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The Planck Collaboration, 2015 

Also, gravitational
lensing of CMB  by 
intervening structure
gives a ~30s confirmation
of DM 

Cosmic Microwave Background + Supernovae Ia + BAU: 
Dark Matter does exist! 
CDM has become the ”Standard Model” of cosmology
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Early gravitational observations of dark matter

Studying the velocities of galaxies in the Coma galaxy cluster, Fritz Zwicky used the 
virial theorem to conclude a large overdensity of non-luminous matter:

”If this over-density is confirmed we would arrive at the astonishing conclusion that dark matter 
is present with a much greater density than luminous matter.” - F. Zwicky, 1933.
H.W. Babcock (1939) measured the optical rotation curve of M31 (Andromeda).  (Knut 
Lundmark had already in 1925-1930 noted presence of “dunkle Materie” in nearby 
galaxies.)
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L.B, Rep. Prog. Phys. 2000

By the end of the ’70s, 
accurate enough rotation 
curves were assembled
(especially using 21 cm 
emission) to conclude that
there was dark matter
surrounding galaxies
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Early indications of dark matter - galaxy rotation curves

Review of DM history: D. Hooper and G. Bertone, 1605.04909

The optical measurements
(Babcock 1939, Rubin & 
Ford 1970,…) did not 
measure far enough from 
the center (K. Freeman, Mt. 
Stromlo, ANU, 1970) to 
claim presence of dark 
matter. The 21 cm data on 
the other hand did (Rogstad
& Shostak 1972, Roberts +, 
1972-, Bosma 1978,…)

J. Einasto, A. Kaasik, and 
Saar 1974; Peebles and 
Ostriker 1974, argued for a 
large matter density M 

0.2

Figure by A. Bosma
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Big Bang nucleosynthesis and the cosmic microwave background both indicate
a baryon fraction around 5 %. Since M = 31 % (Planck), non-baryonic dark 
matter is needed. 

Early suggestions of particles solving the DM problem:

• Massive neutrinos (Gershtein & Zel’dovich, 1966, Lee & Weinberg 1977, 
Gunn & Tremaine, 1979; the value of neutrino mass was then largely
unknown )

• Axions (Peccei & Quinn, 1977, Weinberg; Wilczek 1978; Sikivie 1982, …)
• Supersymmetric particles (Pagels & Primack 1982; Weinberg; Goldberg 1983, 

Ellis & al, 1984, L.B. & Snellman 1986, …)
• General Weakly Interacting Massive Particles, WIMPs (Steigman & Turner 

1985, …)
• By now, literally hundreds of hypothetical particles have been proposed…
• … but WIMPs and axions still belong to the favoured ones
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Axion DM searches

O.K. Baker & al., 1110.2180

P. Sikivie, 1983
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Several new ideas existing for axion search (besides IAXO, ADMX,…)

Y. Kahn, B. Safdi & J. Thaler, 1602.01086 (ABRACADABRA)

IAXO: International Axion Observatory

T. Dafni et al. / Nuclear and Particle Physics Proceedings 273 (2016) 244
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Please welcome to the workshop

"Axion Dark Matter"
December 5-9, 2016

at Stockholm University & NORDITA (The 
Nordic Institute for Theoretical Physics).

Frank Wilczek, Yannis Semertzidis, Katherine Freese, 
Sebastian Baum, Lars Bergström and Ariel Goobar



Data during last decade: Dark matter
needed on all scales!

 Modified Newtonian Dynamics 
(MOND) and other ad hoc attemps to 
modify Einstein’s or Newton’s theory
of gravitation do not seem viable

The bullet cluster, D. Clowe et al., 2006
D. Harvey & al., Science 2015. 
30  colliding systems.  (Also gives bounds on self-
interacting DM.)29/8/2016 9
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Important new physics results during the last half-year:

1. The LIGO detection of gravitational waves from merging
black holes. Maybe primordial black holes with mass (20 –
100)Msun could be the dark matter? (S. Bird et al., PRL 
2016). This would be a record holder for DM candidate
mass: MBH/Maxion  1073 !

2. A possible new resonance at 750 GeV indicated by CERN                                       
data (both ATLAS and LHC). Maybe a messenger
coupling to a DM particle in the few hundred GeV range? 
Some 500 theory papers ”explain” this feature…
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However, ICHEP conference, Chicago, earlier this month:

Particle theorists
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Black holes as Dark matter?
T.D. Brandt, ApJ, 2016. Primordial BHs would heat up star clusters 
in dwarf galaxies. This gives new constraints:
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One problem for minimal supersymmetry: Higgs mass, 125 GeV, is on the high side, 
necessitates some fine-tuning, or going to Next-to-Minimal-Supersymmetric-Standard-
Model (NMSSM). Squarks and gluinos (not seen at the LHC) must have large masses –
not the spectrum one would first have guessed.

DarkSUSY is presently being rewritten to make it modular and suitable for any WIMP 
candidate, also non-SUSY. The new version will soon be released. (See talk by Joakim 
Edsjö.)

Other interesting non-SUSY WIMPs worth studying: Lightest Kaluza-Klein particle –
mass scale 600 – 1000 GeV, Inert Higgs doublet, Right-handed neutrino,…
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Freely available software package, written by P. Gondolo, J. Edsjö, L.B., P. Ullio, M. Schelke, E. Baltz, 
T. Bringmann and G. Duda. Computes relic density and various cross sections & fluxes for SUSY WIMPs.
http://www.darksusy.org

2016-07-21

Back to WIMPs: Supersymmetric particles
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None of these is (yet) generally regarded as real detections of DM (but one or more may still be):

The DAMA/LIBRA annual modulation (R. Bernabei & al. 1997 - 2014) – not verified by other experiments. 
As are indications from CoGeNT and CRESST, in tension with XENON100, LUX and SuperCDMS limits.

An unexpected rise in the positron ratio seen in the PAMELA experiment (M. Boezio & al. 2008), verified by 
AMS-02 (S. Ting & al., 2013)  - needs unusually large ”boost factors” and/or  very unconventional halo 
model for DM interpretation.

The 130 GeV g-ray line feature seen towards the galactic center in Fermi-LAT data (T. Bringmann & al.; C. 
Weniger, 2012) – not confirmed by Fermi-LAT; was probably partly instrumental, partly due to statistical 
fluke.  

A 3.5 keV X-ray line due to decaying DM (E. Bulbul et al., 2014) – may not have the right morphology; not 
seen towards the g.c. or in stacked clusters. 

A GeV excess seen towards the g.c. in  public Fermi-LAT data (D. Hooper & L. Goodenough; ….; T. Daylan
& al., 2014) – could be due to incomplete modeling of diffuse back - and foregrounds or point sources, like 
millisecond pulsars. 

A GeV excess seen towards one of the newly discovered DES dwarf galaxies in public Fermi-LAT data 
(A. Geringer-Sameth & al., 1503.02320; 2.3 – 3.7 s) – not confirmed by Fermi-LAT  (1503.02632;  1.5 s)

Many experiments have the sensitivity to find DM signals in fortuitous cases  Risk for false
alarms   (Extraordinary claims require extraordinary evidence – C. Sagan)
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Direct detection, DAMA/LIBRA: Annual
modulation effect (L. Drukier, K. Freese & 
D. Spergel, 1986) is claimed to be 
observed with 9.3 s confidence! 
(R. Bernabei & al., 1998 - )

P. Belli, UCLA DM Feb. 2016
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DAMA results not confirmed by any
other experiment

J. Billard & al. ’14

New result from LUX (Aaron 
Manalaysay, IdM Sheffield, July 2016)…

… and PandaX-II (A. Tan & al., 1607.07400)

1 zb = 10-9 pb = 10-45 cm2
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SABRE (F. Calaprice & al.) will make an independent experiment, with superior NaI
crystals, to confirm or rule out the DAMA/LIBRA result within a few years.

One site in Northern hemisphere (Gran Sasso, Italy) and one in Australia (Stawell
Underground Physics Laboratory, SUPL) will enable check of environmental effects of
annual modulation. (cf. DM-Ice at the South Pole.)

F. Froborg & al, 1601.5307
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Sterile neutrinos (warm DM)?
Suggestion of a 3.5 eV line in stacked XMM-Newton X-ray data from 
73 galaxy clusters, especially the Perseus clauster (E. Bulbul & al, 2014) 
and a couple of individual galaxies (A. Boyarski & al., 2014).

However, interpretation of detection is 
controversial:
E.g., no signal seen from dwarf galaxies
(D. Malyshev & al., 2014), nor stacked
galaxies (M.E. Anderson & al. 2015), 
nor the g.c. (Riemer-Sorensen 2016).

R. Cen, 1606.05930:
Using Lyman-a observations, the mean 
free path of ionizing photons and the 
luminosity function of galaxies, finds ms

> 33 keV at 2.2s for hypothetical, sterile 
neutrino DM.
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Sterile neutrinos (warm DM)? Hitomi was actually working for some time
after launch, giving  300 ks of data on the Perseus cluster (1607.07420):

No sign of the 
3.5 keV line!

J. Conlon & al., 
1608.01684, interpret 
the broad pink ”dip” 
to be due to 
absorption of AGN 
flux, followed by 
reemission through a 
doublet of ”axion-
like particles”, and 
claim this would be 
consistent… C. Shah & al., 1608.04751:

“Laboratory measurements compellingly 
support charge-exchange mechanism for 
the 'dark matter' ∼3.5 keV X-ray line” 



29/8/2016
L. Bergstrom, The Oskar Klein Centre, 

Stockholm

L.B., P. Ullio and J. Buckley, ’98 (where the 
”J-factor” was first introduced):

with

Indirect detection through gamma-
rays from dark matter annihilating in 
the Galaxy:

NFW cusp

Angle w.r.t. the g.c.

21

 what is presently often called
the ”J-factor”



GALPROP fit

L.B., P. Ullio and J. Buckley 1998: ”In fact, present EGRET observations are not 
inconsistent with a continuum spectrum originating from dark matter annihilations, but 
other explanations are possible as well”

Astrophysical solution

Strong, Moskalenko & Reimer, 2004Adding 70 WIMP annihilating to bb 
(W. de Boer & al. 2004, DarkSUSY)

Dark matter solution
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10-15 years ago - Interpreting the ”EGRET GeV excess” towards the central Galaxy as due to 
dark matter:

”Optimized” GALPROP fit
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Dark Matter
”bump” near
galactic center?

A multitude of DM models may explain the data. 
However,  as known, the g.c. is a very messy place with, 
e.g., an unknown population of millsecond pulsars, with
a very similar energy spectrum. Also, there could have
been outbursts of protons and/or electrons from the g.c. 
black hole.  (See Tim Linden’s talk.)

29/8/2016

F. Calore, I. Cholis & C. Weniger ’14
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R. Yang & F. Aharonian ’16
“… the morphology of this radiation component has a bipolar rather than a spherically symmetric structure as has been assumed a 
priori in previous studies. Conclusions: This finding excludes the associations of the GeV excess with Dark Matter.”

T. Daylan & al., ’14 (cf. Goodenough & Hooper ’09,…)
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R. Bartels, S. Krishnamurthy and C. Weniger, PRL 2016. 
See also S.K. Lee, M. Lisanti, B.R. Safdi, T.R. Slatyer and W. Xue, PRL 2016.

Contribution from (sub-
threshold) point-like 
source population seems
preferred over a diffuse 
dark matter source (with
> 10 s statistical 
significance). 

24
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Fermi-LAT, M. Ackermann & al., 1503.02641

J.D. Simon & M. Geha, 2007

Dwarf galaxies: among the most promising targets for 
searching for DM.
WIMPs below 100 GeV are being constrained by Fermi-
LAT data – some tension with the Galactic centre
excess. 

25
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A. Chiappo & al., ”Dwarf spheroidal J-factors without priors, 1608.07111. 
(See talk by Andrea Chiappo.) 



L.B., G. Bertone, Jan Conrad, C. Farnier
& C. Weniger, 2012

With HESS-II (currently data-taking) we could
get confirming data later this year.

Fermi-LAT collaboration, ’15.
The fluctuation is essentially gone...
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2012: Indications of 130 GeV gamma-ray line in Fermi-LAT data (T. Bringmann & al; C. Weniger, ’12). 
2013-2015: The 130 GeV line was probably due to a combination of an instrumental effect and a statistical 
fluctuation (in the last three years, the statistical significance of the effect has steadily gone down).

The rise and fall of the 130 GeV gamma-ray line – the 
would-be ”smoking gun” signal for dark matter.

C. Weniger, 
2012
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M. Kieffer, K. Morå, J. Conrad, C. Farnier, A. Jacholkowska, J. Veh, A. Viana, 1509.03514:
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A. Hektor, M. Raidal & E. Tempel, 2012, 
B. using 18 galaxy clusters:

However, D. Adams, L.B. & D. Spolyar, 2016, 
using 20 000 clusters:

No 
significant
line found
beyond
statistical
fluctuations

29

Y-F Liang & al, PRD 2016: Maybe one could get 
away by assuming g.c. cored, and clusters having
boost factor  1000?

Y-F Liang & al, PRD 2016, using 16 galaxy clusters
”43 GeV line” at 3-4 s:

43 GeV



Future - No planned Fermi-LAT replacement in the US. The future seems to be in the 
East for gamma-ray space telescopes (China and Russia), although the ground-based
CTA will have interesting sensitivity in the 0.5 – few TeV region.  

Ideal, e.g., for looking for spectral DM-
induced features, like searching for g-ray
lines! Can search for g-ray structures, with
unprecedented precision.

Several models have large line features 
and other energy structures, e.g., scalar
DM: F. Giacchino & al., ’13; A. Ibarra & 
al., ’14; Minimal DM, M. Cirelli & al, ’15. 

GAMMA-400, 100 MeV – 3 TeV, an approved Russian g-ray satellite. Planned launch
2020.  Energy resolution (100 GeV)  1 %. Effective area  0.4 m2. Angular resolution 
at 100 GeV  0.01. Project seems quite a bit delayed…

Dark Matter Particle Explorer, DAMPE: An approved Chinese g-ray satellite. 
Launched in December 2015. (Around 1/10 precursor to HERD.)

HERD: Instrument on Chinese Space Station. Energy resolution (100 GeV)  1 %. 
Effective area  0.4 m2. Angular resolution (100 GeV)  0.01. Planned launch around
2020.

All three have detection of dark matter as one key science driver

L.B., 2012

nR DM
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X. Huang & al., 1509. 02672, future dark matter gg line search at g.c. 

pMSSM prediction
(DarkSUSY)

L. Bergstrom, The Oskar Klein Centre, 
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ATLAS (and CMS) at ICHEP, Chicago , Aug. 2016 – no sign of SUSY….
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So, where do we stand for supersymmetric DM?

2011
2016

Including new LUX and LHC limits, 2016. 
Complementarity between direct and indirect detection
(cf. L.B., T. Bringmann & J. Edsjö, 2011) …

… and between direct detection and LHC search (A. 
Barr & J. Liu, 1608.05379)
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Despite the non-observation of any dark matter-related signature at CERN, there are still 
many WIMP-like models surviving, like corners of the pMSSM, or ”Minimal Dark Matter” 
(M. Cirelli, N. Fornengo & A. Strumia, 2005) with candidates in the multi-TeV range.

C. Garcia-Cely & al., 2015 

”Very degenerate Higgsino DM”, E. Chun & al., 2016
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Conclusions

• Dark Matter exists!
• Dwarf galaxies and the galactic center are the prime targets for 

indirect searches through gamma-rays.
• Liquid noble gases experiments (Xe, Ar,…) are making tremendous

progress for direct detection.
• Unfortunately, not yet any hint from CERN experiments as the 750 

GEV gamma-ray signal disappeared (and no sign of SUSY yet).
• The GeV excess from the g.c. could be due to dark matter, but point

sources (e.g., millisecond pulsars) seem more likely at present.
• With WIMPs being under pressure at the moment, the axion

possibility should be pursued.
• The field of dark matter (and indeed of particle physics) is in the 

hand of experiments, of which XENON 1t, LUX (LZ), HERD, CTA, 
high-luminosity LHC, and new axion experiments, will be the most
interesting to follow the next decade.
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The End


