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Dark Matter EVIDENCES

In 1933, the astronomer Zwicky realized that the mass of the luminous
matter in the Coma cluster was much smaller than its total mass implied
by the motion of cluster member galaxies:

* Since then, many other evidences:

Rotation curves of galaxies Gravitational lensing

observed
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The anisotropies of the Cosmic microwave
background (CMB) as observed by Planck
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Dark Matter

P .L, k L 8
. [ - — n ﬁ.
] J § - w h'\.- . .\‘ :é “ ' -
% ¢ g * . - . .
s S e R s T

e - > ol > el O™ A e - ‘e
:- (J._:-P l.:" " »BH s Y . ,.'T.- l..\ “ ¥ ’-\' \ h-\\‘
e - ' A ’ . ‘.t.‘ .1 . . . . e n. C‘- .
Jaa :.' ) o \ s ‘-_“ ’ . L 4 | g _ St -
. oy R A it e e N ‘




An Inventory of Matter in the Universe
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W So what is Dark Matter?
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« Kaluza-Klein DM in UED : WIMP t Vp e Candidates () ~1
e Kaluza-Klein DM in RS
* Axion

* Axino

* Gravitino

* Photino

* SM Neutrino

* Sterile Neutrino

* Sneutrino

e Little Higgs DM = -

*Light DM

e Wimpzillas : axi axino
*@-balls e
* Mirror Matter

* Champs (charged DM)
* D-matter

* Cryptons . gravilin
* Self-interacting AR
* Superweakly interacting
* Braneworld DM

* Heavy neutrino - - G
* NEUTRALINO log{m, /(1 GcV¥)) L.Roszkowski
* Messenger States in GMSB
* Branons

* Chaplygin Gas

» Split SUSY

oa DrnivTmnAarAial RPlanl> ITITAlAC

llllllllllllllllllllllll"ll"l"ll'”l"l”L

neulralino x WIMP

wimpzilla

&

Gey




Dark Matter Ca,ndlda,tes
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« Kaluza-Klein DM inUED = WIMP t Vp e Candidates () ~1
e Kaluza-Klein DM in RS
* Axion

* Axino

* Gravitino

* Photino

* SM Neutrino

* Sterile Neutrino

* Sneutrino

e Little Higgs DM = -
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*Light DM

s Wimpzillas : axi axino
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* Mirror Matter

e Champs (charged DM)
* D-matter
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* Self-interacting

* Superweakly interacting
* Braneworls DM
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scattering
(Direct detection)
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Neutralino WIMPs

Assume y present in the galactic halo
* y 1S 1ts own antiparticle => can annihilate in galactic halo

producing gamma-rays, antiprotons, positrons....

e Antimatter not produced in large quantities through standard processes
(secondary production through p + p --> anti p + X)

* So, any extra contribution from exotic sources (7 x annihilation) 1s an
Interesting signature

eie:y y -—> antip + X

* Produced from (e. g.) x x --=> q/ g / gauge boson / Higgs boson and
subsequent decay and/ or hadronisation.

)
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(’l‘: N Aldo Morselli, INFN Roma Tor Vergata 9 _ iy



Annihilation channels

Y / Gamma-rays

/)
0
X W/Z/q
WIMP Dark Vu
Matter Particles >-~/v v
n+ u e
Ecm~100GeV L
X WHZ/g et L
) s Neutrinos WIMP Dark
\& Matter Particles

w\ Ecw~100GeV
o X

+ a few p/p, d/d

P
-

Analysis Anti-matter Analysis
Chain Chain
29 2 2 29 279 ?
Dark Matter New Particle Final State Cosmic Ray Detector Dark Matter New Particle Cosmic Ray Detector
Density e.g. N-body  Theory e.g. Hadronization Propogation Simulation Density e.g. N-body Theory e.g. Propogation Simulation
Simulation SUSY, Extra-dim  e.g. PYTHIA and Galatic i.e. GEANT4 Simulation SUSY, Extra-dim  and Galatic i.e. GEANT4
Simulation Interaction 1-2008 Interaction 1-0008
i.e. GALPROP 8765A1 i.e. GALPROP 8765A2
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Differential
yield for each
annihilation
channel

*solid lines are the
total yields, while
the dashed lines
are components
not due to =°
decays

v yield per annihilation
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Differential yield

for b bar
for different
heutralino mass
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Gamma rays produced per dark matter annihilation
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Search Stirat egles

Satellites: Galactic center: Milky Way halo:

Low background and Good statistics but source Large statistics but
good source id, but low confusion/diffuse background  diffuse background
statistics

And
electrons!
R oo BT
Anisotropies
Spectral lines: .
No astrophysical Galaxy Exfra-gqlqctuc.
uncertainties, good clusters: Large statistics, but

astrophysics,galactic
diffuse background

source id, but low
statistics

Low background but
low statistics
W Pre-launch sensitivities published in Baltz et al., 2008, jCAP 0807:013 [astro-ph/0806.291 I]
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Dwarf spheroidal galaxies (dSph) :
promising targets for DM detection
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Dwarf Spheroidal Galaxies combined analysis

Upper limits, b6 channel

102 ;
i 3.-10-2¢ — - Draco — Sextans
! — Bootes | — -  Fornax — Ursa Major |l

1072° - Carina —— Sculptor —— Ursa Minor .
i ——  Coma Berenices — Segue 1 - JOint Likelihood, 10 dSphs

0= — —
10722
1023

Ta="

WIMP cross-section [cm® /s]

TO=> -

1026 [ |

10t L 102 10°
WIMP mass [GeV]
robust constraints including J-factor uncertainties from the stellar data statistical analysis

NFW. For cored dark matter profile, the J-factors for most of
the dSphs would either increase or not change much

= Fermi Lat Coll., PRL 107, 241302 (2011) [arXiv:1108.3546] -
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WIMP cross-section [cm® /s]

Dwarf Spheroidal Galaxies combined analysis

10—21
10-22
10-23
10—24
10-25

107°° |

v 1

Upper limits, Joint Likelihood of 10 dSphs

3102 --- utu Channel
bb Channel ... Wt wWw - Channel
++ 7+ Channel

| 107
WIMP mass [GeV]

103

robust constraints including J-factor uncertainties from the stellar data statistical analysis
&5Fermi Lat Coll., PRL 107, 241302 (2011) [arXiv:1108.3546] .
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Dwar'f Spheroudal Galaxies upper- IImITS

1 1 I

— i\B/Ia.xufmm leehhood Combmed 15 DW&I’fS
S 4-year data
— Median, Fixpected 500 MeV to 500GeV g
10_22 3 68% Containment /5 E
- 95% Containment 7’ ]

(ov) (cm®s™)

.101 . ..102 . .103
mpwm (GGV)
&5 M.Ackermann et al., [Fermi Coll.] Phys.Rev.D 89, 042001 (2014)[arXiv:1310.0828]

En)
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Dwarf
Spheroidal
Galaxies
upper-limits

15 D\garfs

4-year
500 MeV to 500GeV

M.Ackermann et al.,

[Fermi Coll.]
Phys.Rev.D 89, 042001
(2014)
[arXiv:1310.0828]

)
INFN

%

— Observed Limit

;| == Median Expected
68% Containment
95% Containment

Mass (GeV/c?)
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25 Dwarf Spher'mdal Galaxies upper- ||m|’rs

1075 F Bootes I Bootca II Bootcs II1 § es V(,nd c1 I Cancs VLndthl 1I
WaI' :
—6
107 PR ¥t ﬂ ""

¥ £2

.

ol

sud

10°° C'a.nis MajorI Coma B(,rcnlccs Dra(,o Forna.x
. 107¢ T 3
T T al %‘F
w -7 Vo et
o 10 395 :-;H’ = 7
cEJ 10~° LTV Leo V | ‘
B e
S 1076
¥, T,
B v TRV
@ 10—° P'isccs II S(I:ulptor Sc':guc 1 S(I:guc 2 I '
A ]
& 10-° > 2
¥ 3 ¥ k3 3 :
_ P 5 35 et R ]
10 ‘;*TVM oy = . i
10—° S;:xtans I ' Ulrsa Major II Ulrsa Major ‘II I U[rsa Minor | I V\I’ illman 1 | H‘;
10— 3, R‘*"“‘!
3 5 ;
-7 -+ g ¥ J I-_F v_ﬁ ; h ¥, _.t
10 3 g W T T il
108 10* 10° 103 104 10° 10° 0* 10° 108 10% 10° 103 104 10°

Energy (MeV) 4-year data

& M.Ackermann et al., [Fermi Coll.] PRD 89, 042001 (2014).[arXiv:1310.0828] 500 MeV to 500GeV N
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DM limit improvement estimate in 10 years with the
composite likelihood approach (2008- 2018)

Predicted dSph Limits for bb Channel

10,,,2;; —
° 10 years Of data instead Of —e— 2yr. 10 dSphs tiPublished) |
2(5)() | = ® = 2yr. 10 dSphs (Spatial Extension)
| - @ = 2yr. 30 dSphs
30 dSphs (3x) (supposing |- @ - 10yr. 10 dSphs
that the new Optical SurveyS 1024 _—Q— 10yr. 30 dSphs (Spatial Extension) | e S s szl

will find new dSph)
* -10% from spatial

:lb. l)

eXtenSion (Source eXtenSion g 10725 L..... e
increases the signal region = |
at high energy 2
E>10 GeV, M > 200 GeV )
1}
101 102 10:!
Mass (GeV)

* There are many assumptions in this prediction
* Doesn’t deal with a possible detections. .

)
(’l‘: N Aldo Morselli, INFN Roma Tor Vergata




Dwarf Spheroidal Galaxies upper-limits

— 1022
Tn E Fermi combined DSG analysis (10 DSGs), 2 years
o')E I et Fermi combined DSG analysis, 10 years
.S. = Galactic Halo, 100 h, CTA array B (Ring Method)
é = Fornax Cluster, 100 h, CTA array B B,ax = 1.0°)
& 1 0_23 | Segue 1 DSQ, 100 h, CTA array B
© =
¥ = . Segue 1 P
- ~._CTAarrayB100h
10=5
i Fornax Cluster
s CTA array B 100 h
107" = Fermu 2 years
- Galactic Halo CTA
F Ml array B 100 h
| ermlool_()_,y@ars WIMP para .neter space
10-26 =2 % i , PSS
1 o2 10° 10%
mpy [GeV]

Update of
Doro et al. arXiv:1208.5356
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HAWC and Dark Matter Search

10% oo Dark Matter Limits from Sequel
m— Y —bb - Fermi-LAT
== yx—77 - Fermi-LAT

— y¥% —bb - VERITAS
XX —77 - VERITAS

i 21
10 HAWC-300
IU) 1 yr b bar
» 1022
-
= N HAWC-300
A 10 1 yr 7 thar
~
)
V102
= ¥ —bb - HAWC-300 (1 yrs)
s == yy—77- HAWC-300 (1 yrs)
10 Thermal Cross Section === X —bb - HAWC-30 (82.8 days)
AR SR EE RN EE BE B BN BN BE AN BE RS EE RN EE BN BE BN EE DR BN BN NN BN NN NE NN R N} S XX——-)ﬁ—HAWC-3O (82.8days)l
10'26 o axal A A A3 a2 a2 3231 A A sz a2zl A A Aa a2 a2zl i 2 PR T T T N 1
107 107 10° 10" 10°
M, [TeV]
=
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f rateaies |
‘ . NS — = ]
Galactic center:

Good statistics but source

confusion/diffuse backgrouggd

Satellites:

Low background dme
good source id, b
statistics

Way halo:
Large statistics but
diffaise background

And
electronsl!

and
Anisotropies

Spectral lines:

No astrophysical Galaxy Extra-galactic:

uncertainties, good clusters: Large statistics, but

source id, but low astrophysics,galactic
statistics diffuse background

Low background but
low statistics
@E Pre-launch sensitivities published in Baltz et al., 2008, jCAP 0807:013 [astro-ph/0806.291 I]
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Mil ky Way Dark - All profiles are
. % normalized to the Iocal
Matter Profiles 2 e, density 0.3 GeV cm® "
— i : at the Sun's location
| b el
O
> 0
q) .
O
—
(%
L (rafr)e - S I, ) S -
J— o 8 5
p(r)—p@ [ 1 4 ’I"/Ts :| Q s i
Halomodel | a § k g '
alo mode Q 2 T in kpc o . ¥
Cored isothermal 2 2 0 5 = | a=1 25 aniso N
Navarro, Frenk, White | 1 3 1 20 -4 F : L
Moore 1 8§ 116 30 4 tinasto \
Einasto | a=0.17 = 20kpc p, = 0.06 GeV/cm?3 .........I.........l.........l.........l.....\;i.
-5 =2 -1 0 1 /
@,7 A.Lapi, A.Paggi, A.Cavaliere, A .Lionetto, A.Morselli, Iog r / r 0

V.Vitale. A&A 510, A90 (2010) [arXiv:0912.1766] ,
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Different spatial behaviour for decaying or annihilating dark matter

10* 5 : -

10° | v
& [ — |
< d07 i 1 Annihilating DM %
=
—

10"

10° Decaying DM

-150 -100 -50 O0 50 100 150
0[]

The angular profile of the gamma-ray signal is shown, as function of the angle 0 to the centre of
the galaxy for a Navarro-Frenk-White (NFW) halo distribution for decaying DM, solid (red) line,

compared fo the case of self-annihilating DM, dashed (blue) line p
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30 —

-
(6}

—
o id

Galactic latitude (deg)
o

-15
-30 I | | i i . [ .i. " -- Oo i . N
90 75 60 45 30 15 0 345 330 315 300 285 270

Galactic longitude (deg)

Fermi Coll. ApJS

o No association Possible association with SNR or PWN
(2012) 199, 31 <~ AGN * Pulsar A Globular cluster
.. * Starburst Gal ® PWN = HMB
GP)(HVUT1OEi1ZK35 + Galaxy o SNR * Nova
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Annihilation channels

y / Gamma-rays

40'\(

X W-/Z/q

WIMP Dark Vu
Matter Particles el o
1] Paop uve
Ecu~100GeV M*
04 W*/Z/q
- Neutrinos WIMP Dark
N |
el Matter Particles

Ecu~100GeV

e e X

+a few p/p, d/d

Analysis Anti-matter
Chain
2? ?? ? ?2? 2?2 ?
Dark Matter New Particle Final State Cosmic Ray Detector Dark Matter New Particle Cosmic Ray Detector
Density e.g. N-body ~ Theory e.g. Hadronization Propogation Simulation Density e.g. N-body  Theory e.g. Propogation Simulation
Simulation SUSY, Extra-dim  e.g. PYTHIA and Galatic i.e. GEANT4 Simulation SUSY, Extra-dim  and Galatic i.e. GEANT4
Simulation Interaction 1:0008 Interaction 36608
i.e. GALPROP 8765A1 i.e. GALPROP 8765A2
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Counts / (1.42 GeV)
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A line at ~ 130 GeV ?

Reg3 Reg4 (ULTRACLEAN) B —129 8 GeV

Einasto

Slgnal counts 46.1 (4. 360) 80 5 210 1 GeV
30 p-value=0.37, x2,=23.6/22 i

25 |

| TLTT%-

Counts

o ey ol
7@ ol f ﬁ}%} 1 e 0 : , : - — ‘
> 1 3 10F 3
° ? S R S o0 0 & S :
_ e ik B L b L@ T e Tl A T T LT
' s o P gy tet gty eaiiae,
- so'];[(;ev']{oo —w— & F o l‘
100 150 200

E [GeV]

I

Weniger arXiv:1204.2797 .

Aldo Morselli, INFN Roma Tor Vergata 33 ;Sg‘f”':f



Fermi-LAT Line Search

Flux Upper Limits

1_’_'\ I 1 L] 1 I ] ] ]
N 3.7 year R16 T
5 i —— Observed Limit 1
=~ 10k _oce™ - Expected Limit
= = [ Expected 68% Containment =
% = [ Expected 95% Containment =
o il
O 5 nl
O &z - ofe
o 10°F v& S =
D = R =
=3 - TS e L ‘ \ i
ol TN =
E | L | | 1 I | 1 | 1 1 1 1 | I | | 1 i
10 10°
| | | | E, (GeV)
Fermi Lat Coll., Physical Review D 88, 082002 (2013) [arXiv:1305.5597]

‘Most of the limits fall within the expected bands.

‘Near 135 GeV the limits are near the upper edge of the bands.

*The huge statistics at low energies mean small uncertainties in the collecting area can
produce statistical significant spectral features.

INFN
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Constraints from
the inner Galaxy

3 G upper limits on
the annihilation
cross-section for
different channels
and halo profiles

No assumption
on background

very robust result

Gomez-Vargas et al.
JCAP 10 (2013) 029
arXiv:1308.3515
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New Low Energy Line Search

Purpose:

To perform a spectral search for gamma-ray lines from 100 MeV to
10 GeV with the Fermi-LAT data

This would constrain models of gravitino decay, focus on the
UvSSM (Lopez-Fogliani & C. Muhoz PRL 97(2006)041801)

People:

Andrea Albert (SLAC), Elliott Bloom (SLAC), Eric Charles (SLAC),
German Gomez Vargas (PUC-Santiago/INFN-Roma2), Aldo Morselli
(INFN Roma?2) Carlos Muiioz (UAM/IFT Madrid), Michael Grefe
(Hamburg), & Christoph Weniger (GRAPPA Amsterdam).

Data:

.2 years of Pass 7 Reprocessed data
Fit for lines from 100 MeV to 10 GeV

) = 3
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1032 = = This Work (stat. + syst.) =
:\ — —= This Work (stat. only) -
B Fermi—LAT 3.7 yr (stat. only) i
1031 L —a— Vertongen, Weniger (stat. only)
3 — — EGRET Galactic centre (stat. only) J
z K :
= —) all limits at 95% CL ]
g : :
;{: i
— L
5 165
= =
.g -
O 1081
10?7 — :
- Excluded region
0.1 68 i 3 10 30

Gravitino Mass m3;, (GeV)
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New Low Energy Line Search

T T T T T T LI I T T
w—= This Work (stat. + syst.) =
— == This Work (stat. only) &

Fermi-LAT 3.7 yr (stat. only)

—a— Vertongen, Weniger (stat. only) _|

— — EGRET Galactic centre (stat. only) 3

10%2 &

But this Analysis is 4
Systematics Limited

& 103(’;
E |
- Modeling effective area 5 ol
- background emission -
G 10%

- not masking known point _
sources. because the broad PSF ! \ | ;
of the LAT at low energies. I MR, N

Gravitino Mass mj3, (GeV)

To improve the search a better energy and angular

resolution at low energies is needed
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Annihilation channels

Gamma-ray
1/

o

Continuum emission

WIMP Dark

<

: u
latter Particles iy e
+
Ecu~100GeV % u+ E
X WH/Z/g et X% Y
\TC' Neutrinos MP Dark /
v
G i
g er Particles
A v~100GeV e
e
s\ X Y
+ a few p/p, d/d Lines
Analysi Anti-matter Analysis
Chain Chain
?? ?? : ?? ?? ?
Dark Matter New Particle Final State Cosmic Ray Detector Dark Matter New Particle Cosmic Ray Detector
Density e.g. N-body ~ Theory e.g. Hadronization Propogation Simulation Density e.g. N-body  Theory e.g. Propogation Simulation
Simulation SUSY, Extra-dim e.g. PYTHIA and Galatic i.e. GEANT4 Simulation SUSY, Extra-dim  and Galatic i.e. GEANT4
Simulation Interaction 1-2008 Interaction 1-0008
i.e. GALPROP 8765A1 i.e. GALPROP 8765A2
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Residual Emission for 15 * 15 degrees around the Galactic center

Galactic latitude (deg)
Galactic latitude (deg)
=

M DATA- Model (diffuse+ sources)

6 B N 2. 5. W W »
Galactic longitude (deg) Galactic longitude (deg)

= - . 1 — - 1

9 18 7 36 45 54 63 72 81 8 6 4 2 00098 2 4 3 8

356 354 6 R

Diffuse emission and point sources account for most of the emission
observed in the region.
Low-level residuals remain, the interpretation of these is work in-progress
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SP@CTrum (E> 400 MeV, 7°x7° region centered on the
Galactic Center analyzed with binned likelihood analysis )

-
o

.......................................................

-

.............................................................................................................................................

counts/MeV

12 Fermi 1 year
102 & catalog sources

10°

1 4 y ¥
S B N e Ny S TR O
) ) D y

4
Energy (Mew
Fermi Coll. NIM A630 (2011) 147 [arXiv:0912.3828] a1 //m

Space Telescope:



GC Residuals

11 months of data, E 400 MeV, front-converting events

analyzed with binned likelihood analysis )

7°x7° region centered on the Galactic Center

* The systematic uncertainty of the effective area (blue area) of the LAT 1s ~10%
at 100 MeV, decreasing to 5% at 560 MeV and increasing to 20% at 10 GeV

04
03
0.2
0.1
0
-0.1
0.2
0.3

(counts- model) / model

SIS S I O O
E 1 R T— | 1 1 1 L T N L 1 1 | P R
104
10 Energy (MeV)
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Galactic Center and Dark Matter
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A raw image of the Galactic all known sources
Center region subtracted 0.0
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* Spatially extended excess of 1-3 GeV y rays with a spectrum, angular distribution, and overall normalization that
is in good agreement with that predicted by simple annihilating dark matter models”

« Well fit by a 31-40 GeV WIMP with <ov> = (1.4 - 2.0) x 1026 cm3/s

 approximately spherically symmetric and centered around the dynamical center of the Milky Way

A Compelling Case for Annihilating Dark Matter  arXiv:1402.6703 .
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Galactic Center and Dark Matter
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A comparison of the dark matter mass determination using the spectrum derived from
our Inner Galaxy analysis (solid line) and using the spectrum derived from our Galactic
Center analysis (dashed and dotted lines)

5 A Compelling Case for Annihilating Dark Matter arXiv:1402.6703
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Galactic Center and Dark Matter

4.0-1076 ———— — —
—-—- NGC 6266
__ 3.0-10°6 - ,% “““““““ 47 Tuc B
= s 2 s U Terzan 5
b= L — — - All MSPs
— 2.0-10~6 — Dark Matter _|
,Q. i
~
=
- 1.0-10—6 ]
’-C -
S ~ %
g Ol — — — — o e e _"-‘ _ S T T 1 ]
~1.0.1076 |- "
A R ; ; e o oy oy o X . P
0.5 1.0 50  10.0 50.0
E, (GeV)

A comparison of the spectral shape of the gamma- ray excess from the sum of all millisecond

pulsars detected as individual point sources by Fermi.The gamma-ray spectrum measured from
millisecond pulsars and from globular clusters (whose emission is believed to be dominated by
millisecond pulsars) is consistently softer than that of the observed excess at energies below <1
GeV.

- A Compelling Case for Annihilating Dark Matter ,.xiv:1402 6708
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P7REP SOURCE V15 PSF Front 68% cont. at normal incidence
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Galactic Center Region 1-5 GeV

Fermi PSF Pass7 rep v15*0.25 Fermi PSF _Pass/ rep v1) source
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Sources from two years Fermi catalog , template ring model for diffuse
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Galactic Center Region 0.2-1 GeV

ep v15 *0 25 Fermi PSF Pass7 rep v15 source

20 15 0
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Sources from two years Fermi catalog , template ring model for diffuse,
&5 ApJ 2012 199,31 [arXiv:1108.1435]
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Gamma- ngh‘r Pom‘l' Spr'ead Func‘rlon (angular r'esolu‘hon)
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A Morselli et al. , Nuclear Physics B Proc. Supp. 239-240 (2013) 193-198
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Conclusioni

Per lo studio della natura della materia oscura gli
esperimenti che rivelano raggi gamma provenienti
dallo spazio si stanno rivelando fondamentali (in
sinergia con gli esperimenti a LHC e nei laboratori
sotterranei).

Nel futuro sarebbe estremamente importante
estendere l'intervallo di energia con esperimenti
a piu’ bassa energia rispetto a Fermi (per es.
Gamma-Light ) e a piu’ alta energia ( CTA )

Aldo Morselli, INFN Roma Tor Vergata 50 /:“)T



