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Annual modulation: DAMA, 9.20 with 1.33 ton x yr, 15 cgcles

- .
Model Indegendent Annual Modulation Result || Model Independent Annual Modulation Result
DAMA/Nal + DAMA/LIBRA-phasel Total exposure: 487526 kgxday = 1.33 tonxyr
single-hit residuals rate vs fime in 2-6 keV EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648 | | | DAMA/Nal + DAMA/LIBRA-phasel Total exposure: 487526 kgxday = 1.33 tonxyr
S s T '}3_)::"‘_:( ey wA T Er Dw:ﬁ*“ _‘;g;;;‘-‘;m =" || continuous line: t,=152.5d, T=1.0y EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648
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Eil Principal mode Comparison between single hit residual rate (red points) and multiple L w
R 2737x10% d = 1y hit residual rate (green points); Clear modulation in the single hit events; o !
f | 2.6 keV No modulation in the residual rate of the multiple hit events z 0.05 - Nooe IEOUSe T S e T
§ x, A=-(0.000520.0004) cpd/kg/keV sl AE = 0.5 keV bins e ki s
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This result offers an additional strong support for the presence of DM nit:les]i’rhr'\e“l."I . .
e e e e e No systematics or side processes able to
procedures or from background 0 o = |
— quantitatively account for the measured modulation
The data favor the presence of a modulated behaviour with all the proper g, dmpiitude and fo simultaneously satisfy the manygy

features for DM particles in the galactic halo at more than 9o C.L.

From Bellis talk at TAUP 2015, http://taup2015 to.infn.it

Compatible with: DM scattering on nuclei (5-100) GeV WIMPs
DM scattcring on electrons (0.3-6) KeV ALPs
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collider searches

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 10



t those in cosmic rays of various kinds

lhe :j) absolute rates
~~ regions of high DM density

ii) discrimination against other sources
~~ low background; clear signatures
"

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - |1



Heavy Elements:
0.03%

Neutrinos:
0.3%

NB:in general
0% £ Qcpm !

Free Hydrogen
and Helium:
4%

Dark Matter:
25%

Qcpm = 0.233 £ 0.013] on large scales

Dark Energy:
70%

@ [For comparison: decaying DM directly proportional to density]

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 2
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Y
Fig.: Bergstrom, NJP 09

Msubhalo contributes very roughly the same
e.g. Diemand, Kuhlen & Madau, Ap) '07

—=> important to include realistic value for Mcs !
- depends on uncertain form of microhalo profile (Cv ...) and dN/dM
~ (large extrapolations necessary!)

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - |6
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particle physics

~ (00)ann: total annihilation cross section

My :WIMP mass (50 GeV < m,, < 5TeV)
B¢ :branching ratio into channel f

Nf : number of photons per ann.

—

<

high accuracy
spectral information

Indirect detection of dark matter - 19



Local DM densit

“4‘\.5‘&" n Vi,f\"d Dl TR ATk - ASY I X P W OB S ——
¢ standard value: ¢ (aia (ESA mission, launch |1/13)
_— GeV will collect position and
,0© Y 03 — 0.4 o 5 8
cm3 radial velocities of ~10° stars
0.30 £ 0.05

Wydrow, Pim & Dubinski, Ap) ’08

0.39 £ 0.03
Catena & Ullio, JCAP’10

043 +£0.11 £0.10
Salucci et al, A&A ’10

=> will settle the issue...!

H Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 21



Bringmann & Weniger (2012)
T T

;\ i Internal
Bremsstrahlung

xXx — [y, WW—y
O(aem)

1 0.10 020
x=E/m,

2.00

@ Primary photons

nany < direct annihilation to photons
- & model-independent < model-dependent imoling gun’
- difficult to distinguish from astro BG spectral features near £, = m,,

I

—) good constraining potential =) discovery potential

ati
n

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 22



formation

Extragalactic background DM clumps

/___,""' . . a

- - DM contribution from all z Galactic center ¢ easy discrimination
- background dlfﬁcult. to’model < brightest DM source in sky (once found)
- substructure evolution? Q |a|~ge background contributions Q bright enough?

Indirect detection of dark matter - 37
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ike for photons

(for the same target) usually
velocity

distribution

v interactions

o ' : wr ) f Detector -
21 Torsten Bringmann, University of Hamburg Fiz.from LEdsi® Indirect detection of dark matter - 71




hadronje
shower
signatures

O(km) long
muon tracks

o -0.7
@, ~0.7°(E, /TeV)

neutrino astronomy!
/r/

=

 fluxes: need HUGE volumes!

O(10m) cascades,
v, v, heutral current

- down-going: atmospheric neutrinos
~ ~ up-going: also induced by cosmic rays
. (hitting the atmosphere the far side of the earth)

~> look for excesses in any given direction
',1 Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 72




pectral information tends to get washed out

|

l amounts of matter and antimatter

N
\

"\ Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 8|




- fie J/J istribution
alaxy for £ < 10° TeV

,

: J/| Ov ogeneItIeS
cribed by diffusion equation

(’M 0 0
813 - V. (DV = 'U;)w + (9 bloss¢ 3_K8p¢ = ({source
: P ycon 'g) energy Sources
e . losses | :
Diffusion coefficient, diffusive (primary &
often D x B(E/q)° : reacceleration rcay)
convection A
UH K xv2p*/D

.1 Torsten Bringmann, University of Hamburg Indlrect detection of dark matter - 83



- Strong, Moskalenko, ...

DRAGON

Evoli, Gaggero, Grasso & Maccione

€.8. Donato, Fornengo, Maurin, Salati, Taillet, ...

full parameter space
- © only 2D possible
© simplified gas distribution, energy losses = R = 20kpc

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 84
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T. Bringmann & P. Salati (2006)
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SECONDARY SPECTRUM

ROPAGATION UNCERTAINTY BAND

Solar Minimum with ¢, = 500 MV
Scan with B/C compatible data and ALL &
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"1 Torsten Bringmann, University of Hamburg

1 10 100 1000

TIoA  [GeV]
TB & Salati, PRD ’07

104

BESSpolar 2004
Abe et al., PRL '08

PAMELA 2008
Adriani et al, PRL’10

=> very nice test for
underlying diffusion model!

Indirect detection of dark matter - 86
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S.Ting:

“Over the coming months, AMS
will be able to tell us conclusively
whether these positrons are a
signal for dark matter, or whether
they have some other origin”

Indirect detection of dark matter - 92
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’ propagation uncertainties:

< secondaries ~ 2-4
< primaries ~5

=> need for local primary source(s) to

describe data well above ~10 GeV

Indirect detection of dark matter - 94



50001

20001
1000
I,

83]
500F

200+

100

P'09 ¢ old SNRs Blasi, PRL 09 ¢ and further
Blasi & Serpico, PRL 09 proposals...

Positrons are certainly not the best
messengers for DM searches!

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 95
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No evidence for deviation from astroplﬁgsical secondaries

Set stringent bounds on DM Properties
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AMS-02 Pbar/

Kounine, AMS days at CERN, APril 2015

1072

¢ PAMELA 2012
¢ AMS-022015
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Kinetic energy T [GeV]
Giesen et al., JCAP 1509 (2015) 02%
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In addition AMS is brlngmg very detailed B I AMS-02 plp data
[ (A A ~ 3 P2 d W R R A [ B/C best fit in sample

Information on cosmic rays nuc el (e.g. B/C) which
will allow shapinﬁ the CR transport models
(DRAGON, Ga Frop, Usine, non Public codes)

This is relevant for both DM signals and its T
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KaPPI, Reinert, Winkler, JCAP 1510 (2015) 0%4

— — — pIp best fit in sample

[I propagation uncertainties
nuclear uncertainties

1075

|
10?




Positrons
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Very interesting target, but difficult 'O' GC “excess”
Potential hints, under hot discussion | Calore et alhmRe> (30¥i)) 063005
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(DES): great Potentialitg




Gamma rays GeV TeV

o ngher energles (grouncb >300 Gve :
Probe TeV+ DM § ‘
Targets s
Galacltic center 2 ol /
DM clumps '; f .E.S.S.- 100 hrs
ds Fhs gzﬁaxxes 2101;\\J
Ga axg Clusters § 10-135_ LAT - 10 yrs (Extragalactic) W
Magjc, HESS, Hawc, LHAASO, CTAW‘........' o cTacimone—__—~

102 10° 10* 10° 108 107 10®
Photon Energy (MeV)

o GeV —TeV energies (sl:)ace) or even higlﬂer

Probe GeV-TEV DM
lmProvecl energy and angular resolution
DAMPE (2 GeV - 10 TeV), GAMMA400, HERD (UP to PeV), e

e | ower energies (space): MeV — GeV

Probe subGeV DM or the low—-energg tail of WIMP DM
AstroGam, PANGU, ...



Astrofisica Nucleare e Subnucleare
GeV Astrophysics



Exercise on GeV gamma-rays

* Find the web sites of AGILE and Fermi/LAT

* Check the status of “new” gamma-ray detectors
(CALET, DAMPE, Gamma-400, HERD, other?)
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Detector Project
Y ray

charged-particle
anticoincidence

particle-
tracking
detectors STt

calori mcter/
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Gamma-ray astrophysics above 100 MeV

Picture of the day, Feb. 28, 2011, NASA-HEASARC




GeV Gamma-ray Astrophysics
The EGRET legacy



COMPTON OBSERVATORY INSTRUMENTS
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The Instruments oen CGRO Cover Six
Orders of Magnitude in Photon Energy
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- 1991-2000
- 30 MeV - 30 GeV
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- AGN, GRB, Unidentified Sources, Diffuse Bkg




The HE sky from EGRET

EGRET All-Sky Map Above 100 MeV




Analysis Topics

EGRET >300 MeV

First a word about interstellar gamma-ray emission:
Brightest at low latitudes, but detectable over the whole sky
>60% of EGRET celestial gamma rays

It fundamentally affects the approach to the analysis



counis

countis

1500}

1000 Crab

Ceminga

Data Analysis

Vela

20 0 20

galactic longitude

Carina Region

—— “;.‘"—-"" T —ban,,
*—--n“‘\‘_"qw.n-————. --._..—/H.m-
140 120 100 80
galactic longitude
Galactic Center
PSRB 1706-44 2/ ;»—r--_;-""l.-:-'\.'_'
| > L
. .o-"l’. ol e



Analysis Topics: Source detection

* Source detection means at least 2 things:

— Recognizing that you’ve detected a point source that you
didn’t know about (and defining its statistical significance
and location on the sky)

— Determining the significance of the detection of (or
measuring an upper limit for) an already-known source

N — :
40F A335;‘

i : SJJD:-
35 g L .

L 3 nat Source location contours
3oL E

LI N for two 3EG sources

= 25F 2 3201

L aispld 3| (Hartman et al. 1999).
2.0 35

| / Potential (additional)
1.5 ] E L L N L 1 =
20 25 20 95 190 188 1685 1880 1675 1670 1865 1860 counterparts, unresolved
Right Ascension (Degresa) Galactic Longitude (Degresa) . ]
by EGRET, are indicated

o
o

Fic. 3. TS maps of possible composite 3EG sources. Lefr: 3EG J0118+0248. The 3EG identification 0119+041, the steep spectrum Mattox et al. (2001)
counterpart 3C 037 (diamond ). and our two new blazar counterparts (along the uncertainty region major axis) are shown. Righe: 3EG JO808+5114. Again,

two high-confidence identifications lie along the major axis.

Sowards-Emmerd, Romani, & Michelson (2003, ApJ, 590, 109)



Analysis Topics: Spectral analysis

F,= (201 + 0.12) x 10~ %(E/0.214 GeV)~2-18£0.08

* Well, this means measuring spectra photon (cm® s GeV) *.
— Mostly power laws resulting from O
shock acceleration, which is scale ; 3C 454.3
free [ 1992 Jan. 23 — Feb. 6

— Spectral breaks occur for physics
reasons and measuring them is

diagnostic of the sources.

* For EGRET, the analysis of source
spectra was a 2-step process

photons / (t::m2 s GeV)

1077 4

— Fluxes were derived for fairly :
broad ranges of energy -

independently 107 ¢ 3

— Then a spectral model was fit ' ]

e The complication was that the 107k
exposure for a broad energy range e e o
depends on the source spectrum, so Energy (GeV)
the fitting process was iterative. interval 1992 Yoty 35 oy Fobrunsy & St for oo ong the e

MeV point.

Hartman et al. 1993 (ApJ, 407,L41),



EGRET All Sky Map

3EG J1835+5918 3C279 (blazar)
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EGRET Gamma-ray Sources

Third EGRET Catalog
E > 100 MeV
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Challenge #1

* Need simultaneous multiwavelength data to study variability and emission

processes
3C 279 Spectral Energy Distribution
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Models of AGN Gamma-ray
Production

Ly a

Jet axis
Line of
sight to
Earth

Synchrotr“ _yray
phOtOf’l o oy [ o

Ambient Proton-induced
photon or _ Shock Ccascade
synchrotron

photon

hock

Inverse-Compton
scattering

(credit:J. Buckley)
(from Sikora, Begelman, and Rees (1994))



Active Galactic Nuclei
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strong shocks
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Artistic picture by
S.Ciprini



Active Galactic Nuclei

BLR clouds
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M87 scales...

M87's Black Hole in Context




M87 scales...

radio “bubbles”

Galaxy M87

4000 light years 2000 light years

HST « WFPC2
0.1 light years Visible

M87:
FR I radio galaxy
d~16 Mpc
Mgn=(3-6)x10° Msun

NASA, NRAO and J. Biretta (STScl) « STScl-PRC99-43
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M87 scales...
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Image Credit: The EHT Multi-wavelength Science Working Group; the EHT Collaboration; ALMA (ESO/NAOJ/NRAO); the EVN; the EAVN Collaboration; VLBA (NRAO); the GMVA; the Hubble Space Telescope; the Neil Gehrels Swift Observatory;
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AGN and the Extragalactic Background Light (EBL)

(Stecker, De Jager & Salamon; Madau & Phinney; Macminn & Primack)
the start: A.l. Nikishov, Sov. Phys. JETP 14 (1962) 393.

If yy c.m. energy > 2m,, pair creation will attenuate flux. For a flux of
v -rays with energy, E, this cross-section is maximized when the partner, ¢, is

1 1TeV
~ —(——)eV
€ 3( 5 )e

For 10 GeV- 100 GeV v - rays, this corresponds to a partner photon energy
in the optical - UV range. Density is sensitive to time of galaxy formation.

() Look for roll-offs in blazar spectra due to attenuation:
V
-‘l

@, 2 e
source
EY lower
source . ] e
E, higher




AGN and EBL

e Important advances offered by Fermi:

average f(E > 10 GeV)/f(E > 1GeV)

(1) thousands of blazars

systematic effects vs redshift.

- instead of peculiarities of individual sources, look for

(2) key energy range for cosmological distances (TeV-IR attenuation more local due to
opacity).

e Effect is model-dependent (this is good) ‘

0.08 T

0.06
0.04

0.02

0.00

-0.02 [

|||||||||

Primack & A .
Bullock TAT A

Caveats

e How many blazars have intrinsic roll-offs
in this energy range (10-100 GeV)? (An
important question by itself for GLAST!)

e What if there is conspiratorial evolution in
the intrinsic roll-of vs redshift? More
difficult, however there may also be
independent constraints (e.g., direct
observation of integrated EBL).

e Must measure the redshifts for a large
sample of these blazars!




Challenge # 2

Need more exposure and optimal timing (and radio monitoring) to discover
more gamma-ray PSRs.

CRAB PSR B1509-58 VELA PSR B1706-44 PSR B1951432 GEMINGA PSR B1055-52

I

OPTICAL

l .

GAMMA-RAY
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P~33mSEC P~150mSEC P~8ImSEC P~102mSEC P~30mSEC P~ 237 mSEC P~ 197 mSEC
TIME IN FRACTIONS OF A PULSE PERIOD
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Challenge # 3

* Need fast timing for gamma-ray detection (improving EGRET deadtime, 100 msec

— 100 microsec or less).

Prompt Emission (GRB 930131)

10° Counts / second

800

1993/1/31 (Superbowl) Burst

— BATSE profile

A EGRET photons |

EGRET deadtime ~ pulse width

Time (seconds)

Delayed Emission (GRB 940217)

FEBRUARY 17, 1984 BURST
L] l L] 1 L] l L] I L] I L]

YSSE (]
1200 2550 ke EGRET {10
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Solar Flares
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Challenge # 4

Need arcminute positioning of gamma-ray sources (improving EGRET
error box radii by a factor of 2-10).
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Supernova Remnants
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Challenge #5

Need improvements in Spectral Resolution fo check for DM signals

galdef ID 44 500180
107!

0.25<1<39.75 , 300.25<1<359.75
9.75<0<-0.25, 0.25<b<9.75
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Dark Matter

Y / Gamma-rays
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Particle Dark Matter

Some important models in particle physics could also solve the dark matter problem in
astrophysics. If correct, these new particle interactions could produce an anomalous flux of
gamma rays (“indirect detection”).

X — 7 f

anomalous continuum
or yy or Zy “lines”?

Baltz et al, based-on Taylor and Babul
* Key interplay of techniques (see Baltz et al., astro/ph-0602187):

— colliders (TeVatron, LHC, ILC)

— direct detection experiments

— indirect detection (best shot: gamma rays)

* GLAST full sky coverage look for clumping throughout galactic halo, including off
the galactic plane (if found, point the way for ground-based facilities)

* Intensity highly model-dependent

* Challenge is to separate signals from astrophysical backgrounds
Just an example of what might be waiting for us to find!
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Dark Matter Searches
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> this science require large sensitivity on a broad energy range, localization power, energy resolution, time

resolution for variability search ...

key elements for the whole GLAST physics program



Detector Project

&

« Sources Classes Predicted for GLAST

Source Class

Basis for Prediction

Active Galactic Nucler (AGN)
Diffuse Cosmic Background
Gamma Ray Bursts (GRBs)

Molecular Clouds, Supernova
Remnants Normal Galaxies

Galactic Neutrons Stars (NS) &
Black Holes (BHs)
Unidentified Gamma-ray Sources

Dark Matter

EGRET quasars
EGRET, Theory
EGRET, BATSE. Milagrito

COS-B., EGRET, Theory

COS-B, EGRET
COS-B, EGRET

Theory

101



Detector Project

e Instrument must measure the direction, energy, and arrival time of high
energy photons (from approximately 20 MeV to greater than 300 GeV):

Energy loss mechanisms:

- photon interactions with matter in GLAST
energy range dominated by pair conversion:
determine photon direction
clear signature for background rejection

0.10
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bt
~ N
Y

0.08

0.06 N
g

0.04

- limitations on angular resolution (PSF)
low E: multiple scattering => many thin layers

o
~N
T

Cross section (L;;d)

0.02

high E: hit precision & lever arm oL Ehoto-electric — N
1 10 100 1000
. . £ (MeV)
Y Palr-ConverSIon Telescop € Fig. 2: Photon cross-section « in lead as a function of photon energy. The intensity of

photons can be expressed as I = Io exp (-ox), where x is the path length in radiation
anticoincidence lengths. (Review of Particle Properties, April 1980 edition).

X shield ] ) o
! e must detect y-rays with high efficiency
o and reject the much larger (~10%:1) flux

[ conversion foil
of background cosmic-rays, etc.;

| . |
/ \ gzgiirtsra(:kmg e energy resolution requires calorimeter
\ of sufficient depth to measure buildup

i __\ lorimeter of the EM shower. Segmentation useful
(energy measurement) for resolution and background rejection.




Detector Project

The LAT design is based on detailed
Monte Carlo simulations.
Integral part of the project from the
start.
» Background rejection
» Calculate effective area and
resolutions (computer models now
verified by beam tests). Current
reconstruction algorithms are
existence proofs -- many further
improvements under development.
» Trigger design.
» Overall design optimization.

Simulations and analyses are all C++,
based on standard HEP packages.

Detailed detector
model includes
gaps, support
material, thermal
blanket, simple
spacecraft, noise,

sensor responses.

Instrument naturally distinguishes gammas
from backgrounds, but details matter.

¥ ——gamma ray

proton




Beam test
' The GLAST-LAT Calibration Unit

o

-

) . M . " N 1x%4GRIDmodule

O 2 full tower TKR+CAL
modules

O 1 CAL module
O 5ACD tiles

‘N.Mazziotta - First GLAST Symposioum




Beam test

Photon configuration set-up

The gamma ray beam at the CERN PS T9 line was
produced by bremsstrahlung between electrons and the
upstream materials. A magnet has been used to well
separate electrons from photons. Finally a beam dump
has been used to stop electrons.

1 Tagged photon beam

— An external tracker (4 x-y view silicon strip
detector) was used to track electrons upstream and
downstream the magnet, read-out by means of an

external DAQ
— Trigger on S4&3S; ;& Cherenkovs

— External DAQ was synchronized with the CU one,
then the data have been merged with the CU one

— Different electron beam energy in the range 0.5-2.5
GeV and magnetic field intensity have been used
t(g r{;ovide a gamma spectrum to the CU below 2
e

1 Not tagged photon beam
— Trigger on S;; & Cherenkov

Electron — Full bremsstrahlung spectrum from 2.5GeV/c
beam elegironbeansLAST Symposioum

Sfront

Cherenkovs




AGILE calibration




AGILE calibration

kground
n provide data in M
30-700 MeV) Spectrometer,
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Payload

Silicon dete/étq&' |
«
Silicon tagging target (X
W< BTF-AGILE Schedule
/ « photon tagging system (PTS)
% « spectrometer PTS calibration
% Ve « final equipment test (Oct.)

g4 * AGILE calibration,
2-3 weeks of data collection




Technology impact -- PSF

EGRET
(1991-2000)
Phases 1-5

Spark chamber
e sense electrode spacing “mm
e sensitive layer depth ~cm

J up to 28 hit over >1m

LAT
(2008- >2013)
1-yr simulation

Si-strip detectors
e sense electrode spacing ~0.2mm
e better single hit resolution
e sensitive layer depth ~0.4mm
e up to 36 hit over 0.8m
e converter proximity to minimize
Cygnus region (15° x 159), Ey > 1 GeV MCS




Technology impact - FoV

AGILE Possible Cycle 1 Pointings

EGRET Cycle 1 Pointings

"AGILE gamma-ray sky

Cygnusregion

ield of View ~30X30deg2

| Tt 1 90.008 g‘:"‘ 1 50 60.000" i N %30(& u]
) : -

Field of View ~140X140deg2

Area ~1.4mX1.4m
Silicon Strip

Area ~0.5mX0.5m

o \
3. Y
e \\\\ Spark Chamber
: Y
1\ (Invented by
y 1\ Fukui and Miyamoto)
Calorimeter

1
\ \ Calorimeter

EGRET on Compton GRO

GLAST Large Area Telescope




After a long story ...
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