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Dark Matter 

z

Evidence over large range of scales 

Nature still unknown



A story of LCDM 
I: structure formation

physical size

age of Universe



A story of  LCDM 
II: the single halo

A “universal” DM profile?
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A story of  LCDM 
III: the dark matter distribution

generalized NFW

Core or Cusp?�

A “dynamical” DM profile

[Di Cintio et al., 2013]



A story of  LCDM 
IV: the small scale problems

[Zhu & 

Cusp vs core Missing satellite

Too big to fail

Many experts  
here in Durham, 

ask them!



And now for something completely different:  
the Milky Way

The road to Zeus’ home on Olympus 
The sacred path of Iberian pilgrims 

An average-sized 10^12 Msun spiral, 
                                                                   but the truth is…

 S. Tiozzo



DM density at the Sun      = ?
(the path to Stockholm goes through the skies)



Determining the relevant astrophysical quantities
Local DM density

Determinations of  
local DM density 

are consistent, but noisy

[Read, 2014]



Local determination of ρ0

Vertical motion of stars, determining the whole local potential 



Subtracting local baryonic (stellar) contribution to get DM 
(no implicit assumption on DM presence) 

Local determination of ρ0



Fitting a pre-assigned shape 
on top of luminous
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[many autors, e.g. 
Iocco et al. 2011 ] [Iocco et al. 2011 ]



Global determination of ρ(r)

Underlying assumption on DM presence and distribution shape

Fitting a DM profile to the 
Rotation Curve, on top of 

other components

[FI, Pato, Bertone, Jetzer, ‘11]



The case of the Milky Way

Courtesy of Miguel Pato



Dark Matter in the Milky Way:  
a purely observational approach

Fabio Iocco 

Work started with:    Miguel Pato, G. Bertone 
And continued with: Maria Benito, Ekaterina Karukes



• The observed rotation curve 
• The “expected” rotation curve 

• Some “grano salis” 

• Working hypothesis (later on)

The case of the Milky Way: 
ingredients



The Milky Way:  
testing expectactions 

(with no additional assumptions)

[Iocco, Pato, Bertone, Nature Physics 2015]



Φtot = Φbulge+ Φdisk+ Φgas  ??

The case of the Milky Way: 
the question

[can the observed, luminous components make up to the whole gravitational potential?]

…and if not…

Rotation curve as a tracer of the total potential



The Milky Way: 
observed rotation curve 

III. curve

Data compilation by [Sofue et al, ‘08]



The Milky Way:  
observed rotation curve  

II’. data again (a new compilation)



The Milky Way Rotation Curve 
as observed

All tracers, optimized for precision between R=3-20 kpc

[Iocco, Pato, Bertone, Nature Physics 2015]



Dissecting the Milky Way:  
morphological observations



The Milky Way: 
expected rotation curve

Φbaryon = Φbulge+ Φdisk+ Φgas

Constructing the curve expected from observed mass profiles



The Milky Way: 
expected rotation curve 

1. the baryonic components



The luminous Milky Way: observations of morphology



The luminous Milky Way: observations of morphology



The luminous Milky Way: observations of morphology



The luminous Milky Way: 
expected rotation curve

integrating observed profiles

[Iocco, Pato, Bertone, Nature Physics 2015]



The Milky Way: 
testing expectactions

observational

observational

Φtot

Φbar=Φbulge+Φdisk+Φgas



The Milky Way:  
testing expectactions 

(with no additional assumptions)

[Iocco, Pato, Bertone, Nature Physics 2015]



The Milky Way: 
testing expectactions 

(with no additional assumption) 
((and some technical detail))

ω = Vc / Rc 

R0=8 kpc 
V0=230 km/s

Uncorrelated 
uncertainties

[Iocco, Pato, Bertone, Nature Physics 2015]



• Computing the “badness-of-fit” (discrepancy) of each 
baryon rot. curve (no DM!!) to observed one 

• One COULD bin (and we have done it) but loss of 
information: using 2D chi-square  
(uncertainties on R, as well)

The Milky Way: 
testing expectactions 

(with no additional assumptions) 
((and some technical detail))



Do the baryon-only curves fit with the 
observed RC?

Answer is NO:  
Every single model above 5 σ, already at R<R0!!

R0= 8 kpc 

Integrated X2/d.o.f. vs Radius 
Red line = 5 σ equivalent 

[Iocco, Pato, Bertone, Nature Physics 2015]



[Iocco, Pato, Bertone, Nature Physics 2015][Benito, Bernàl, Bozorgnia, Calore, Iocco, JCAP 2017]

Systematic uncertainties 
(luminous component)



Extracting the DM density structure

[Pato, Iocco, Bertone, 2015]

Please ask me  
that question  

about the GC later



Dark Matter 

z

Evidence over large range of scales 

Nature still unknown



Direct and indirect searches of WIMP DM 
complementary to colliders

Direct detection: 
DM scattering against nuclei, recoil 

Indirect detection: 
Annihilation in astrophysical envir. 
Observation of SM products of annih. 

Production at LHC 



Roundabout of complementarity 
(for WIMP DM)



Indirect Detection: principles and dependencies

Courtesy of P. Salati

e+, p, e- … 
subject to magnetic fields 

ν ,  γ ‘ s: 
straight messengers
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Direct Detection: principles and dependencies
(to go…)

from this to this

you need this

dR

dE
/ 1

µ2
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m�
⇢0⌘(v, t)

Velocity distr. f(v) 
not even talking  

about that



Extracting the DM density structure

[Pato, Iocco, Bertone, 2015]



But do Galactic uncertainties affect PP, for real?
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[Benito, Bernàl, Bozorgnia, Calore, Iocco, JCAP 2017, arXiv:1612.02010]



It is well known that uncertainties affect Direct Detection

Reference model

Galactic parameter
variation
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Current LUX limits, but varying astrophysical uncertainties

(7.5, 312)

(8.5, 180)

(R0, v0) =

[Benito, Bernàl, Bozorgnia, Calore, Iocco, JCAP 2017, arXiv:1612.02010]
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Ackermann et al. 2015

Albert et al. 2016

Calore et al. 2015

Benito, Cuoco, FI 

[Benito, Cuoco, Iocco, arXiv:1901.02460] 
                            to appear in JCAP

Calore analysis: 
observed GC signal 

(only stat. on gamma flux) 
This analysis:  

observed GC signal 
+ 

DM density profile 
(Gal. Param. + Morphologies + stat)

Uncertainties accounted for:

The effect of astrophysical uncertainties 
on the determination of new physics



Let’s quantify this effect in a specific case:  
Singlet Scalar DM

“WIMP phenomenology” entirely dictated by the 
Higgs coupling and physical DM mass.

[Mc Donald, 1994] [Burgess, Pospelov, Velthuis, 2001]



Singlet Scalar DM 
Constraints and interplay of experiments

Relic density Direct detection

Combined

[Duerr et al, 2015]



Singlet Scalar DM 
Constraints and interplay of experiments
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[Benito, Bernàl, Bozorgnia, Calore, Iocco, JCAP 2017; arXiv:1612.02010]



Let’s look at the effect of astrophysics uncertainties: 
Direct Detection

[Benito, Bernàl, Bozorgnia, Calore, Iocco, JCAP 2017; arXiv:1612.02010]



Let’s look at the effect of astrophysics uncertainties: 
Direct Detection

[Benito, Bernàl, Bozorgnia, Calore, Iocco, JCAP 2017; arXiv:1612.02010]



Let’s look at the effect of astrophysics uncertainties: 
Indirect Detection
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[Benito, Bernàl, Bozorgnia, Calore, Iocco, JCAP 2017; arXiv:1612.02010]



• Dark Side of the Universe  
July 15-19, 2019                                  

Campus Universidad de Buenos Aires 
Argentina



Cuncta stricte
•The existence of a gravitational/non-EM interacting species is solid on 

vaste range of scales. 

•Astrophysics and Cosmology are in very good agreement with the 
scenario of a warm/cold particle constituting the backbone of cosmic 
structures. 

•We are still ignorant over the very nature of this particle(s), but 
there’s plenty of options. 

•We are starting now to achieve sensitivity with a host of probes (not 
only colliders) on the core region of one of the most popular scenarios. 

•Astrophysical uncertainties are actually affecting determination of PP, 
in virtuous interplay with collider physics, direct and indirect probes.
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Which targets for DM gamma-ray searches?

Clusters

Spiral satellites

Galactic Center

Dwarf Spheroidals 
satellites

CTA has its agenda…



The Large Magellanic Cloud 
a Milky Way satellite

MLMC ⇠ 1010M�
d ⇠ 50kpc

Bulge, disk, spiral satellite



The Large Magellanic Cloud 
a gamma-rich region

[Ackerman et al, 2016]

Extensively studied by Fermi 
individual sources plus a diffuse within





What we know it’s there: previous observations

Individual Point and Extended sources



1987A, the Great Expectation



CTA LMC’s working group homework



The individual sources



The diffuse emission



Let’s get things done 
I. individual spectra

only 3 sources with known redshift 
(more to be done for EBL)



Let’s get things done 
II. observation settings

updated: 0.1 TeV-100TeV

Counts number, sqrt scale (CR Background substracted) 

IRF: prod3bv1, South_z40_average_50h 



Let’s get things done 
III. statistics and significance

“Detection” 
TS > 25

Point sourcesStatistics reminder



Direct detection: 
DM scattering against nuclei, recoil 

Indirect detection: 
Annihilation in astrophysical envir. 
Observation of SM products of annih. 

Production at LHC 

Motivated by cosmological/PP arguments 
but not only DM candidate!

⌦m = 0.315

Let’s get things done 
V. Dark Matter



Let’s get things done 
V. Dark Matter



Let’s get things done 
V. Dark Matter



Let’s get things done 
V. Dark Matter



• School on High Energy Astrophysics 
August 5-16, 2019                                  

ICTP-SAIFR 
São Paulo, 

Brazil 
(not Rio de Janeiro!)



Cuncta stricte
•Characterization of all known sources in LMC 

ROI: completed. 

•Some refinement for diffuse components 
possible, but not crucial at this stage. 

•DM potentially detectable above thermal cross 
section, as expected. 

•A Consortium paper under way, corresponding 
authors: M.I. Bernardos(student), FI, P. Martin


