupling 

generic SUSY models + laboratory 
constraints implemented
cosmic ray propagation
particle yields for generic DM 
annihilation or decay
indirect detection rates: gammas, 
positrons, antiprotons, neutrinos
direct detection rates
…

;) 

Module ...

..

.

Module generic_wimp
libds_generic_wimp.a

Interface functions
Internal routines

Particle physics modules
src_models/

Module mssm
libds_mssm.a

Interface functions
Internal routines

Linking to main library/user 
replaceable
Linking to chosen module

Possible (but not used) calling
Calling sequence

Main DS 
library
src/
libds_main.a

Observables 
(rates, relic 
density etc)

Main program
User-supplied, e.g. 
examples/dsmain.F

User
replaceables

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

TB, Edsjö, Gondolo, 
Ullio & Bergström,  

JCAP ‘18

since 6.1: DM self-interactions

(also for                              )Tdark 6= Tphoton
<latexit sha1_base64="xNJgwyCX22SvUc2xW01ZOb8m9bY=">AAACJHicdVDLSgMxFM34rPVVdekmWERXJeOz7gpuXFboC9phyKRpG5pJxiQjlGE+wd/wB9zqH7gTF25c+h1m2opa9EDgcM69ufeeIOJMG4TenLn5hcWl5dxKfnVtfWOzsLXd0DJWhNaJ5FK1AqwpZ4LWDTOctiJFcRhw2gyGl5nfvKVKMylqZhRRL8R9wXqMYGMlv3CQ1PxOiM1AhUkXq2HaEfQGfmvRQBop0tQvFFHpFLkXZwiiEhpjTMrusQvdqVIEU1T9wkenK0kcUmEIx1q3XRQZL8HKMMJpmu/EmkaYDHGfti0VOKTaS8YHpXDfKl3Yk8o+YeBY/dmR4FDrURjYymxPPetl4p9exLIPZ6abXtlLmIhiQwWZDO/FHBoJs8RglylKDB9Zgolidn9IBlhhYmyueRvM1/Xwf9I4Krmo5F6fFCvlaUQ5sAv2wCFwwTmogCtQBXVAwB14AI/gybl3np0X53VSOudMe3bALzjvn16Jpto=</latexit><latexit sha1_base64="xNJgwyCX22SvUc2xW01ZOb8m9bY=">AAACJHicdVDLSgMxFM34rPVVdekmWERXJeOz7gpuXFboC9phyKRpG5pJxiQjlGE+wd/wB9zqH7gTF25c+h1m2opa9EDgcM69ufeeIOJMG4TenLn5hcWl5dxKfnVtfWOzsLXd0DJWhNaJ5FK1AqwpZ4LWDTOctiJFcRhw2gyGl5nfvKVKMylqZhRRL8R9wXqMYGMlv3CQ1PxOiM1AhUkXq2HaEfQGfmvRQBop0tQvFFHpFLkXZwiiEhpjTMrusQvdqVIEU1T9wkenK0kcUmEIx1q3XRQZL8HKMMJpmu/EmkaYDHGfti0VOKTaS8YHpXDfKl3Yk8o+YeBY/dmR4FDrURjYymxPPetl4p9exLIPZ6abXtlLmIhiQwWZDO/FHBoJs8RglylKDB9Zgolidn9IBlhhYmyueRvM1/Xwf9I4Krmo5F6fFCvlaUQ5sAv2wCFwwTmogCtQBXVAwB14AI/gybl3np0X53VSOudMe3bALzjvn16Jpto=</latexit><latexit sha1_base64="xNJgwyCX22SvUc2xW01ZOb8m9bY=">AAACJHicdVDLSgMxFM34rPVVdekmWERXJeOz7gpuXFboC9phyKRpG5pJxiQjlGE+wd/wB9zqH7gTF25c+h1m2opa9EDgcM69ufeeIOJMG4TenLn5hcWl5dxKfnVtfWOzsLXd0DJWhNaJ5FK1AqwpZ4LWDTOctiJFcRhw2gyGl5nfvKVKMylqZhRRL8R9wXqMYGMlv3CQ1PxOiM1AhUkXq2HaEfQGfmvRQBop0tQvFFHpFLkXZwiiEhpjTMrusQvdqVIEU1T9wkenK0kcUmEIx1q3XRQZL8HKMMJpmu/EmkaYDHGfti0VOKTaS8YHpXDfKl3Yk8o+YeBY/dmR4FDrURjYymxPPetl4p9exLIPZ6abXtlLmIhiQwWZDO/FHBoJs8RglylKDB9Zgolidn9IBlhhYmyueRvM1/Xwf9I4Krmo5F6fFCvlaUQ5sAv2wCFwwTmogCtQBXVAwB14AI/gybl3np0X53VSOudMe3bALzjvn16Jpto=</latexit><latexit sha1_base64="xNJgwyCX22SvUc2xW01ZOb8m9bY=">AAACJHicdVDLSgMxFM34rPVVdekmWERXJeOz7gpuXFboC9phyKRpG5pJxiQjlGE+wd/wB9zqH7gTF25c+h1m2opa9EDgcM69ufeeIOJMG4TenLn5hcWl5dxKfnVtfWOzsLXd0DJWhNaJ5FK1AqwpZ4LWDTOctiJFcRhw2gyGl5nfvKVKMylqZhRRL8R9wXqMYGMlv3CQ1PxOiM1AhUkXq2HaEfQGfmvRQBop0tQvFFHpFLkXZwiiEhpjTMrusQvdqVIEU1T9wkenK0kcUmEIx1q3XRQZL8HKMMJpmu/EmkaYDHGfti0VOKTaS8YHpXDfKl3Yk8o+YeBY/dmR4FDrURjYymxPPetl4p9exLIPZ6abXtlLmIhiQwWZDO/FHBoJs8RglylKDB9Zgolidn9IBlhhYmyueRvM1/Xwf9I4Krmo5F6fFCvlaUQ5sAv2wCFwwTmogCtQBXVAwB14AI/gybl3np0X53VSOudMe3bALzjvn16Jpto=</latexit>

Since version 6: 
no longer restricted to 
supersymmetric DM !

since 6.2: ‘reverse’ direct detection 
(see later)

http://darksusy.hepforge.org
http://darksusy.hepforge.org
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DarkSUSY — selected applications

code: examples/aux/generic_wimp_oh2.f

update to Steigman+, PRD ‘12

precision calculations of 
‘thermal’ cross section

Dark sector observables, including 
Sommerfeld enhancement
code:  examples/aux/vdSIDM_RD.f

10-5 10-4 10-3 10-2 10-1 100
100

101

102

103

104

mmed [GeV]

m
D
M
[G
eV

]

Dirac DM
ξ → 1 for T→∞

s-wave
(vector mediator)

0.1-1 cm 2
g -1

1-10 cm 2
g -1

9-
10

M
⊙

10
-1
1
M

⊙

particle yields 
including U(1), 
SU(2) and SU(3) 
corrections
TB, Calore, Galea 
& Garny, JHEP ‘17
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êdx

W

g e+ p nm nt
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1
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êdx

H

Figure 14. Same as figure 11, but for a Bino-like neutralino with almost degenerate Wino (W,
left) and a model with large Hff̄ contribution (H, right). The features in the shape of the lepton
and gamma ray spectra are due to an interplay of various effects as discussed in detail in the text.
Left panel : Bino-like neutralino with almost degenerate Wino (benchmark model W). Final state
channels: photons (red), antiprotons (orange), positrons (green), ⌫µ (blue), and ⌫⌧ (cyan). Solid
lines indicate the total (2-body and 3-body) contribution, the dashed lines the 2-body process.
Right panel : Large Hff̄ contribution (benchmark model H).

the categories above. In the left panel, we present benchmark model W, a Bino-
like neutralino degenerate with the Wino. The (small) 2-body annihilation rate is
dominated by gg final states, followed by f̄f . The 3-body process thus lifts the
helicity suppression of the latter and can be important even if the sfermions are
not highly degenerate in mass with the neutralino. Because the contribution to the
neutrino and positron spectra still come dominantly from W⌫` final states, they show
sharp spectral features like in models with even more degenerate sleptons. The right
panel of Fig. 14, instead, corresponds to a model with a large (⇠ 85%) contribution to
the cross section from channels that involve the MSSM Higgs bosons and top quarks
(benchmark model H). The neutralino mass is rather heavy (⇠ 3.3 TeV) such that
even tt̄ final states suffer from a certain amount of helicity suppression. Due to the
large top Yukawa coupling, the suppression is lifted preferably via Higgsstrahlung. For
this model, leptons are dominantly produced indirectly, and correspondingly lepton
spectra are enhanced broadly at all energies. The small additional spike at very high
energies results from the W/Z decay from WF̄f (10%) and Zf̄f (5%) final states.

In Fig. 15, finally, we show for a subset of our benchmark models the ratios of 3-body to
2-body yields, illustrating some of the features discussed above on a model-by-model basis
from a slightly different angle. We note in particular the strong enhancement of high-energy
lepton spectra for model H, which is explained – similar to the situation for model D2 – by
a sharp drop in the 2-body yield from W

±
H

⌥ and ZH due to the maximal lepton energy
from W/Z decays that is kinematically possible.

A widely used phenomenological approach to take into account electroweak corrections
to DM annihilation spectra, often referred to as ‘model-independent’ in the literature,
is based on splitting functions inspired by a parton picture [16, 17]. These effectively
result from assuming point-like interactions being responsible for the 2-body annihilation

– 36 –
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Dark matter with GAMBIT
DarkBit
takes input (DM observables) from 
‘backended’ codes like DarkSUSY, 
micrOMEGAs, DDCalc, nuLike, 
gamLike…
adds fully ‘native’ observables (e.g. 
astrophysical axion limits)
returns likelihoods for a plethora of 
experimental data  

TB+, EPJC ‘17

GAMBIT
adds likelihoods from other 
‘Bits’ (Collider, Flavour, …)
performs global scan over model 
parameters
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Fig. 1: Profile likelihoods for the scalar singlet model, in the plane of the singlet parameters ⁄hS and mS. Contour lines mark out
the 1‡ and 2‡ confidence regions. The left panel shows the resonance region at low singlet mass, whereas the right panel shows the
full parameter range scanned. The best-fit (maximum likelihood) point is indicated with a white star, and edges of the allowed
regions corresponding to solutions where S constitutes 100% of dark matter are indicated in orange.

Fig. 2: Profile likelihoods for the scalar singlet model, in various planes of observable quantities against the singlet mass. Contour
lines mark out the 1‡ and 2‡ confidence regions. Greyed regions indicate values of observables that are inaccessible to our scans, as
they correspond to non-perturbative couplings ⁄hS > 10, which lie outside the region of our scan. Note that the exact boundary
of this region moves with the values of the nuisance parameters, but we have simply plotted this for fixed central values of the
nuisances, as a guide. The best-fit (maximum likelihood) point is indicated with a white star, and edges of the allowed regions
corresponding to solutions where S constitutes 100% of dark matter are indicated in orange. Left: late-time thermal average of the
cross-section times relative velocity; Centre: spin-independent WIMP-nucleon cross-section; Right: relic density.

the allowed regions we have found. These edges are indi-
cated with orange annotations in Figs. 1 and 2. At high
singlet masses, the value of the late-time thermal cross-
section (Eq. 4 for T = 0) corresponding to this strip is
equal to the canonical ‘thermal’ scale of 10≠26 cm3 s≠1.
At low masses, this strip runs along the lower edge of
the resonance ‘triangle’ only, as indirect detection rules
out models with œSh

2 = 0.119 near the vertical edge
(at mS = 62 GeV).

In Fig. 2, we also show in grey the regions corre-
sponding to Higgs-portal couplings above our maximum

considered value, ⁄hS = 10, in order to give some rough
idea of the area of these plots that we have not scanned
(and the area that should almost certainly be excluded
on perturbativity grounds were we to do so). We note
that at large mS, the highest-likelihood regions are all
at quite large coupling values, where the annihilation
cross-section is so high, and the resulting relic density is
so low, that all direct and indirect signals are essentially
absent – but where perturbativity of the model begins
to become an issue.

Example: The Scalar Singlet

3

DM, and permitting a di�erent species (e.g. axions) to
make up the rest. Indeed, as we show in this paper,
experiments are now so sensitive to DM signals that
they can probe singlet models constituting less than a
hundredth of a percent of the total DM.

The purpose of the present paper is twofold. First
and foremost, we provide the most comprehensive study
yet of the scalar singlet scenario, in a number of ways.
We augment the particle physics model parameters with
a series of nuisance parameters characterising the DM
halo distribution, the most important SM masses and
couplings, and the nuclear matrix elements relevant
for the calculation of direct search yields. These are
included in the scan as free parameters, and are con-
strained by a series of likelihoods derived from the best
current knowledge of each observable (and in some cases,
their correlations). Compared to the constraints used in
Refs. [26, 34], we add improved direct detection likeli-
hoods [58] from LUX [59], PandaX [60], SuperCDMS
[61] and XENON100 [62], as well as IceCube limits on
DM annihilation to neutrinos in the core of the Sun
[63, 64]. We also test some benchmark models obtained
in our scan for stability of the electroweak vacuum.
Given the recent preference for astrophysical explana-
tions of the Fermi-LAT Galactic centre excess [65–71],
we do not add this to the scan as a positive measure-
ment of DM properties, unlike in Ref. [35]. We explore
the extended parameter space in more detail than has
previously been attempted, using four di�erent scanning
algorithms, and more stringent convergence criteria than
previous studies. The secondary purpose of this paper
is to provide an example global statistical analysis us-
ing the Global and Modular Beyond-Standard Model
Inference Tool (GAMBIT) [72], for a DM model where
extensive comparison literature exists.

In Sec. 2, we describe the Lagrangian and parameters
of the scalar singlet model, discuss our astrophysical
assumptions, and define the nuisance parameters that
we include in our global fit. Sec. 3 gives details of our
scan, including the likelihood terms that we include for
each constraint, the sampling algorithms we employ, and
their settings. We present the latest status of the singlet
model in Sec. 4, before concluding in Sec. 5.

All input files, samples and best-fit benchmarks pro-
duced for this paper are publicly accessible from Zenodo

[73].

2 Physics framework

2.1 Model definition

The renormalisable terms involving a new real singlet
scalar S, permitted by the Z2, gauge and Lorentz sym-

metries, are

L = 1
2µ

2
SS

2 + 1
2⁄hSS

2|H|2 + 1
4⁄SS

4 + 1
2ˆµSˆ

µ
S. (1)

From left to right, these are: the bare S mass, the Higgs-
portal coupling, the S quartic self-coupling, and the
S kinetic term. Because S never obtains a VEV, the
model has only three free parameters: µ

2
S, ⁄hS and ⁄S.

Following electroweak symmetry breaking, the portal
term induces h

2
S

2, v0hS
2 and v

2
0S

2 terms, where h is
the physical Higgs boson and v0 = 246 GeV is the VEV
of the Higgs field. The additional S

2 term leads to a
tree-level singlet mass

mS =
Ú

µ2
S + 1

2⁄hSv
2
0 . (2)

Dark matter phenomenology is driven predominantly
by mS and ⁄hS, with viable solutions known to exist
[26, 34] in a number of regions:

1. the resonance region around mS ≥ mh/2, where
couplings are very small (⁄hS < 10≠2) but the singlet
can nevertheless constitute all of the observed DM,

2. the resonant “neck” region at mS = mh/2, with large
couplings but an extremely small relic S density, and

3. a high-mass region with order unity couplings.

The parameter ⁄S remains relevant when consider-
ing DM self-interactions (e.g. [74]), and the stability
of the electroweak vacuum. In the SM, the measured
values of the Higgs and top quark masses indicate that
the electroweak vacuum is not absolutely stable, but
rather meta-stable [75]. This means that although the
present vacuum is not the global minimum of the scalar
potential, its expected lifetime exceeds the age of the
Universe. Although this is not inconsistent with the ex-
istence of the current vacuum, one appealing feature of
scalar extensions of the SM is that the expected lifetime
can be extended significantly, or the stability problem
solved entirely, by making the current vacuum the global
minimum.

The stability of the electroweak vacuum has been a
consideration in many studies of scalar singlet extensions
to the SM [14, 76–86], typically appearing along with
constraints from perturbativity, direct detection experi-
ments and the relic abundance of DM. As such, vacuum
stability can be an interesting aspect to study of the
scalar singlet model (and indeed, of any UV-complete
model). In this paper however, we primarily treat the
scalar singlet DM model as a low-energy e�ective the-
ory, and do not consider ⁄S as a relevant parameter.
In a future fit, we plan to explore renormalisation of
the scalar singlet model over the full range of scales,
from electroweak to Planck, including full calculations

Silveira & Zee, PLB ‘85

Athron+, EPJC ‘17
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Fig. 1: Profile likelihoods for the scalar singlet model, in the plane of the singlet parameters ⁄hS and mS. Contour lines mark out
the 1‡ and 2‡ confidence regions. The left panel shows the resonance region at low singlet mass, whereas the right panel shows the
full parameter range scanned. The best-fit (maximum likelihood) point is indicated with a white star, and edges of the allowed
regions corresponding to solutions where S constitutes 100% of dark matter are indicated in orange.

Fig. 2: Profile likelihoods for the scalar singlet model, in various planes of observable quantities against the singlet mass. Contour
lines mark out the 1‡ and 2‡ confidence regions. Greyed regions indicate values of observables that are inaccessible to our scans, as
they correspond to non-perturbative couplings ⁄hS > 10, which lie outside the region of our scan. Note that the exact boundary
of this region moves with the values of the nuisance parameters, but we have simply plotted this for fixed central values of the
nuisances, as a guide. The best-fit (maximum likelihood) point is indicated with a white star, and edges of the allowed regions
corresponding to solutions where S constitutes 100% of dark matter are indicated in orange. Left: late-time thermal average of the
cross-section times relative velocity; Centre: spin-independent WIMP-nucleon cross-section; Right: relic density.

the allowed regions we have found. These edges are indi-
cated with orange annotations in Figs. 1 and 2. At high
singlet masses, the value of the late-time thermal cross-
section (Eq. 4 for T = 0) corresponding to this strip is
equal to the canonical ‘thermal’ scale of 10≠26 cm3 s≠1.
At low masses, this strip runs along the lower edge of
the resonance ‘triangle’ only, as indirect detection rules
out models with œSh

2 = 0.119 near the vertical edge
(at mS = 62 GeV).

In Fig. 2, we also show in grey the regions corre-
sponding to Higgs-portal couplings above our maximum

considered value, ⁄hS = 10, in order to give some rough
idea of the area of these plots that we have not scanned
(and the area that should almost certainly be excluded
on perturbativity grounds were we to do so). We note
that at large mS, the highest-likelihood regions are all
at quite large coupling values, where the annihilation
cross-section is so high, and the resulting relic density is
so low, that all direct and indirect signals are essentially
absent – but where perturbativity of the model begins
to become an issue.

But do not 
(blindly) trust 
relic density 
calculations 
very close to 
a resonance!

Binder, TB, Gustafsson 
& Hryczuk, PRD ‘17
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Direct searches

• The nucleus is treated as a hard sphere described by the Helm form factor 18.

• The scattering is elastic.

There are multiple studies where the impact of di↵erent velocity distributions , form factors
and ineslatic scatterings are analysed. However, both cosmological simulations including baryons
and lattice QCD studies seem to tell us that the dark matter-scattering process is well described
by a Maxwellian velocity and Helm form factor 24,25,26. The elasticity of the scattering has
something do with the particle physics model in the case where excited dark matter states exist
27 though.

Figure 3 – Left: Illustrative dark matter-nucleus scattering which direct detection experiments are based on.
Right: Possible signal-background discriminating variables used in Germanium, liquid XENON and liquid ARGON
detectors.

In summary, if a signal (e.g. annual modulation and/or excess of nuclear recoil events) is
observed, we can related the scattering cross section and mass of the dark matter particle to its
local density. For this reason direct detection can truly discover the dark matter particle that
permeates our galaxy.

4 Indirect Detection

Dark matter particles that populate our universe in galactic and extragalactic scales may self-
annihilate and produce a flux of gamma-rays, cosmic-rays, neutrinos, anti-matter which can
appear as an excess over the expected background. The flux originated from dark matter
annihilation should be proportional to the number density squared of particles, i.e. ⇢2�/m

2
�, to

the annihilation cross section �v, to the element of volume of the sky observed accounted by ⌦,
and the number of particles of interest produced per annihilation (dN/dE). Hence, it can we
written as,

Diff.F lux
z }| {
d�

d⌦dE
=

Anni. Cross Sectionz}|{
�v

8⇡m2
�

⇥ dN

dE|{z}
Energy Spectrum

⇥
Z

l.o.s
ds ⇢2(�!r (s,⌦))

| {z }
DarkMatter Distribution

, (4)

where ⌦ is truly the solid angle of the region of interest, dN/dE is the energy spectrum (e.g.
the number of photons produced per annihilation in case of gamma-rays), and ⇢(�!r (s,⌦)) is the
dark matter density which should integrated over the line of sight (l.o.s) from the observer to
the source, which is often assumed to be described by either a Navarro-Frenk-White,

⇢(r) / rs
r[1 + r/rs]2

, (5)

or Einasto profile,

⇢(r) / exp
�2.0

↵
( (r/rs)

↵ � 1)
�
, (6)

Fig.: Queiroz,  1605.08788

Look for dark matter collisions with atomic nuclei

DM

DM

Experiments  
typically aim at  
‘background-
free’ setting !
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Elastic scattering cross section

Spin-independent interactions couple to nuclear mass 

Spin-dependent interactions couple to nuclear spin 
(from axial-vector couplings) 

�SD
N ⇠ µ2

�NG2
F
SN + 1

SN
[aphSpi+ anhSni]2
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Form-factor (or spin-structure function) suppression for large 
momentum transfer �N ! �q=0

N ⇥GN (q2)
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(from scalar, vector and tensor couplings) 

�SI
N ⇠ �SI

p

✓
µ�N

µ�p

◆2

[Zfp + (A� Z)fn]
2
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per nucleon
(reported limit)

3

component, and we can estimate the energy loss of DM
particles propagating through a medium as

dTDM

dx
= �

X

N

nN

Z Tmax
r

0

d��N

dTr
TrdTr . (9)

Here, Tr refers to the energy lost by a CRDM particle
in a collision with nucleus N . This process, in analogy
with neutrino scattering, can be elastic, quasi-elastic or
inelastic. The latter two are likely to dominate at high
energies T� > few 100MeV. (In a quasi-elastic process
one or more nucleons are dislodged from N , while in an
inelastic process additional hadrons are created in the
� � N collision.) In this work we will limit ourselves to
elastic scattering, leaving a more elaborate treatment for
future considerations. Using the uniform distribution of
the nuclear recoil energy for isotropic scattering, we have
d�N/dTr = �N/Tmax

r , and hence

dT�

dx
= �

1

2

X

N

nN��NTmax

r ⇡ �
1

2m�`

�
T 2

� + 2m�T�

�
,

where `�1
⌘

X

N

nN��N
2mNm�

(mN +m�)2
. (10)

In the last step we have assumed T� ⌧ mN in Eq. (1).
Integrating this equation, we can relate, very approxi-
mately, the di↵erential DM flux at depth z to the one at
the top of the atmosphere as

d��

dT z
�

=

✓
dT�

dT z
�

◆
d��

dT�
=

4m2

�e
z/`

�
2m� + T z

� � T z
�e

z/`
�2

d��

dT�
,

(11)
where d��/dT�, needs to be evaluated at

T� = T 0

�(T
z
�) = 2m�T

z
�e

z/`
⇣
2m�+T z

��T z
�e

z/`
⌘�1

. (12)

For T 0

� ⌧ m� our treatment of the energy attenuation
reduces to that previously considered in Ref. [28].

For the mean free path of the DM particles, `, we sum
over the 8 most abundant elements in Earth’s crust, with
number densities (and masses) from Table 2 in Ref. [30].
We also need to relate the nuclear cross sections to the
one on nucleons, ��. For spin-independent scattering,
there is the usual coherent enhancement, leading to

��N = �SI

� A2

✓
mN (m� +mp)

mp(m� +mN )

◆2

. (13)

We neglect nuclear form-factors in obtaining `. Along
with the energy-loss ansatz (9), as compared to full nu-
merical simulations [28], this leads to conservative limits.

Step 3: CRDM scattering in detectors.— Once a
CRDM particle reaches a detector at depth z, it can
transfer (part of its) energy to a target nucleus inside the
detector. Exploiting completely analogous formulae to

the case of DM!CR scattering discussed above, in par-
ticular the flat distribution of the target nucleus recoil
energy TN for a given DM energy, we find the di↵erential
recoil rate per target nucleus to be

d�N

dTN
= �0

�NG2

N (2mNTN )

Z 1

T�(T
z,min
� )

dT�

Tmax

r,N

d��

dT�
. (14)

Here GN (Q2) is a nuclear form-factor and d��/dT� is
given in Eq. (8); the quantities Tmax

r,N and T z,min

� follow
from Eqs. (1) and (2), by replacing � ! N and i ! �.
The broad energy distribution of CRDM particles al-

lows us, based on Eq. (14), to use both conventional di-
rect detection and neutrino experiments to set novel lim-
its on ��. It is clear that for small enough �� the overbur-
den mass above the detectors is transparent to CRDM,
and the overall strength of the signal hence scales as �2

�.
For large cross sections, on the other hand, the strong
attenuation of the CRDM energy as given in Eq. (12)
also leads to an exponential suppression of the signal.

Resulting limits.— We begin by addressing con-
straints from conventional direct detection experiments,
which we derive from reported limiting values for heavy
DM cross sections on nucleons as a function of the DM
particle mass, �SI,lim

DM
(mDM). Assuming a non-relativistic

DM velocity distribution fNR(v), and hence a standard
DM flux of d�DM/dTDM = m�2

DM
⇢local
DM

fNR, we relate the
count rate per target nucleus N to the heavy DM-nucleus
cross section �DM

�N in the limit of large DM masses:

�DM

N =

Z T2

T1

dTN �DM

�N

Z 1

0

dTDM

d�DM

dTDM

⇥ [Tmax

N (TDM)�TN ]

Tmax

N (TDM)

' 
�DM

�N

mDM

(v̄ ⇢DM)local for mDM � mN , (15)

where we assumed that �DM

�N only varies slowly inside
the experimentally accessible window of recoil energies
TN 2 {T1, T2}. Here v̄ denotes the mean DM velocity and
 is an O(1) constant that, for a Maxwellian distribution,
equals  = exp[�2T1/(⇡mN v̄2)]� exp[�2T2/(⇡mN v̄2)].
In order to constrain the CRDM component we now

need to compare Eq. (15) with Eq. (14), taking into ac-
count that �0

�N is evaluated for mDM � mN only in
the former case. For spin-independent scattering, we can
use Eq. (13) to compute the ratio of these cross sections.
Realizing that the coherence factors for ��N are identi-
cal between ordinary DM and CRDM scattering, then
allows us to recast conventional limits on the scattering
rate �SI,lim

DM
per nucleon to an equivalent limit resulting

from the CRDM component:

�SI.lim
� =  (v̄ ⇢DM)local

✓
m� +mN

m� +mp

◆2 ✓�SI,lim
DM

mDM

◆

mDM!1

⇥

✓Z T2

T1

dTN

Z 1

T�(T
z,min
� )

dT�

Tmax

r,N

d��

dT�

◆�1

(16)

�SI
N
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Recoil rate [per unit detector mass]

dR

dER
=

⇢��
m�mN

Z vmax

vmin

d��N

dER
vf(v)dv
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                                        —  average DM density at Sun’s distance to             
                                       Galactic center relatively well measured

                                        —  standard halo model  (SHM) in galactic          
                                       frame rests on isothermal density profile
f(v) ⇠ (⇡v20)
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A vast experimental effort
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Figure 1: A compilation of WIMP-nucleon spin-independent cross section limits (solid
lines) and hints of WIMP signals (closed contours) from current dark matter experiments
and projections (dashed) for planned direct detection dark matter experiments. Also
shown is an approximate band where neutrino coherent scattering from solar neutrinos,
atmospheric neutrinos and di↵use supernova neutrinos will dominate [13].

results from other experiments. At this point, we do not have conclusive
evidence of a dark matter signal. Hence, it is necessary to have experiments
using several technologies and a variety of targets located in di↵erent loca-
tions to maximize the chances of discovery and to confirm any claimed dark
matter signal. Figure 1 presents the current limits and favored regions of
current experiments and projections of the parameter space we will be able
to explore with the next generation of experiments. As we look forward to
the next decade, it is clear that with a diverse portfolio we will be able to
explore parameter space all the way to the neutrino floor [13].
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Current limits

4

signal region in the DM search data was blinded prior to
the determination of the event selection and background
models [8]. For each WIMP mass, the SD signal recoil
spectrum calculated from Eq. (4) is propagated through
the same MC to generate the expected distribution of S1s
and S2s from corresponding WIMP-nucleon interactions.
Statistical inference is done using a three-dimensional

(corrected S1, corrected S2 in the bottom PMT array,
and radius) unbinned extended likelihood, profiled over
nuisance parameters. As in [8], the likelihood distin-
guishes between events in an inner 0.65 t core and those
in an outer section of the fiducial mass to incorporate
the di↵erence in the expected neutron background rate.
Nuisance parameters are included to account for uncer-
tainties in ER response, detection and selection e�cien-
cies, and background rates. To safeguard against in-
terpreting an under-prediction of ERs as a signal ex-
cess, an additional WIMP-like component is added to
the background model and constrained by ER calibration
data [28]. Upper limits and two-sided intervals are com-
puted using a Feldman-Cousins-based method [29], with
a Neyman band constructed from a profiled likelihood
ratio test statistic [30]. Background-only simulations are
performed to calculate the range of possible upper limits
under many repetitions of the XENON1T exposure.

Results.—For all WIMP masses considered, and for
both the neutron- and proton-only cases, the data are
consistent with the background-only hypothesis. The lo-
cal discovery p-values at WIMP masses of 6, 50, and
200 GeV/c2 in the neutron-only (proton-only) case are

FIG. 2. XENON1T 90% C.L. upper limit on the spin-
dependent WIMP-neutron cross section from a 1 tonne-year
exposure. The range of expected sensitivity is indicated by
the green (1�) and yellow (2�) bands. Also shown are the
experimental results from XENON100 [24], LUX [31] and
PandaX-II [33]. We use the ‘chiral EFT’ limit from PandaX-
II, since it is based on the same SD interaction model as all
other shown results.

0.6, 0.4, and 0.2 (0.6, 0.3, and 0.1), respectively. Fig. 2
and Fig. 3 show the 90% C.L. upper limits, as well as the
1� and 2� sensitivity bands, on the SD WIMP-neutron
and WIMP-proton cross sections, respectively. Di↵er-
ences between the limit and the median sensitivity due
to fluctuation of the background are within the 2� sta-
tistical uncertainty.

The mean values of the structure factors are used both
for the observed limits and the sensitivity distributions.
To estimate the impact of the theoretical uncertainty on
the result, a cross-check was performed by taking the
minimum and maximum values of the structure factors,
and using the asymptotic distribution of the test statistic
to set limits for each case [32]. At 50 GeV/c2, the upper
limit on the WIMP-neutron cross section shifts down-
wards (upwards) by a factor of 1.1 (1.1) when taking the
minimum (maximum) structure factor values. Similarly,
the upper limit on the WIMP-proton cross section shifts
downwards (upwards) by a factor of 1.6 (2.2) due to the
larger dependence of the proton-only sensitivity on the
uncertain two-body component.

The neutron-only limit (Fig. 2) is the most strin-
gent constraint from a direct detection experiment for
WIMP masses above 6 GeV/c2, with a minimum of
6.3⇥10�42 cm2 for a 30 GeV/c2 WIMP. The proton-only
limit (Fig. 3) is the most stringent constraint from a LXe
direct detection experiment, though fluorine-based bub-
ble chamber experiments like PICO-60 have consistently
led the field in directly constraining the WIMP-proton
cross section [34].
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FIG. 3. XENON1T 90% C.L. upper limit on the spin-
dependent WIMP-proton cross section from a 1 tonne-year
exposure. The range of expected sensitivity is indicated by
the green (1�) and yellow (2�) bands. Selected experimental
results are shown for XENON100 [24], LUX [31], PandaX-II
[33] and PICO-60 [34]. We use the ‘chiral EFT’ limit from
PandaX-II, since it is based on the same SD interaction model
as all other shown results.
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As expected, spin-dependent 
limits are a factor of ~ 107 
less stringent 
(no coherent enhancement!)
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile likeli-
hood analysis indicates no significant excesses in the 1.3 t
fiducial mass at any WIMP mass, with a p-value for the
background-only hypothesis of 0.28, 0.41, and 0.22 at
6, 50, and 200 GeV/c2, respectively. Figure 5 shows the
resulting 90% confidence level upper limit on �SI . The
2� sensitivity band spans an order of magnitude, indi-
cating the large random variation in upper limits due to
statistical fluctuations of the background (common to all
rare-event searches). The sensitivity itself is una↵ected
by such fluctuations, and is thus the appropriate mea-
sure of the capabilities of an experiment [44]. The inset
in Fig. 5 shows that the median sensitivity of this search
is ⇠7.0 times better than previous experiments [6, 7] at
WIMP masses > 50 GeV/c2.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-

gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.

We gratefully acknowledge support from the National
Science Foundation, Swiss National Science Foundation,
German Ministry for Education and Research, Max
Planck Gesellschaft, Deutsche Forschungsgemeinschaft,
Netherlands Organisation for Scientific Research (NWO),
NLeSC, Weizmann Institute of Science, I-CORE, Pazy-
Vatat, Initial Training Network Invisibles (Marie Curie
Actions, PITNGA-2011-289442), Fundacao para a Cien-
cia e a Tecnologia, Region des Pays de la Loire, Knut and
Alice Wallenberg Foundation, Kavli Foundation, and Is-
tituto Nazionale di Fisica Nucleare. Data processing is
performed using infrastructures from the Open Science
Grid and European Grid Initiative. We are grateful to
Laboratori Nazionali del Gran Sasso for hosting and sup-
porting the XENON project.

⇤ daniel.coderre@physik.uni-freiburg.de
† pdeperio@astro.columbia.edu
‡ feigao@astro.columbia.edu
§ Also at Albert Einstein Center for Fundamental Physics,
University of Bern, Bern, Switzerland

¶ Also at Kobayashi-Maskawa Institute, Nagoya Univer-
sity, Nagoya, Japan

⇤⇤ Also at Coimbra Polytechnic - ISEC, Coimbra, Portugal
†† xenon@lngs.infn.it
[1] G. Bertone, D. Hooper and J. Silk, Phys. Rep. 405, 279

(2005).
[2] L. Roszkowski et al. Rep. Prog. Phys. 81, 066201 (2018).
[3] T. Marrodán Undagoitia and L. Rauch, J. Phys. G 43,

no. 1, 013001 (2016)
[4] L. E. Strigari, Phys. Rep. 531, 1 (2012).
[5] E. Aprile et al. (XENON Collaboration), Phys. Rev.

Lett. 119, 181301 (2017).
[6] D. S. Akerib et al. (LUX Collaboration), Phys. Rev. Lett.

118, 021303 (2016).
[7] X. Cui et al. (PandaX-II Collaboration), Phys. Rev. Lett.

119, 181302 (2017).
[8] E. Aprile et al. (XENON Collaboration), Eur. Phys. J.

C 77: 881 (2017).
[9] E. Aprile et al. (XENON Collaboration), Eur. Phys. J.

C 75: 546 (2015).
[10] P. Barrow et al. JINST 12, no. 01, P01024 (2017).
[11] E. Aprile et al. (XENON Collaboration), JINST 9,

P11006 (2014).
[12] P. Sorensen, K. Kamdin. JINST 13, P02032 (2018).
[13] D. Furse et al.. New J. Phys. 19 053012 (2017)
[14] E. Aprile et al. (XENON Collaboration), Phys. Rev. D

95, 072008 (2017).
[15] R. F. Lang et al., Nucl. Inst. and Meth. A 879, 31 (2018).
[16] B. Riedel et al. PEARC ’18, ISBN 978-1-4503-6446-1

(2018). doi:10.1145/3219104.3219155.
[17] XENON Collaboration. (2018). The pax data processor

v6.8.0. Zenodo. http://doi.org/10.5281/zenodo.1195785
[18] R. Saldanha et al., Nucl. Inst. and Meth. A 863, 35

Aprile+,  PRL ‘18

Limits highly relevant for 
popular WIMP models 
E.g. rule out previous best-fit 
points in simple SUSY models 
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Reverse direct detection
Light DM really only accessible with lower thresholds?

Not if part of the DM distribution moves fast!
‘Boosted DM’ from decays
DM accelerated in the sun

Agashe, Cui, Necib & Thaler, JCAP ‘14

Kouvaris, PRD ’15
An, Pospelov, Pradler & Ritz, PRL ’18
Emken, Kouvaris & Nielsen, PRD ‘18

χ
χ

χ
χ

χ

χ

χ

χ

χ
χ

χ

χ

χ

New idea: high-energy cosmic rays 
should up-scatter DM initially 
(almost) at rest! TB & Pospelov, PRL ‘19

Cappiello, Ng & Beacom, PRD ’19
Ema, Salo & Sato, PRL ’19

Dent, Dutta, Newstead & Shoemaker, 1907.03782
Bondarenko+, 1909.08632

…
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Cosmic-ray up-scattered DM
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TB & Pospelov, PRL ‘19

Re-interpreting Xenon 
1t results leads to 
significantly improved 
limits at low DM masses!
even neutrino detectors 
(MiniBooNE, Borexino, …) can 
now be used for DM searches!

see also Cappiello & Beacom, 1906.11283
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Outline
Introduction
Evidence
Candidates & Tools

[Collider searches]

Direct searches
‘reverse’ direct detection

Indirect searches
Gamma rays
Charged cosmic rays

Other astrophysical probes
The matter power spectrum 
Self-interacting dark matter
ETHOS

Complementarity
Example: Light scalar mediators
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Indirect dark matter searches
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DM has to be (quasi-)stable against decay...
… but can usually pair-annihilate into SM particles
Try to spot those in cosmic rays of various kinds

i) absolute rates
       regions of high DM density
ii) discrimination against other sources 
       low background; clear signatures

The challenge:
�
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Indirect dark matter searches
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Dark Matter Candidates 5

Figure 1. Illustration of the volumes in the solar neigbourhood entering the
calculation of the average boost factor in the dark matter halo. Here we have in
mind a dark matter particle of mass around 100 GeV annihilating into, from left to
right, positrons, antiprotons, and gamma-rays. The difference in size for antiprotons
and positrons depends on the different energy loss properties, as positrons at these
energies radiate through synchrotron and inverse Compton emission much faster than
do antiprotons.

the influence of baryons could give an enhanced density through adiabatic contraction

processes).

The computation of the boost factor in realistic astrophysical and particle physics

scenarios is a formidable task, which has so far only been partially addressed. It may be
anticipated that this will be one of the main problem areas of future indirect detection

studies of dark matter. For direct detection, there is no corresponding enhancement of

the scattering rate. However, the detailed small-scale structure of the local region of

the dark matter halo may play a role [21].

1.2. Axions

Although at times not very much in focus of dark matter phenomenologists and

experimentalists, the axion remains one of the earliest suggestions of a viable particle

candidate for dark matter, and in fact one of the most attractive. This is not least due

to the fact that its existence was motivated by solving the strong CP problem in particle

physics, and its possible role for dark matter comes as an extra bonus. A disadvantage

in the cosmological context is, however, that the axion needed to solve the CP problem
only solves the dark matter problem for a small range of masses – thus some fine-tuning

Fig.: Bergström, NJP ’09

�SM � ⇥�2
�⇤ = (1 + BF)⇥��⇤2

Total flux:

e+ p̄ �

(still) important to include realistic value for        !Mcut

“Boost factor”
each decade in Msubhalo contributes very roughly the same

depends on uncertain form of microhalo profile (     ...) and       
(large extrapolations necessary!)

cv dN/dM
e.g. Diemand, Kuhlen & Madau, ApJ ’07
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The ‘golden’ channel
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Review: TB & Weniger, PDU ‘12

Gamma rays:

Rather high rates
No attenuation when propagating through halo
No assumptions about diffuse halo necessary
Point directly to the sources: clear spatial signatures
Clear spectral signatures to look forClear spectral signatures
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Gamma-ray flux
The expected gamma-ray flux [GeV-1cm-2s-1sr-1] from a source 
with DM density    is given by�

astrophysics

�� : angular res. of detector
D : distance to source

for point-like sources:
�

�
D2�⇥

⇥�1
⇤

d3r �2(r) {
high accuracy 

spectral information

{
angular information

+ rather uncertain normalization

S�
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particle physics
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�

: total annihilation cross section
: DM mass
: branching ratio into channel f

: number of photons per ann.
:1 for           (2 otherwise)� = �̄
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Dark matter distribution
Large uncertainties “only” 
in the very central region. 
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Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇢s):
this precision is su�cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and ⇢s (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be ⇢� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2 ! 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌘ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di↵er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a↵ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].
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Figure 8: Based on real data. One and two-dimensional marginalized posterior distribu-
tions for the dark matter parameters, comparing the results for different assumptions about
baryonic morphology: the heaviest disk BR ([57], green), the average disk HG (our reference
disk [52], pink) and the lightest disk CM ([61], blue). The squares in 2D plots and dashes in
1D plots indicate the maximum likelihood values in each case.

the local dark matter density consistent within 68 % HPD region with that of [23].

5 Conclusions

We have developed a novel Bayesian methodology to reliably and precisely infer the distri-
bution of dark matter within the Milky Way using the rotation curves method. Based on
the most recent data sets for the rotation curve, we first selected a subset of tracers that are
mutually compatible with each other, thus excluding the ones that may be suffering from sys-
tematic bias. We then demonstrated the statistical performance of our rotation curve method
(over many data realizations) by applying it to simulated data, which we generated respect-
ing the statistical properties of the observed rotation curve. We generalized our procedure
against (systematic) uncertainties on the visible component of the Milky Way, by applying
it to different possible baryonic morphologies, in order to bracket the current uncertainties
on the shape and normalization of the Galactic stellar disk(s) and bulge, as well as of the
(subleading) interstellar gas component (see Section 4.2 and Appendix B).

Our most relevant findings can be summarized as follows:
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Difference in annihilation flux from 
galactic center 1-2 orders of magnitude 
For large FoV                , fixed 3-param profile
Some dependence on assumed baryonic profile
Only kinematic data for               included !

(40� ⇥ 40�)

<latexit sha1_base64="6D4ngK8VHw61d+KnS9MvDmNmMFc=">AAACFXicbVDLSsNAFJ34rPUVdSO4CRahbkoiAbssuHFZwT6giWUynbRDJ5MwcyOUUH/DH3Crf+BO3Lr2B/wOJ20Ebb0wcOace++ZOUHCmQLb/jRWVtfWNzZLW+Xtnd29ffPgsK3iVBLaIjGPZTfAinImaAsYcNpNJMVRwGknGF/leueeSsVicQuThPoRHgoWMoJBU33zuOradx5hknjAIqp+bud9s2LX7FlZy8ApQAUV1eybX94gJmlEBRCOleo5dgJ+hiUwwum07KWKJpiM8ZD2NBRYu/nZ7AdT60wzAyuMpT4CrBn7eyLDkVKTKNCdEYaRWtRy8l8tYfnCBXcI637GRJICFWRuHqbcgtjKI7IGTFICfKIBJpLp91tkhCUmoIMs62CcxRiWQfui5rg198atNOpFRCV0gk5RFTnoEjXQNWqiFiLoAT2hZ/RiPBqvxpvxPm9dMYqZI/SnjI9vyqyeZA==</latexit>

Higher densities for               (baryonic contract., 
black hole! ) would further increase flux!

Benito+, JCAP’19

Situation much better for e.g. dwarf galaxies E.g. Bonnivard+, MNRAS ‘15
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Annihilation spectra
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More particle physics input
Sommerfeld effect
strong enhancement of 
annihilation rates for light 
mediators / heavy DM
(particularly relevant for line signals)
related effect: bound state formation 

Hisano, Matsumoto, Nojiri, Saito, … ’03 - ’06

These contributions are highly model-dependent!

Radiative corrections
strong enhancement possible           
(in particular if tree-level rates are suppressed)
electromagnetic IB: line-like spectral 
signatures or sharp steps
electroweak IB: enhancement of 
continuum part; can change composition 
of final stable particles

[disclaimer: list of relevant papers would fill the whole slide…]

tree level
internal bremsstrahlung U!1"

total

internal bremsstrahlung SU!2"
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Bringmann & Calore !2013"recent example: full calculation for MSSM
TB & Calore, PRL ’13

TB, Calore & Garny, JCAP ‘17

also ~same for “model-independent” SU(2) corrections! 
[as implemented e.g. in PPPC 4 DM ID (Cirelli+, JCAP ’11)]
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More fancy signatures?
Arina, TB, Silk & Vollmann, PRD ’14
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B
(1)

B
(1)

B
(2)

, A
(2)
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�

X = H

B
(1)

B
(1)

H
(2)

, a
(2)

�

X = �, Z

FIG. 1. Diagrams that generally lead to the most pronounced
spectral features in the UED scenario when allowing for rela-
tive WIMP velocities v 6= 0. The blobs correspond to e↵ective
couplings that are computed in Appendices A and B.

3. Another consequence of a loop-suppressed total
width is that continuum and monochromatic pho-
tons are produced at roughly the same strength on
resonance, unlike the typical situation where only
the line signal is loop-suppressed. In other words,
one can expect a much larger relative enhancement
of the line signals (which, as discussed above, is not
the least needed to overcome the large contribution
from FSR photons).

In the UED scenario, resonances thus indeed

single out spectral features in a unique way.

With these general considerations in mind, let us now
turn to a more detailed discussion of which resonances
will be most relevant in our case. Charge conservation
implies that for the annihilation of a B

(1) pair the only
possible resonances at KK-level 2 are the vector bosons

B
(2), A(2)

3
and the scalars H(2), a(2)

0
. In Fig. 1, we show

the corresponding Feynman diagrams. Here, the blobs
on the left represent e↵ective B(1)

B
(1)

Y
(2) couplings that

may either exist at tree level or correspond to 1-loop sub-
diagrams. The right blob represents a KK-number vio-
lating coupling and is thus necessarily loop-suppressed.
However, not all combinations of resonance states Y

(2)

and final states �X are actually possible. For a scalar
resonance, for instance, X must be a vector in order to
conserve helicity. Vector resonances, on the other hand,
are only allowed for X = H: the �� annihilation channel
is forbidden by the Landau-Yang theorem [84, 85]; �Z

final states cannot appear due to the anomaly cancel-
lation familiar from the SM, which prevents anomalous
three-gauge-boson couplings. For a very similar reason,

in fact, it turns out that the a(2)
0

resonance cannot decay
into two vectors either (recall that a0 contains the fifth
component of the higher-dimensional Z boson).

The obvious next step consists in identifying which of
the remaining processes are most relevant in producing
line signals. To do so, it is instructive to have a closer
look at the actual mass spectrum of the involved states.
In Fig. 2, we show in the left column the mass of the rele-
vant resonant particles Y (2) (in units of twice the inverse
compactification scale R�1). For comparison, the middle
and right column show the mass of first-level excitations.
The first thing to note is that the tree-level decay of Y (2)

into KK-1 states is in some cases not kinematically pos-
sible, or at least heavily suppressed. The decay width
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FIG. 2. Mass spectrum of relevant KK(2) resonances in the
mUED scenario, in units of twice the inverse compactification
scale R

�1 (left column). The middle and right columns show
the mass of KK(1) states; note that only for the KK top quark

the mass eigenstates (t(1)1 , t
(1)
2 ) di↵er significantly from the

flavor eigenstates (t(1)s , t
(1)
d ). Dominant decay channels in the

mUED case are displayed by solid arrows unless the resonance
mainly decays to SM particles. Dashed arrows indicate the
dominant decay process in non-minimal UED versions.

Resonance Y
(2)

B
(2)

A
(2)
3 H

(2)

Y
(2) ! �X

�H �H ��, �Z

(�⇠0.07) (�⇠0.07) (�⇠0.12, 0.36)

�main
Y (2) (mUED)

f̄SMfSM l̄
(1)
d l

(1)
d t̄t

(�⇠0.8) (�⇠70) (�⇠0.1)

�main
Y (2) (non-mUED)

f̄
(1)
d, sf

(1)
d, s f̄SMfSM t̄

(1)
d,st

(1)
s,d

(�⇠15) (�⇠0.8) (�⇠160)

B
(1)

B
(1)

Y
(2) ⇠ g

03
mt ⇠ g

02
gmt ⇠ g

02
g
�1

mW

TABLE I. Main decay channels, couplings and possible �X

final states for the resonances shown in Fig. 1 (note that
�
a
(2)
0 !��,�Z

= 0). Decay rates are given in GeV and ob-

tained for R
�1 = 1.2TeV and ⇤R = 5; see Appendix A for

calculational details.

for those particles is therefore instead determined by the
loop-suppressed decay into two SM particles; such a nar-
row width will correspondingly enhance the LKP annihi-
lation rate on resonance. The dominant decay channels
are shown in the figure and also summarized in Tab. I.
For comparison, we also indicate how this would change
if all final states were kinematically accessible, as can be
arranged in non-minimal UED scenarios (for the case of

the A
(2)

3
resonance, we show instead the dominant decay

to SM particles if the decay into KK(1) leptons was not

Resonances can single out spectral features
counter example for “flux = particle factor x astrophysical factor” !
particularly relevant for extra-dimensional scenarios
example: universal extra dimensions

NB: X(2) decay 
is loop-
suppressed!

(Appelquist, Cheng & Dobrescu, PRD ‘01)
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FIG. 3. B(1)
B

(1) ! �X cross sections in the mUED scenario,
for the various channels considered in Fig. 1, as a function
of the relative speed of the WIMPs (the curves associated

with the B
(2) and A

(2)
3 resonances are multiplied by factors

106 and 109 respectively). The horizontal dashed line indi-
cates the dominant line signal in the zero-velocity limit, which
arises from B

(1)
B

(1) ! �� [14]. Note that the location of the
resonances is essentially a free parameter in UED theories; in
particular, it can occur at much smaller velocities than shown
here for the mUED case.

kinematically allowed). The other important parameters
to take into account are clearly the (e↵ective) couplings
that appear in Fig. 1. In Tab. I, we thus also indicate for
reference the size of the (e↵ective) B(1)

B
(1)

Y
(2) coupling

as well as the decay rate Y (2)
! �X. From this overview,

it becomes clear that the H
(2) resonance is clearly ex-

pected to result in the strongest line signal: it is not only
the most long-lived resonance, but also the only one that
couples to the incoming LKP pair at tree level.

We have performed a full calculation of the dominant
contribution to all annihilation processes shown in Fig. 1,
which includes a determination of the relevant e↵ective
couplings and decay rates (for details, see Appendices A
and B). In Fig. 3, we show the individual contributions
to the cross section for B

(1)
B

(1)
! �X from these dia-

grams. Note that the ratios of the peak values agree well,
within an order of magnitude, with the naive estimates
one can infer directly from the values stated in Tab. I. In
particular, the by far largest cross section for a monochro-

matic photon can be obtained for B(1)
B

(1) H
(2)

�! �Z, with
a very pronounced resonance corresponding to the mass
of the H(2). Remarkably, this cross section (as well as the
corresponding process for �� final states) can be signif-
icantly larger than the cross section for B

(1)
B

(1)
! �X

in the zero velocity limit as indicated by the dashed line,
�v = 2 ⇥ 10�30 cm3

/s. In fact, even at v = 0, the H
(2)

resonance thus contributes at roughly the same level as
�Z final states without taking into account these contri-
butions [14, 34]. While the locations of the resonances are
specific to the mUED scenario, the couplings are typically
only a↵ected at the level of radiative corrections for de-

mUED !R!1=1.3TeV, "R=20)

1 2 3 4 5

10!36

10!34

10!32

10!30

10!28

s "2mB!1#

Σ
v
!c

m
3 "

s#

FIG. 4. Contributions of the first five H
(2n) resonances to

the B
(1)

B
(1) ! �Z annihilation rate in the mUED scenario,

taking however ⇤R = 20, as a function of
p
s/2mB(1) . The

dashed line is an extrapolation (/ s
�1) of the standard result

for B
(1)

B
(1) ! �� [14]. Note that in general one can en-

counter much larger peak normalizations than what is shown
here for the minimal UED case.

viations from the minimal scenario; this implies that the
signal strengths shown in this figure are rather generic.
A possible exception to this last comment would occur
if the mass spectrum displayed in Fig. 2 would change
in a qualitative way, opening up new or closing exist-
ing decay channels. An interesting possibility to even
further enhance the B

(1)
B

(1)
! �X rate beyond the

mUED expectation would also be to increase the mixing
between the KK top quark states beyond its mUED value

of sin 2↵(1)

t
= 0.143, a quantity which enters quadrati-

cally in the cross section (B3, B4).
So far, we have only mentioned the e↵ect of second-

level KK resonances. As discussed in Section VI later
on, however, there may exist extreme astrophysical envi-
ronments where much higher CMS energies are available
for the collision of two LKPs. If those energies are su�-
cient to excite higher KK resonances Y (2n), with n > 1,
this would lead to a rich phenomenology. While we do
not aim at an exhaustive discussion here, we would like
to point out that most of the arguments presented above
can straightforwardly be applied to this situation as well.
One of the most striking consequences, however, may in
any case be the appearance of multiple gamma ray lines

with an equidistant spacing in energy that equals almost
exactly twice the inverse of the compactification radius,
�E

line

�
' 2/R: if such a striking spectral signature would

be observed, this would constitute a smoking gun signal
for the higher-dimensional origin of the cosmological DM.
In Fig. 4, we show explicitly that such a structure in-

deed appears in the mUED model.3 While H
(2n) reso-

3
Note that in order to demonstrate this e↵ect, we have allowed

Potential smoking gun signature 
for extra-dimensional origin of 
DM: equidistant line signals!

(Kerr) Black holes can accelerate 
DM particles to 

but beware of many caveats: ongoing discussion…

p
s � 2mDM
Banados, Silk & West, PRL ‘09
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Signal versus BackgroundIndirect searches with 
gamma rays
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Astrophysical processes present significant backgrounds:

Possible targets include
The Galactic center: brightest source in sky, but large backgrounds

Dwarf galaxies: DM dominated, M/L~1000; still smaller fluxes (distance!)

The Galactic halo: good statistics, angular information; significant backgrounds

DM clumps: easy discrimination (once found); bright enough?
Galaxy clusters: large substructure boost;  good discovery potential, limits model-dependent  

Extragalactic background: cosmological signal; hard to model, potentially very constraining


