Indlrec’r dark-matter searches with gamma-rays experiments ::
status and fu’rure plans from 300 KeV to 100 TeV :
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Dark Matter EVIDENCE

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, even more evidence:

Rotation curves of galaxies Gravitational lensing
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Dark Matter Candidates

*Kaluza-Klein DM in UED
*Kaluza-Klein DM in RS
*Axion

*Axino

*Gravitino

*Photino

*SM Neutrino

*Sterile Neutrino
*Sneutrino

*Light DM

*lLittle Higgs DM
*Wimpzillas

*Q-balls

*Mirror Matter

*Champs (charged DM)
eD-matter

*Cryptons
*Self-interacting
*Superweakly interacting
*Braneworld DM

*Heavy neutrino

*WIMP

*Messenger States in GMSB
eBranons

*Chaplygin Gas

*Split SUSY

*Primordial Black Holes

J. Conrad and O. Reimer Nature Physics 2017

Roma TorVergata

Some dark matter candidate particles

Neutrinos WIMPs:

Neutralino
KK photon
branon
LTP —>

Wimpzilla
I Black hole remnant

Axino
Super WIMPs:

l Gravitino
KK graviton
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scattering
(Direct detection)

Aldo Morselli, INFN Roma TorVergata Gamma24

Sept 4 2024, Milano
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(Particle colliders)



Annihilation channels
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+a few p/p, d/d

Analysis Anti-matter
Chain
?? ?? ?
Dark Matter New Particle Final State Cosmic Ray Detector
Density e.g. N-body  Theary e.g. Hadronization Propogation Simulation
Simulation SUSY, Extra-dim e.g. PYTHIA and Galatic i.e. GEANT4
Simulation Interaction 12008
i.e. GALPROP B765A1
Aldo Morselli, INFN Roma TorVergata

X b

WIMP Dark
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Dark Matter New Particle Cosmic Ray Detector
Density e.g. N-body Theory e.g. Propogation Simulation
Simulation SUSY, Extra-dim and Galatic i.e. GEANT4
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i.e. GALPROP 37255.&2
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Signal rate from WIMP annihilation

gamma-ray flux from
WIMP annihilation

H(E, AQ) x 1)dlds)
l 0.8 d!?

gover'ned by

particle physics governed by
(supersymmetric J ((P) halo distribution
parameters .. etc )

Aldo Morselli, INFN Roma TorVergata Gamma24 Sept 4 2024, Milano



. . =
Differential £
: = ) t - thar
yield for each = 10 b - bbar
annihilation = W-W
= 10 tau - tau 3
channel » :
Q-l 1 -
= = =
> 1 F ]
: 10 E? ?g
2 F .
10 £ E
3 F -
10 £ E
4 F -
10 | secondar component =
= (arbltrarl?,y rescaled) =
S r -
10 e E
6 E .
10 £ f-
10_7 X L 1 IIIIII| | IIII[I| | IIIIII| 1 1 IIIIII| \IIIII:
10~ 10" 1 10 10



. . . '."'/l‘_\ I IIIIIIII I T TTTTT I T TTITTI1 T 1 IIIIII| I I IIIII?
Differential yield ‘= E
) > .
for b bar = 107 b - bbar =
=~ -
Z 10 —~
QO E
: —
W 1 —
* 3
= -1 .
=R L =
— = =
= 2 | .
= 10 = —=
= — . 3
= — neutralino mass 3
o =3
. 10 = =
@ = =
a | |
= 4 T -
= 10 secondary n° mmponen
.:_.-." = (arbitrarily rescaled)
5 F
&= 10 =
6 F
10 =
7 | | | | -
10 I 1 11 | L LIl I 1 1 iiin 11 LI 1111
107 10" 1 10 10> 10°
ET (GeV)



Annihilation spectra for the continuum signal from the quark, lepton and

The line-like feature
expected from the
virtual internal
Bremsstrahlung
process contribution
is particularly
prominent for the
W*W- channel

Aldo Morselli,

gauge boson primary channels
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Dark Matter Search: Targets and Strategies

i Galactic Center i
=dtellites SR T Milky Way Halo
t £ t 2 .
SINILRE BT Haos 9 ] 2 |s.|cs ut sotree Large statistics, but diffuse
source id, but low statistics confusion/diffuse background

background

Isotropic” contributions

Large statistics, but astrophysics,
galactic diffuse background

Galaxy Clusters
Low background, but low statistics

Aldo Morselli, INFN Roma TorVergata Gamma24 Sept 4 2024, Milano 12



Dark Matter Search: Targets and Strategies
(Another way to see it)

signal
strength
4
GC halo
- » cumulative extragalactic signal
. i i LS ) .
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spectral line
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The sky in gamma-rays
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The sky in gamma-rays 4
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The sky in gamma-rays 4™ source catalog

Description Identified Associated

Designator Number Designator Number

Galactic center GC 1
Young pulsars, identified by pulsations PSR 135
Young pulsars, no pulsations seen in LAT yet cee cee psr 2
Millisecond pulsars, identified by pulsations MSP 120
Millisecond pulsars, no pulsations seen in LAT yet cee cee msp 35
Pulsar wind nebula PWN 11 pwn 8
Supernova remnant SNR 24 snr 19
Supernova remnant / Pulsar wind nebula SPP 0 sSpp 114
Globular cluster GLC 0 gle 35
Star-forming region SFR 3 sfr 2
High-mass binary HMB 8 hmb 3
Low-mass binary LMB 2 Imb 6
Binary BIN 1 bin 6
Nova NOV 4 nov 0
BL Lac type of blazar BLL 22 bll 1435
FSRQ type of blazar FSRQ 44 fsrq 750
Radio galaxy RDG 6 rdg 39
Nonblazar active galaxy AGN 1 agn 8
Steep spectrum radio quasar SSRQ 0 ssrq 2
Compact steep spectrum radio source CSS 0 css 5
Blazar candidate of uncertain type BCU 1 bcu 1491
Narrow-line Seyfert 1 NLSY1 4 nlsyl 4
d  Seyfert galaxy SEY 0 sey 2
Starburst galaxy SBG 0 sbg 8
Normal galaxy (or part) GAL 2 gal 4
Unknown UNK 0 unk 134
Total e 389 s 4112
H NO ASSO(  Unassociated ce- ce ce 2157 GN

* PUISar NoTe—The designation ‘spp’ indicates potential association with SNR or PWN. ‘Unknown’ are WN
= B|nary |b] < 10° sources solely associated with the likelihood-ratio method from large radio and X-ray Qvg
surveys. Designations shown in capital letters are firm identifications; lower-case letters indicate

X Star-fom associations.

Aldo Morselli, INFN Roma TorVergata Gamma24 Sept 4 2024, Milano



What has Fermi found: The LAT two-year catalog

Supernova

Bilars  ToTIBANE Globular clusters,
4% high-mass binaries,

i \ ‘/ normal galaxies
Non-blazar \ and more

active galaxies - 1%

589 1095
Unknown Blazars
31% 579%



The GeV exXcess 7 xr region centered on the Galactic Center

11 months of data, E >400 MeV, front-converting events
analyzed with binned likelihood analysis )

» 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 R T T T T T T S O O I I T, T

—_ = : : :
pg 0-3 : ....|....-....-...l..l...................fé...........é ......................................................................... 1'.; ........................
Q — : :
E 02 :_ ........................................ : I ...... b et I ................................................................
< =2 I: S T S A
S04 Erriomivivin II .....

= : S
'8 N ;_________,__________~___;.L__.
& = o7 I I
(}3 0.1 _;E..,,..sx,, ..... : , ........

i . . .
— — s :
(e 02 — T I T L R L LT L P T T e D e, o,
2 TCE :
Q = :
Lo i i i e e ek e,

: 1 L | [ - 1 1 L L I} 'L Lol ' | || 1 ' 1 L

10¢
. 10 Energy (MeV)
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the GALACTIC CENTER : any hints of Dark Matter?
the beginning of the history :

The Galactic Center as a Dark Matter Gamma-Ray Source
A.Morselli, A. Lionetto, A. Cesarini, F. Fucito, P. Ullio, Nuclear Physics B 113B (2002) 213-220 [astro-ph/0211327]
A.Cesarini, F.Fucito, A.Lionetto, A.Morselli, P.Ullio Astroparticle Physics 21,267-285, 2004 [astro-ph/0305075]

Possible Evidence For Dark Matter Annihilation In The Inner Milky Way From The Fermi Gamma Ray Space Telescope
Lisa Goodenough, Dan Hooper arXiv:0910.2998

Indirect Search for Dark Matter from the center of the Milky Way with the Fermi-Large Area Telescope
Vincenzo Vitale, Aldo Morselli, the Fermi/LAT Collaboration
Proceedings of the 2009 Fermi Symposium, 2-5 November 2009, eConf Proceedings C091122 arXiv:0912.3828 21 Dec 2009

Search for Dark Matter with Fermi Large Area Telescope: the Galactic Center
V.Vitale, A.Morselli, the Fermi-LAT Collaboration NIM A 630 (2011) 147-150 (Available online 23 June 2010)

Dark Matter Annihilation in The Galactic Center As Seen by the Fermi Gamma Ray Space Telescope
Dan Hooper, Lisa Goodenough. (21 March 2011). 21 pp. Phys.Lett. B697 (2011) 412-428

Background model systematics for the Fermi GeV excess
F.Calore, I. Cholis, C. Weniger JCAP03(2015)038 arXiv:1409.0042v1

Fermi-LAT observations of high-energy y-ray emission toward the galactic centre
M. Ajello et al.[ Fermi-LAT Coll.] Apj 819:44 2016 arXiv:1511.02938

The Fermi galactic center GeV excess and implications for dark matter
M. Ajello et al.[ Fermi-LAT Coll.] Apj 819:44 2016 arXiv:1511.02938

Revisiting the Gamma-Ray Galactic Center Excess with Multi-Messenger Observations
IC, Zhong, McDermott, Surdutovich, PRD 105, 103023 (2022)

Aldo Morselli, INFN Roma TorVergata Gamma24 Sept 4 2024, Milano
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The GeV excess (Pass8 analy5|s)

Ajello et al (201 6) (flt mtensnty)
Ajello et al (2016) (fit index)
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following uncertainties have relatively small effect on the excess spectrum

- Variation of GALPROP models
* Most significant sources of uncertainty are:

- Distribution of gas along the line of sight

- Fermi bubbles morphology at low latitude - Sources of CR electrons near the GC

Fermi-LAT Collaboration Apj 840:43 2017 May 1 arXiv:1704.03910

Aldo Morsell,

INFN Roma TorVergata
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Sept 4 2024, Milano
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The GeV excess

------------

60 GDE models )
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The GeV excess : Other explanations exist

* past activity of the Galactic center
(e.g. Petrovic et al., arXiv:1405.7928, Carlson & Profumo arXiv:1405.7685)

- Series of Leptonic Cosmic-Ray Outbursts
Cholis et al. arXiv:1506.05119

- Stellar population of the X-bulge and the nuclear bulge
Macias et al. arXiv:1611.06644

* Population of pulsars in the Galactic bulge

e.g., Yuan and Zhang arXiv:1404.2318v1, Lee et al. arXiv:1506.05124, Bartels et.al.
1506.05104
M.Ajello et al. [Fermi-LAT Coll.] Phys. Rev. D 95, 082007 (2017) [arXiv:1704.07195]

- Robustness of the Galactic Center Excess

leading explanations being annihilating dark matter or an unresolved population of
millisecond pulsars  Zhong & Cholis arXiv:2401.02481

How to discriminate between different hypothesis ?

Aldo Morselli, INFN Roma TorVergata Gamma24 Sept 4 2024, Milano 24



How to discriminate between different hypothesis ?

eROSITA
Modeling of the Fermi bubbles
Look for correlated features near the Galactic center

HESS, MAGIC, CTA

Fermi bubbles near the GC are much brighter
Possible to see with Cherenkov telescopes?

Radio observations, MeerKAT, SKA
Search for individual pulsars in the halo around the GC

Radio surveys, Planck
Look for correlated synchrotron emission near the GC

More Fermi LAT analysis

Diffuse emission modeling
Analysis of point sources near the GC

But ultimately We need a new experiment with better
angular resolution below 100 MeV

Aldo Morselli, INFN Roma TorVergata Gamma24 Sept 4 2024, Milano
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Galactic Center Region 0.5-2 GeV

v

500 MeV - 2000 MeV
Log scale

ASTROGAM Fermi-LAT 2u0.b
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Classical Dwarf spheroidal galaxies:
promising targets for DM detection

\‘\ SN Y 17777777,
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Dwarf Spheroidal Galaxies combined analysis

Upper limits, bb channel

1077 ¢
107°° —
107%?t —
107°°
10723

10724 |

3-103% — - Draco — - Sextans

Bootes | — - Fornax — - Ursa Major Il

Carina —— Sculptor — Ursa Minor

Coma Berenices — Segue 1 — Joint Likelihood, 10 dSphs

WIMP cross-section [cm® /s]

1 0—25

10°2%°® —

2 years of data, NFW

10t

107

WIMP mass [GeV]

103

robust constraints including J-factor uncertainties from the stellar data statistical analysis

Aldo Morsell,

Fermi Lat Coll., PRL 107, 241302 (2011) [arXiv:1108.3546]

INFN Roma TorVergata
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Sept 4 2024, Milano
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Dwarf Spheroudal Galcmes upper- |Iml‘|'S (6 years )

10~ 22
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$5M.Ackermann et al., [Fermi Coll.] PRL 115, 231301 (2015) [arXiv:1503.02641]
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Dwarf Spheroudal Galaxnes upper- |Iml'|'S (6 years )
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$5M.Ackermann et al., [Fermi Coll.] PRL 115, 231301 (2015) [arXiv:1503.02641]
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Comparison of ATLAS scalar/pseudo-scalar results with Fermi LAT indire

il S ' T T T T ' " J — Fermi-LAT bb
m(l) o4 B l PRL 115 (2015) 231301
g 10 : 3§ — Fermi-LAT un
o B B PRL 115 (2015) 231301

>9_’ 10 E_ g — f+ET™®
B E Fermi-LAT bb = pseudo-scalar mediator
- ~ -~ EPJC 83 (2023) 503
1 0—26 = - JHEP 03 (2024) 139
= Fermi-LAT ul C
10727 an =
= t't+Er.;“SS 3
. pseudo-scalar mediator d
1028 3
[ 3 =
[ ATLAS ]
107 F Vs=13TeV, 139 b E
- Dirac DM, All limits at 95% CL .
10—31 e ool . e s 3 s 2 ool
10 10°
! m, [GeV]

Annihilation cross section (cross-section x relative velocity v, ) averaged over the DM velocity distribution for a
pseudo-scalar mediator
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Combining all dSph observations

« Combination of the observation
results towards 20 dwarf spheroidal
galaxies (dSphs)

- Significant increase of the statistics
-> Increase the sensitivity to potential
dark matter signals

- Cover the widest energy range ever
investigated : 20 MeV — 80 TeV

« Common elements :

/s]

2
-

(ov)[cm

10724

il TR —

10—26 | . "13:?":)

w— Combination e FRr-LAT

..... Hs median HAWC

pmm H; 68% containment — HESS
e MAGIC

XX—’bb H: 95% containment — VERITAS
- Agreed model parameters 10-28 == Thermal relc (av
- Sharable likelihood table formats 10! 102 10° 104 10°
- Joint likelihood test statistic my [GeV]
Aldo Morselli, INFN Roma TorVergata Gamma24 Sept 4 2024, Milano






Galactic center CTA Sensitivity

signal: Kinasto,

signal: Einasto, bb W*W~ w/o EW corr.
T 10~
I, 10
o
g
=,
é — ermal (o0) (DarkSUSY) 2 Thermal (gv) (DarkSUSY)
T 107%- A6 10-%-
-~ CTA GC projection e 1 CTA GC projection,
HESS GC I ] HESS GC I
1 Fermi dSphs (6 years) + MAGIC Segue 1 Tsignal: Einasto, Fermi dSphs (6 years) + MAGIC Segue 1
_97 |signal: Einasto, bb Fermi dSphs (18 years) + LSST, projection —97 |[W*W~ w/o EW corr. Fermi dSphs (18 years) + LSST, projection
L X VR N L N S Y L RSN
10 10 10 10 10 10 10 10 10
m, [GeV] m, [GeV]
* Einasto profile 525 h

PpM = Ps €XP —% (L) -1 ,J~71X% 1022GeV?/cm’

Fs

* Main source of background : sources, Fermi Bubble, interstellar y, residual CR

The CTA Consortium JCAP01(2021) 057 January 27, 2021 [arXiv:2007.16129]
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Dwarf Spheroidal Galaxies: CTA Sensitivity

DM mass (TeV)

ov (cm’s)

102 E
= Sculptor with Systematics
10722
102
i —— 100 h, Stat. only
10724 = CTA SculptordSph 100 h, 0.3 % Syst.
- T —— 100 h, 1 % Syst.
B NFW profile, bb —— 500 h, Stat. only
sl e 500 h, 0.3 % Syst.
e 500 h, 1 % Syst.
102
10—27|||||| 1 |\|||||| 1 ||||\||| ] L1 1111
005 0.1 0.2 1 2 345 10 2030

DM mass (TeV)

There are several of the newly discovered dSph that have a better case for
being a promising target,
Will choose most promising targets before observations with the latest
knowledge.

Aldo Morsell,

INFN Roma TorVergata
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M eas u ri n g D M d e n S Itl eS i n Name Abbr. Type R.A.(hh mmss) dec. (dd mm ss) Distance (kpc) ZAcum N (deg) ZAcum S (deg) Month

d S p h h al 0OS Andromeda XVIII AndXVIIT  uft 00 02 14.5 £45 05 20 1330 + 104 16.3 69.7 Sep

Aquarius Aqr uft 20 46 51.8 —12 50 53 1030 + 57 41.6 11.8 Aug

Boétes I Bosl uft 14 00 06.0 +14 30 00 65+ 3 14.3 39.1 Apr

Bodtes II BosIl uft 13 58 00.0 +12 51 00 3942 15.9 37.5 Apr

Bodtes III Boslll  uft 13 57 12.0 426 48 00 46+ 2 2.0 514 Apr

Canes Venatici 1 CVnl uft 13 28 03.5 +33 3321 216 +8 4.8 58.2 Apr

: - . Canes Venatici IT CVall uft 12 57 10.0 +341915 159 +8 5.6 58.9 Apr
Optl mal d Sp hs selected accord Ing to: Carina Car cls 06 41 36.7 —50 57 58 106 £ 1 79.7 26.3 Dec
; Cetus I Cetl uft 00 26 11.0 —11 02 40 748 + 31 39.8 13.6 Sep

1' DIStan Ce(d <1OO pC) o Cetus IT CetlI uft 0117 52.8 —17 2512 30+3 46.2 7.2 Oct
i i i i Columba 1 Coll uft 05 31 26.4 —28 01 48 182 + 18 56.8 3.4 Dec

2' CUImInatlon Zenlth angle (ZAmIn < 30 ) Coma Berenices CBe uft 12 26 59.0 +23 54 156 42+ 2 4.9 48.5 Mar
Draco I Dral cls 17 20 12.4 +57 54 55 H+4 29.2 82.5 Jun

. . Draco II Drall uft 15 52 47.6 +64 33 55 20+ 3 35.8 89.2 May

Targets with no/p oor bl’lg htness and/ or Eridanus 11 Exill uft 03 44 21.5 —4331 48 330+ 16 72.3 18.9 Nov
. . Eridanus 111 Erilll uft 02 22 45.5 —52 16 48 95 427 81.0 27.7 Oct
kinematic data excluded from the MCMC Fornax For cs 02 39 59.3 —34 26 57 146 + 1 63.2 9.8 Oct
. Grus I Grul uft 22 56 42.4 —50 09 48 120 + 17 789 25.5 Sep

Jeans an alys IS. Grus IT Grull ut 22 04 04.8 —46 26 24 5345 5.2 21.8 Aug
Hercules Her ut 16 31 02.0 +12 47 30 137 + 11 160 37.4 May

Horologium. I Horl uft 02 55 28.9 —54 06 36 ard(23 82.9 29.5 Oct

Hydra II Hyall uft 12 21 42.1 —31 5907 1M+ 70 60.7 74 Mar

Indus T IndI uft 2108 48.1 —51 09 56 69 + 16 79.9 26.5 Aug

N . Indus II IndII uft 20 38 52.8 609 36 214+ 16 749 21.5 Aug
SUNIVIng Sample Laevens 3 Lae3 uft 21 06 8413 +14 58 48 67+3 13.8 39.6 Aug
Leo Leol cls 1\ as\es. 1 +1218 23 272 £ 10 16.5 36.9 Feb

. Leo II Leoll A 1113 28.8 +22 09 06 240 £ 9 6.6 46.8 Mar

— 6 Northern dS phs (]_ classical + 5 ultra- Leo IV LeolV ) ft 11 32 57.0 —00 32 00 151 +4 293 2.1 Mar
. Leo V LeoV uft 11 31 09.6 +02 13 12 169 +5 26.5 26.9 Mar
falnt) Leo T LeoT uft 09 34 53.4 +17 03 05 377 + 28 1.7 41.7 Feb
Phoenix T Phel uft 01 51 06.3 —44 26 41 427+ 31 732 19.8 Oct

Phoeniz IT Phell uft 23 39 57.6 —54 24 36 95 4 18 83.2 29.8 Sep

. Pictor I Picl uft 04 43 48.0 —50 16 48 126 + 24 79.0 25.7 Nov

— 6 Southern dSphs (3 classical + 3 ultra- Pisces IT Psell  uft 22 58 31.0 405 57 09 182 +13 228 30.6 Sep
faint) Reticulum I RetlI uft 03 35 40.9 —54 03 00 3242 82.8 29.4 Nov
Reticulum IIT RetIII uft 03 45 26.3 —60 27 00 92+13 89.2 35.8 Nov

Sagittarius I Serl dis 1855 19.5 —30 32 43 31+1 59.3 5.9 Jul

Sagittarius IT Sgrll uft 19 52 40.5 —22 04 05 6745 50.8 2.6 Jul

Sculptor Scl cls 01 00 09.4 —33 4233 8442 62.5 9.1 Oct

Segue 1 Segl uft 10 07 04.0 +16 04 55 2342 12.7 40.7 Feb

Segue 2 Seg2 uft 02 19 16.0 42010 31 3642 8.6 448 Oct

Sextans Sex cs 10 13 03.0 —01 36 53 84+3 30.4 23.0 Feb

Triangulum II Trill uft 0213 17.4 136 10 42 3042 7.4 60.8 Oct

Tucana I Tuel ut 22 41 49.6 —64 25 10 855 + 35 — 39.8 Sep

Tucana II Tucll uft 22 52 16.7 —58 33 36 58 + 6 87.3 33.9 Sep

Tucana I1I Tuclll  uft 23 56 35.9 —59 36 00 2542 88.4 35.0 Sep

Tucana IV TuclV uft 00 02 55.3 —60 51 00 48+ 4 89.6 36.2 Sep

Ursa Major I UMal uft 10 34 52.8 +51 55 12 105 +2 232 76.6 Mar

Ursa Major II UMall  uft 08 51 30.0 +63 07 48 3542 344 87.8 Feb

Ursa Minor UMi cls 15 09 08.5 +67 1321 68+ 2 385 — May

Willman 1 Will uft 10 49 21.0 +51 03 00 384T 22.3 75.7 Mar
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note:the "thermal” cross section is only a reference value. The real cross section

can be higher or lower

=20

!

hu/l

Example:
Annihilation cross-
section points from
a 19 dimensional
PMSSM fit

BayesFITS (2014)

- “thermal” cross-section
3x102% cm3s!

Note that astrong
enhancement of the
annihilation cross section
occurs for winos around 2-3
“| | TeV due to Sommerfeld

enhancement.

L.Roszkowski et al., JHEP 1502 (2015) 014
m, (TeV) [arXiv:1411.5214]

Aldo Morsell,

INFN Roma TorVergata Gamma24 Sept 4 2024, Milano
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Cumulative Number

Dwarf Spheroidal Galaxies:
Growing number of known targets

Progression of the Number of Discovered Dwarf Galaxies peg year 2 Data:

50
50 Drlica-Wagner+,
arXiv:1508.03622
40
a0l | DECam Installed DES Year 1 Data:
Bechtol+:
30l | arXiv:1503.02584
30} Koposov+:
arXiv:1503.02079
20} | |
2015 Jan 1 2015 Jul 1 2016 Jan 1
SDSS Begins 4
10} 1
,—j e Confirmed
o Candidate
1920 1940 1960 1980 2000 2020

Year
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Complementarity and Searches for Dar'k Maﬂer in the pMSSM

1

XENON1T . Excluded by ID but not DD

— e Survives DD, ID, and LHC e Excludedby DD and ID =
e Survives DD and ID but not LHC » Excluded by DD but not ID

° s-b. .*‘ E :"'
q . s i\'y "
1

Tofes
LY ) “;;

LTS
B R,

Yo » " o :
o & -
S 2
~, .

R - og1 (pb)
- - -
- - -
- - - o = =
! L L | | |
(W] W - (Ve -1 o
|

10—17 "I TR T B l°

& Cahill-Rowley et al. arXiv:1305.6921
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CTA Search for Dark Matter beyond WIMP

Axion Like Particle (ALP) search prospects
Simulated spectra of the radio galaxy NGC 1275

!
Y +B->a+B-> Y ... i - NGC 1275 Quiescent -
‘T'E 10-12 3 Tobs =300 hours =
conversion probability (E > E_;) R — ]
— — my;=30.0neV,
R 10-BE 84y =0.4x10~" GeV-! B
P ~ sinz (gayBl) % ;--- Fit w/o ALPs 3
ay 2 ? ) L CTA simulation ]
. ]
E. ~25 GeV ER bt fath 4 ]
=) I ——| '\ | = R o ]
2 -1 -1 k: 0 i 7% otﬁ"v .‘ﬁf H}
o e onl (i) (87) i T | ]
IneV 14G 10-11GeV-! —4= 10~ 100

T 100k e, NGC 1275 Flare
the observation is simulated without an ALP effect P dese=1llhours
and is modeled both without ALPs and with a fixed S 1o | e y
set of magnetic-field realization and ALP § S smirian ;
parameters that are excluded at 95 % confidence % 1013 e e
level by the flaring state simulation g 4f % 0L . & -

§ o it
The CTA Consortium, JCAP 02 (2021) 048, 2021 [arXiv:2010.01349] B (R [

Energy [TeV]

Aldo Morselli, INFN Roma TorVergata Gamma24 Sept 4 2024, Milano



Search for Dark Matter beyond WIMP

Axion Like Particle (ALP) search prospects

-10
10 CAST

 Observation of
a flaring state of
the radio galaxy

SNI1987A
y-ray burst

Fermi LAT
NGC 1275

/ w’

A

7/

WD cooling hint

ALPS 11

T TT

>
>
o

Haloscopes

HAYSTAC

—-11
NGC 1275 10
inside the TA
Perseus cluster >
)
< 10712 -
£
| Fermi LAT Galactic S/
107" 4 S
] s
—IIIIII| | IIIIIIII [ IIIIIII[ [ IIIIIIII [ IIIIIII]
10—12 10—11 10—10

Aldo Morselli, INFN Roma TorVergata

10~°

Gamma24

T TTTH

1077

108 10-°

Mg (eV)

The CTA Consortium, JCAP 02 (2021) 048, 2021 [arXiv:2010.01349]

107

1074

Sept 4 2024, Milano



Mt. Haizi 4410 altitude



Constraints on Ultra Heavy Dark Matter Properties from Dwarf Spheroidal

Galaxies with LHAASO Observations

DM annihilation cross-section

107V T T T 101/
T T T TTTIT T T T TTITIT T T T TTITIT T T ||||||| T T ||||||| T T T TTITIT T T T TTTII00 T T T TTTT0T T T T TTTTIT T T ||||||I T T llllll] T T T TTITIT
mmmm  (Observed Limits === MAGIC 2022 354h mmmmm (Observed Limits === MAGIC 2022 354h r
18 === Expected Limits VERITAS 2023 216h 18 === Expected Limits VERITAS 2023 216h
107°°F Fermi 2015 6yr TceCube 2023 10yr 1 107 Fermi 2015 6yr TceCube 2023 10yr ) 1
=== HAWC 2020 1038d I 68% containment e === HAWC 2020 1038d I 68% containment 7
10—19 === H.E.S.S 2020 80h 95% containment ,/ 10—19 === H.E.S.S 2020 80h 95% containment ’ ]
107%° 10720 1
ol T
w7 10721 w7 10721 .
£ =
= 2,
A 10-22 A 1022 A
>
S S
\% \%
10—23 10—23 L d
g
1072 10-24F XX T T ]
107%F - 10-25¢ J
I'hermal Relic cross-section I'hermal Relic cross-section
10726 L L ||||||I L 1 ||||||I L 1 ||||||I L 1 ||||||I L 1 ||||||I L 1 LLLlll 10726 1 L ||||||I 1 L ||||||I 1 L ||||||I 1 L ||||||I 1 1 ||||||I L L L LLlll
109 101 104 10° 104 10° 106 10Y 101 107 103 10% 10°
M, [TeV] M, [TeV]
700 days, 16 dwarf spheroidal galaxies
'
LHAASO Coll. 2406.08698v1
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Constraints on Ultra Heavy Dark Matter Properties from Dwarf Spheroidal

Galaxies with LHAASO Observations

DM decay lifetime

1030 T e T IllIIIII T IIIIIIII T IIIIIIII T lIIIlIl| T mrrrrmr 1030 T IIIIIII| T IIIlIIII T IIIIIIII L} IIIlIIII T T Trrrrm T mrrrrm
—_ + _
1029_ Xﬁ bb __ n 1029_ Xﬁ T T i
/"- ------- -~ TTTTEe-
I'd
1028} 7’ 4
1027
—_ 1026
w
=
g 1025
1024 d
10734 = Observed Limits — — KM2A GCHalo 2022 7 1073 == Observed Limits — — KM2A GCHalo 2022 7
=== Expected Limits == HAWC Virgo 2023 === Expected Limits == HAWC Virgo 2023
1022} Fermi GCHalo 2012 I 68% containment i 1022}t Fermi GCHalo 2012 I 68% containment
== == MAGIC Perseus 2018 95% containment == == MAGIC Perseus 2018 95% containment
IceCube 2018 IceCube 2018
1021 r 3l Ll Lol Lol Lol Lo 1021 r ol Lol Ll Ll Lol M
10Y 10t 104 10° 104 10° 106 10 10+ 104 10° 104 10°
M,[TeV] My[TeV]

700 days, 16 dwarf spheroidal galaxies

LHAASO Coll. 2406.08698v1
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detector concept

: V‘/éﬁ The baseline

D

Gamma-ray Observatory

= 80%

@320 m, FF
5,700 WCD units

Core:

5%

880 WCD units

Outer: @600m,FF
Altitude: 4,700 m a.s.l.

16 m

£
<

< muon counting

wose

46
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Bolivia 4.7k Chile 4.8 k

i |

13°S

L 9 Lake Sibinacocha (Peru)

Yanque (Peru) (Q
Chacaltaya (Bolivia)
Imatal(Peru)....LaV.az

®

Bolivia

AAP Pajonal (Chile) 9
24° S 9

Alto Tocomar (Argéntina

Peru 4.9 k
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" Bolivia 4.7k

Peru

ima

< 13°$S

Cus v Lake Sibinacocha (Peru)
Yanque (Peru) (9

Imatal(Peru) . .La

e s, ODOrtlisting: Fall 2022
. Bolvia Site visits: October
= Gjte selection: Fall 2023

de la Sief

Country Elevation Location:

Peru 4900 Laguna Sibinacocha
AAP Pajonal (Chile) 9 Peru 4450 Imata
229G 9 Peru 4450  Yanque

Argentina 4800 Cerro Vecar
Argentina 4450
Chile 4700
Chile 4400
Bolivia 4700/ ALPACA

Alto Tocomar (Argentina

ALMA Pampa La Bola

Chile

Ulld
area

| Selected as Preferred Site for. SWGO Aug.24

Peru 4.9 k
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SWGO sensitivities

-

-
-
-
-
-—
-
-
o= =— =

<ov> [emPs]
[y
o
N
E~Y

14 dSph Comb HAWC (1.4yr, no Tri ll)
30 dSph Comb SGSO (5yr)

10%° - - VERITAS Combined 5 dSph (100 hr) | 100P f e e e e e oo ~_ | == 14 dSph Comb HAWC (1.4 yr, no Tri I
HESS Sgr (100 hr) "] == 30 dSph Comb SGSO (5 yr)
= = Fermi LAT Combined 15 dSph (6 yr) - - VERITAS Segue | (48 hr)
MAGIC Segue | (160 hr) - = Fermi LAT Combined 19 dSph (6 yr)
T = = CTA Ursa Major 2 (500 hr) ™ = = IceCube (2018)
10726 : 10%* :
10° 10* 10° 10° 10* 10°
Mass,,; [TeV] Mass ), [TeV]

Assumed new dSph discovery and

J-factor and D-factor distributions of the new dSphs matches that of the previously known
dSphs

SWGO White paper arXiv:1902.08429
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The Low Enerqy
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Galactic Center Region 0.5-2 GeV

v

500 MeV - 2000 MeV
Log scale

ASTROGAM Fermi-LAT 2u0.b
20 s
f - 100.5
15 :
: - 49.9
10
5 24.9
0 12.3
-5 5.9
10} 28
15§
: 1.2
20 15 10 5 0 355 350 345 340 20 15 10 5 0 355 350 345 340 0.4
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- The Fermi LAT 3F6L Inner Galactic Region

aaaaaaaa

August 4, 2008, to July 31, 2010 100 MeV to 300 GeV energy range

A O O

O
I

Galactic longitude (deg)

Galactic latitude (deq)

' No association = Possible association with SNR or PWN «~ AGN

I, . = Pul 4 Globular clust « Starburst Gal ¢ PWN

Fer'm| CO” APJS bz BiunZ?; + (.?.z:(lJlazyarcus ” SNaIE"i Ry * Nova
(2015) 218 23 * Star-forming region

arXiv:1501.02003
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Fermi-LAT Instrument Response Functions
( Pass 8 ) Angular Resolution

P8R2 SOURCE_V6 acc. weighted PSF

10°
- E +e— Front 68%
-  Rle:g. —— Back 68%
© !! —e— Total 68%
e 10 S |
s F
c o
£ 1
s
= H
S
O i

107

10-2_ 1 11 1 1111

10
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Elements of a pair-conversion telescope

pairs:

charged-particle Y,
anticoincidence ]
shield .
1
\ )
, :
p'dll‘- L - : —
conversion '
. \[ .‘ J
FOIIEE = I s Frecesesieetaannisesanns
]
pal.ticle_ / ........ P / ..... \ ............. Ty
tracking e — Y .
detectors / \
h .
calorimeter =
(energy measurement)
INFN Roma TorVergata

Aldo Morsell,

Gamma24

* photons materialize
Into matter-antimatter

2 2
, -> Me.C? + meC

* electron and positron
carry information about
the direction, energy and

polarization of the y-ray

Sept 4 2024, Milano
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Elements of a pair-conversion telescope

. Y (more realistic scheme)
charged-particle ;
anticoincidence

shield '
\ ) * photons materialize

Into matter-antimatter

pair- - , - - pairs:
Oonversion :
C ) < ( \l .‘ : Ey -=> me+C2 + me_CZ
f()|]g ....................... frrreeerieeaeer e
! .
: ‘ : * electron and positron
carry information about
" —_— P — . the direction, energy and

particle- / / polarization of the y-ray
tracking -

detectors x \
| J f J

calorimeter =
(energy measurement)
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projected angular distribution ( degrees)

6‘]]]]' T T lllllll T T LI B B B |

5 [ J
——0.15Xo(deg) M u l 1- ' I e
4 —e— 0.07Xogdeg§
—a— 0.05Xo(deg

Scattering

-IO lllll T T lllllll T T L B B N |

E:Illllllllllllllllllllllllllll

1 11 1 111

T

—e— (0.15Xo(deq)
—a— 0.07Xogdegg
—— (0.05Xo(deg

o

projected angular distribution ( degrees)

T T lllllll
1 1 lllllll

1

90 __ agrms Qrms

— Yplane — \/Q space

0.1

1 llllll

T T lllllll

001 Ll L L el ! ! PR B
0.1 1 E(GCV) 10

2/ x/Xo [14+0.0381n (z/Xo)]

~ 13.6MeV
Bep
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Containment angle (°)

-
-
P

-
-

107

Fermi Instrument Response Function
P7SOURCE_V6 PSF at normal incidence

T —— Total 68% containment
e TR —=— Front 68% containment
@ - -

~ T —— Back 68% containment

e -=<=-Jotal 95% containment
- = Front 95% containment
-=~--Back 95% containment

- o e
"‘.-. =
= o _ "'G"-.._@
- e R !
T e = e i et ot =
e e e e A 2 R RO RO e

—
— <
—

|

1_IIIIII| 1 1 IIIIII| 1 IIIIIII| 1 1 IIIIII| l

102 10° 10* 10°
Energy (MeV)

http://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
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Energy

3me'>1>ﬁLE HEGRA MILAGRO H.ESS. VERITAS CTA+
| TeV

CAT ..... E ANG AR” ..... STACEE MAGIC ARGO HAWCL:lE\:gO -

100 GeV é‘ -------- : N

== | owwe

| GeV il EGRET | o ................ ............

100 MeV -E ..........................................

ovev B COMPTEL | =

l N{ev e | E
~ T §HETE 2
100 KeV HETE 2|

10 Kev : - ...................... I e EATHENA '

| Kev LR - s
F R *- AStro-H. . e

1992 1996 2000 2004 2008 2012 2016 2020
Year Aldo Morselli v.19 2019



+ 1-100 MeV unexplored domain for
- Dark Matter searches
- Galactic compact stars and nucleosynthesis
- Cosmic rays
- Relativistic jets, microquasars
- Blazars
- Gamma-Ray Bursts
- Solar physics
- and...
- Terrestrial Gamma-Ray Flashes

Aldo Morselli, INFN Roma TorVergata Gamma24 Sept 4 2024, Milano
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Gamma-light project

ESA S1 Call
Power~ 400 W
Weight Tracker ~110 Kg
Weight Calorimeter ~60 Kg
Total weight ~ 600 Kg

U
@ A Morselli et al. , Nuclear Physics B Proc. Supp. 239-240 (2013) 193-198 [arXiv:1406.1071]

Aldo Morsell,

INFN Roma TorVergata Gamma24 Sept 4 2024, Milano
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Gamma nght Pom’r Spr'ead Funchon (angular r'esoluhon)

‘0000:' l llllll T llllll T lllllll l E
10.00 | AGILE ;~ —
e . 300 T\ = E
£ : -
2 I -
© - -
e

E 1-00 - “:‘1 - ¥
3 : N Fermi LAT 3
S - e L B crm -
S L GAMMA-LIGHT N F k)

a® 0 S e ( Front + Bac )
Qg B 30 ® e . T"- ° -

o ®
0.1 . —
X Fermi LAT -
E front P7v6 E
0'01 A lllll i i i | lllll L | lllll i | 2 -~ lllll i L L i lllll ) ”
10’ 10? 10% 10* 10°
Energy (MeV)
A.Morselli et al. , Nuclear Physics B Proc. Supp. 239-240 (2013) 193-198 [arXiv:1406.1071]
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An instrument that combine two
detection techniques

AC system

Tracked Compton event

Calorimeter

Pair event

Aldo Morsell,

INFN Roma TorVergata

Gamma24 Sept 4 2024, Milano
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’.‘ | ol . ' L" {.‘
An observatory for ga mma rays
In the MeV/GeV domaln

O
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ASTROGAM Angular Resolution

10

—

Angular resolution (degree)
=

Aldo Morselli,

I COMPTEL Fermi/LAT

i ASTROGAM

- Compton
-1

E | IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII |

-1 2 3 4
10 1 10 10 10 10
Gamma-ray energy (MeV)

INFN Roma TorVergata Gamma24 Sept 4 2024, Milano
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©le-ASTROGAM Performance assessment

10

‘_‘f-\
(\Il '9 ///
£ 10 COMPTEL
&
o0 o 7
2 10 / EGRET
>
:‘: -11 \\
:‘E 10 “ MAGIC 'CTA North
£ _pof IBIS/ISGRI Fermi-LAT
wn 10 .
e-ASTROGAM
TEM-X ~ HiSCORE
107" CTA South -
-14 LHAASO
10
w2 10" 1 10 10F 100 10! 100 10° 107 10° 100 10"
Energy (MeV)

 e-ASTROGAM performance evaluated with MEGAIlib and —
both tools based on Geant4 — and a detailed numerical

~F>|\ mass model of the gamma-ray instrument
ﬁ £ e-Astrogam: arXiv:1611.02232
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O ur S iS T er ex p er i m e nT : y . Pli;ﬁzation - er“'m(;

AMEGO (NASA)

(two brands, one community) S8

DSSD Tracker
Segment
CZT Calorimeter DSSD Tracker
Module « Module

Csl Calorimeter

/ Module
MMS/Thermal
Blanket

ACD

Side CZT
Calorimeter

Palsars Compact
Object

/’ Binaries Galactic Diffuse

. Emission

Supernova Remnants
R
Gamma-ray Active Galactic >
Bursts  Nudlei _Novae
4 >
. Gravitational
Waw
Counterparts

Neutrino Gr
Counterparts Dark Matter

i\l
"Continuum

+ ~20% smaller tracker
»+ CZT calorimeter layer

Status and Plans :
Resubmit in the next MIDEX round
(~2027)

Gamma24 Sept 4 2024, Milano 66



Our sister experiment: AMEGO (NASA)

P DSSD Tracker

Segment
CZT Calorimeter DSSD Tracker
Module « Module

Csl Calorimeter

- / Module

MMS/Thermal
Blanket

AC

Side CZT
Calorimeter

Status and Plans :
Resubmit in the next MIDEX round
(~2027)

in the meantime:

Advocate to NASA via the Physics of the Cosmos
Program Analysis Group (PhysPAG). This is NASA’s
link to the community.

» Science gaps:
https://pcos.gsfc.nasa.gov/physpag/science-gaps/
science-gaps.php

» Technology gaps: https://pcos.gsfc.nasa.gov/news/
2024/6_Technology Gaps_Submissions_Due.php
 Join the Gamma-ray Science Interest Group
(GammasSIG)

* https://pcos.gsfc.nasa.gov/sigs/grsig.php

Aldo Morselli, INFN Roma TorVergata

Gamma24 Sept 4 2024, Milano
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National Aeronautics and
Space Administration

2020

e NG ASTROPHYSICS

® CUTE _ 2010 FLEET
180 ]ugm PRE-FORMULATION
® BURST-
T _ . -/ MIDEX/MO 2028
PN e o PROBE ~2030
Wy - - RN s @ ATHENA EARLY 2030s
_ {5 7 ,, - EQ‘; | @LISA MID 20305
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4 B GEHRELS SWIFT /
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A
‘ @ XRISM
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® CUBESAT ® OPERATING — @ ARIEL
pEE e W EroEe 2025 _ Credit: NASA Goddard Space Flight Center
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The Compton Spectrometer. and Imager

COSI The Compton Spectrometer ' -
and Imager COSI | - A‘

COSI has been selected by NASA as a
SMEX to launch in 2027

a Compton telescope for observing
0.2-5 MeV gamma-rays

Key capabilities
» Uses cryogenically-cooled germanium

detectors (GeDs) to provide energy
resolution (~1%)

Instantaneous field of view is >25%-sky
and covers the whole sky every day

Goal D emphasizes the connection to
gravitational waves

~Detects short gamma-ray bursts
(GRBs) from merging neutron stars
*Localizations to ~1° accuracy
*Public alerts in <1 hour

Concept Study Report in response to:

NNH19ZDA0110-ASMEX19

— e A Principal Investigator:

Dr. John A. Tomsick
Um'gevrs'ny of Califernia; Berkeley .

Authorized Organjzational Representative:
Sabina Gafarova

- ] Contract and Grant Officer
Sponsored Projects Office, University of California, Berkeley

|

Aldo Morselli, INFN Roma TorVerg
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COMCURBE Nanosat sub-WP

Development of a 3U (?) Compton nanosat for the polarimetry
of GRBs + qualification of the e-ASTROGAM technologies

Si DSSD (1.5 mm?) +
__ IDeF-X ASICs (CEA)

~~Si DSSD (1.5 mm?) +
VATA ASICs (Ideas)

" Thick
scintillator +
B SiPM array
G
Cubesat : standard unit = 1U
Size :10x10x 10 cm
Weight : 1kg

Power: ~ 1.3 W

0
i = ~
. J
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GECCO The Galactic Explorer with a Coded Aperture Mask Compton Telescope

daj§:>

Coded Aperture Mask with
AntiCoincidence Shield

N
o
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Mask deployment

BGO shield

b4 cylinder CZT Imaging
A Detector Csl Calorimeter
conceptual design  mask in stowed position cutaway  diameter =90 cm

GECCO Team, JCAP07(2022)036 arXiv:2112.07190
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GECCO The Galactic Explorer with a Coded Aperture Mask Compton Telescope
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GECCO The Galactic Explorer with a Coded Aperture Mask Compton Telescope
Sensitivity
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Particle
Astrophysics
Experiments

about 10 Myears
in the Galaxy
(6-7 g/cm2)

creation :
acceleration Indirect,

injection Direct

and
further
acceleration? A CC@I erator

e av”

osmic Rays Propagation

} Modulation

%

| Space experiments ~ 400 km

Direct detection

Extensive Air Shower
Detectors

——

High Montain
Detectors

Cherenkov Detectors

Particle Accelerators =+ Underground, Under-ice, Underwater

AM.2019
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Particle

; I Fermi
Astrophysics creation S
Experiments acceleration

Injection

AGILE
AMS
- DAMPE
MAGIC further Calet
H.E.S.S. acceleration? Jem-EUSO
osmic rays: VERITAS HERD
about 10 Myears CTA

KASCADE Grande
DECOR
AUGER
LOFAR

in the Galaxy \ C icR CODATEMA
osmic Rays| pr ion
(6-7 g/cm?2) ) Opagat 0 NEMO
ARGO-JBJ Y | ANTARES
i Modulation IceCube
Mk KM3NeT
o Aco Baikal-6VD
SWGO DAMA/LIBRA
CoGeNT
CRESST-II
. CDMS
- residual atmosphere xenonlT
_2)(0 ) \ Extensive Air Shower LUX
- High Montain Detectors an PandaX
) Detectors o i iy / anda
= = | Cherenkov Detectors | “SSi20, ‘fﬂqﬂf > DarkSide

Particle Accelerators = Underground, Under-ice, Underwater

AM.2019
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Summary

e |ndirect search of Dark Matter with gamma rays is
complementary to all other research in the underground
laboratories and at LHC

e CTA, SWGO and LHAASO can explore the high -energy domain

e Fermiis still in orbit but we need a new mission

with a focus in the low energy range ( below 100 MeV)

e Because the flux is high it can be at the AGILE

scale (like Gamma-Light) i.e. also a National Space Agency (or two)
can support the development and launch

W
\
’Q(\o

Aldo Morselli, INFN Roma TorVergata Gamma24 Sept 4 2024, Milano 77



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7: Annihilation channels
	Slide 8: Signal rate from  WIMP annihilation
	Slide 9: Differential yield for each annihilation channel
	Slide 10: Differential yield  for b bar
	Slide 11
	Slide 12
	Slide 13: Dark Matter Search: Targets and Strategies
	Slide 14
	Slide 15: The sky in gamma-rays
	Slide 16
	Slide 17: The sky in gamma-rays  4th source catalog
	Slide 18: The sky in gamma-rays  4th source catalog
	Slide 19
	Slide 20: The GeV excess  7°x7°region centered on the Galactic Center 11 months of data, E >400 MeV, front-converting events  analyzed with binned likelihood analysis ) 
	Slide 21
	Slide 22: The GeV excess  (Pass8 analysis) 
	Slide 23: The GeV excess
	Slide 24
	Slide 25
	Slide 26: Galactic Center Region 0.5-2 GeV 
	Slide 27: Classical Dwarf spheroidal galaxies:  promising targets for DM detection
	Slide 28: Dark Matter in the Milky Way (from simulations)
	Slide 29:  Dwarf Spheroidal Galaxies combined analysis
	Slide 30:   Dwarf Spheroidal Galaxies upper-limits (6 years ) 
	Slide 31:   Dwarf Spheroidal Galaxies upper-limits (6 years ) 
	Slide 32
	Slide 33: Combining all dSph observations 
	Slide 34: CTA
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40: Complementarity and Searches for Dark Matter in the pMSSM 
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51: Galactic Center Region 0.5-2 GeV 
	Slide 52
	Slide 53: Fermi-LAT  Instrument Response Functions  ( Pass 8 ) Angular Resolution  
	Slide 54: Elements of a pair-conversion telescope
	Slide 55: Elements of a pair-conversion telescope
	Slide 56: Multiple Scattering
	Slide 57: Fermi Instrument Response Function
	Slide 58: multi-wavelength/multi-messenger facilities over the next decade  
	Slide 59
	Slide 60: Gamma-light project
	Slide 61: Gamma-Light Point Spread Function (angular resolution) 
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66: Our sister experiment:  AMEGO (NASA) (two brands, one community)
	Slide 67: Our sister experiment:  AMEGO (NASA) 
	Slide 68: NASA Plan
	Slide 69: COSI The Compton Spectrometer and Imager
	Slide 70: COSI
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77: Summary

