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About Moriond VHEPU 2022

= Moriond VHEPU every 4 years.
= Apbout 60 participants

= TOpICS :
Gamma-ray astronomy
Neutrinos
Cosmic rays
Multi-messenger astronomy
Dark Matter

= All contributions available :
Nttps://moriond.in?2p3.1r/2022/NVHEPU/vhepu-agenda.html
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https://moriond.in2p3.fr/2022/VHEPU/vhepu-agenda.html

GAMMA-RAY ASTRONOMY
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Origin of Galactic Cosmis Rays :
Supernova remnants

= SNRs as sources of Galactic hadronic CRs
» Historical SNRs detected in VHE gamma rays

Tycho SN (in 1572) SN 1006 RCW 86 (SN in 185) Cas A (SN around 1680)
| g §
- g
1 v g 36200 §
3 i

Right Ascension (%)
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14"45™ 234

0 Al 40 () M 10 )
e T aea ’ ’ 15h04m 15h02m 14730™
Gamma-ray ¢Xcess counts RA (hours) Right Ascension (J2000)

2335 2.3
RA (J2000) [hrs]

Detected at VHE with Detected at VHE with Detected at VHE with Detected at VHE with
VERITAS in 2011 (67 hours) H.E.S.S. in 2010 (130 hours) H.E.S.S.in 2008 (31 hours) HEGRAin 2001 (232 hours)

#D. Prokhorov
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Origin of Galactic Cosmis Rays
Supernova remnants T

CR ISM (Ey) = Ecr/10

= SNRs as sources of Galactic hadronic CRs
» Historical SNRs detected in VHE gamma rays
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= Hadronic model (pp interaction) e (orouwnd)
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= Significant softening in the energy spectra at the highest energies
— cannot provide enough CR protons at PeV energies
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Origin of Galactic Cosmis Rays :
Supernova remnants

= TeV detection of the Kepler's SNR (SN 1604) by H.E.S.S.
= 152 hours of high-quality data since 2004

. 10°®
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o = Fermi-LAT
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-3 2 = Hadronic model
= Leptonic model
-4 1072 N ; ) ; ;
262 261 0 10 10° 10! 10° 10° 10*
Right Ascension (deg) Right Ascension (deg) Energy (GeV)

= Hadronic model can well described the data
= Cosmic-ray proton spectral index, 2.2
= Exponential cut-off in the cosmic-ray proton spectrum at 100 TeV
#D. Prokhorov
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LHAASO: gamma-ray sources above 100 TeV

Equivalent ¢.m. energy \Epp (GeV)

1g—l IIIII.I1I02 T IIIII.I1I03 T T IIIII1|04 T IIIII1I05 T T IIIIJIOE’
12 sources at > 0.1 IPe\/ “ - g AN IR
Most of them are unidentiifed T O o
. & = Akero o AGASA
l§ 10'7;— ot i) |
v« [ Galactio] .
— 1oL origin Knee ™, Extragalagtic
s (S #6) rigin
g’aacncloﬂalmﬂ(ws) NL; 107 ?i 7 arggther (Ia?l tICf Sour 'w' "" ++ *
- = ¥|or.populatior\o
The first SNR as PeVatron” R e 0?19” o\ 'M
unattenuated flux K 10‘3: cowd ¥ovwd v 3l
_ 10 10"™ 10" 10" 10" 107 10" 10" 10* 1Q*
\/ T Ene?Fy (eViparticle)
_ T~ 2.89 1Tev 1PeV 106 PeV
- - LHAASO J1908+0621 = SNR G40.5-0.5 7
el - Possible association with MGRO J1908+06 that spatially
' associate with an lcecube hotspot
- Spectrum suggests >2PeV protons
[ dmaesno - Confirmation of association with SNR G40.5-0.5 would be the
Energ1;2(Te\/> first evidence of a SNR operating as a pevatron  #G. Siascio
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—xtended VHE sources: detection of 1eV halos

= New source class: Geminga and Monogem pulsars are surrounded by a spatially
extended region (~20 pc) emitting multi-TeV gamma-rays
HAWC Collaboration, Science 358, 911 (2017)

6 [deg]
6 8

= [eV halos: larger zone in which the pulsar *

does not dominate the environment;
diffusion regime N /_/ @

0.30 —— : ‘ ‘
|l —— Do =10%° cm?/s x300
...... Do = 10?8 cm?/s x30
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—xtended VH

— sources: detection of TeV halos

= New source class: Geminga and Monogem pulsars are surrounded by a spatially
extended region (~20 pc) emitting multi-TeV gamma-rays

= TeV halos: larger zone in which the pulsar *
does not dominate the environment:

diffusion regime

Dec. [deg]

Data implied the diffusion coefficient to
be two orders of magnitude lower than

the one in the Galaxy.

- Understanding transport of particles in the

vicintly of the sources

- Input for understanding the origin of the
poSsIitrons excess’ seen by AMSO2
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HAWC Collaboration, Science 358, 911 (2017)
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10

H.E.S.S. ICRC202

-10

- H.E.S.S observations
of Geminga

- More halos
candidates seen
by LHAASO
and TibetAS-y
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—xtended VH

— sources: detection of TeV halos

= New source class: Geminga and Monogem pulsars are surrounded by a spatially

extended region (~20 pc) emitting multi-TeV gamma-ravs

= JeV halos: larger zone in which the pulsar

does not dominate the environment:

diffusion regime

Positron fraction

The nearby plusar Geminga alone could
contribute to the entire positron excess around 1

TeV.

- The exact contribution depends on the size of

the low-diffusion halo

- Other pulsars could contribute as well
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Fermi Bubbles @ VHE 7

= A double-lobe structure observed by Fermi-LAT about
a decade ago

- origin still unknown

= Counterparts in the X-rays observed by eRosita,
and at other wavelengths, e.g., the microwave
haze and radio emissions

= The Fermi Bubbles look like brighter close to GC
with an energy spectrum that remains hard
(~E2) upto ~1 TeV

Emmanuel Moulin . — Moriond VHEPU 2022 11




Fermi Bubbles @ VHE 7

= A double-lobe structure observed by Fermi-LAT about
a decade ago

- origin still unknown

= Counterparts in the X-rays observed by eRosita,
and at other wavelengths, e.g., the microwave
haze and radio emissions

= The Fermi Bubbles look like brighter close to GC
with an energy spectrum that remains hard at

1078
E-2 upto~1TeV .
R
- R
| | | - pas
» H.E.S.S. data analysis of 546 hours of high-quality 5 AR 1
data +m 1
£ 10| 1 :
, , , , , >
= Differential flux upper limits 95% C.L. UL inthe TeV & !
= (Constraints on model parameters of the injected 3 FBs for H.ESS. Rol !
\ , , . w H.E.S.S.. .Obs. ULs, this work T
parﬂclg spectrum in leptonic and hadronic ~ LeptoniciSEPL
scenarios Lo-10 — Photon:SE'PL |
104 102 10° 102
#A. Montanari E (TeV)
‘ Emmanuel Moulin . — Moriond VHEPU 2022 12
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A new class of VHE sources

= Novae — outbursts from accreting binary systems
of White Dwarf + massive donor star
= Detected in gamma rays, I.e., Fermi-LAT

Emmanuel Moulin . — Moriond VHEPU 2022 13




A new class of VHE sources

Novae — outbursts from accreting binary systems
of White Dwarf + massive donor star
Detected in gamma rays, i.e., Fermi-LAT

H.E.S.S. detection of RS Oph

20- f :
34 | A
600" RS Oph: To + (1-5) days I .- RS Oph: To + (2-4) weeks I' = 10° Te night 3
ey 15 | e ' . | e
; 100 [
8
] 11
5 5 £ 1
S 30 8 30' <]
s S O ra coct e
% 3 110 102 10® 10t
§ 27900 § 7900° -,—”; Energy (GeV)
o o 5
g p-p emission
¥ Ala = 1 HES.S. stereo
z e, B & >
30l 30 TR Y& *%" | s H.E.S.S. mono
AR 4 3 ] c 4
g ‘e "5" *H.E.S.S. i Fermi-LAT
he Am >m m hoam om am om L i ul " L L n
17"54 52. 59 17"54 52. 59 48 ! 10 10 10° 110 10 10° 10
Right Ascension (J2000) Right Ascension (J2000) Energy (GeV) Energy (GeV)

- Detection at > 6 sigma on each night of first five nights
- Hadronic acceleration scenario preferred
#A. Mitchell
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A new class of VHE sources

= Novae — outbursts from accreting binary systems
of White Dwarf + massive donor star
= Detected in gamma rays, I.e., Fermi-LAT

= MAGIC detection of RS Oph

Time after eruption [d]
10 20

30

10 0 "‘E‘ 8:_ dN/d-Ep'-'E;,z'ZEB'DB & E/(257=45)GeV 4 Fermi-LAT “'E' ez_dN/dEe~E_e°'snlD'27 E<(16+1)GeV 4 Fermi-LAT
¢ MAGIC daily ~ F + wacic o L dNdE, ~ BT P Extest)Gev | # MAGIC
o F smepp > a® -y o F —e =y
# MAGIC joint 5 o § e wme | B of 1
. E 3 T — Sum 'uT : T
% % —10 leNd°f=13.1 /12 %_10 :_f . leNd°f=27.5 /11
6. u ¢  Electrons
o IV) o-11— o-1
ol | : z
W € 12 Acciari, V. (MAGIC Coll) etal.| ~'2F
;HU l l E | (in press), arxiv:2202.07681 E | | |
=in l B 2 3 B T I R 3
= o log (Energy / GeV) log (Energy / GeV)
© % P L of
S o 155 i 1sE
S l ' 13 l i3 }
Acciari, V. (MAGIC Coll.) et al. Poh e,y ; | LLobad et * { by
(in press), arxiv:2202.07681 05t o5t ¢ f
- T T T T T T _1_:1 6 i é log (Eneérgy/GeV) _1_:1 6 1 é log (Eneérgy/GeV)
59435 59440 59445 59450 59455 59460 59465
MJD
- Photon flux is compatible with constant
- Hadronic acceleration scenario preferred
#R. Lopez-Coto
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COSMIC RAYS
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~ Primaries (p, 4He, C, O, )

CR nuclel measurements

= Primaries are produced and accelerated at the

q s
sources.  Ppoc = x R -

. . ~ Secondaries (D, 3He, Li, Be, ...)
= Secondaries are produced by the collisions of

orimaries with the interstellar medium (ISM). S B
Dp a—28 a(R) is the source term (a power-law in rigidity) < '0'2;_ | B/C _
K ’ K(R) is the diffusion coefficient (a power-law in 3 ’ [ | ]
rigidity) £ 03[ | -
© L
11— —— ‘gu._ g ]
i [ Nex1.2 : . N E |
S o ClA.7 Mg by 2 AMS DI’OVId@S
o a 0/51 a Six1.1 [ 8 .
=L evidence for a break A S A
| = , L ; 4 Li i
1 ‘2!!WM*WaW$M. | n the B/C P I
E ‘ Distinct rigidity depend@nce 3 | 1 ]
Sy 10 . for pnmary speC|es - g i : E
X o Lix1.4 A 3 ‘g,- 5 ‘ J
é ;& 2 Bed® Distifet ﬁ@‘?dﬂy dependen & ] @ 40 +E ’
o b . ....,forsecondary, speoneas : b gy Rev o
30 40 102 2x10° 10 2x10 .60 102 2x10° 10°  2x10°
Rigidity R [GV] #M. Vecchi
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~ Primaries (p, 4He, C, 0, ) i

CR nuclel measurements

= Primaries are produced and accelerated at the

q s
sources.  Ppoc = x R -

| N  Secondaries (D, 3He, Li, Be, ...
= Secondaries are produced by the collisions of
orimaries with the interstellar medium (ISM).

Pp a—26 a(R) is the source term (a power-law in rigidity)
K ’ K(R) is the diffusion coefficient (a power-law in
rigidity)
, . o 037 —— Best-fit Combined fit +  3He/*He AMS-02
= Computation of cross sections 3 10 Diff. + *He/*He Pamela
s a limitation for most of the E Y -
analyses of propagation of charged £ mn*”’"“ .
. . )
particles in the Galaxy F ol
wnw 04
5 02 T
% 8.2 +HHH“**+H*H ********** pt
#P de la Torre Luque  =_g, | | |
101 100 10!

Energy (GeV/n)
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UHECR and neutral CR measurements

SIMULATIONS

(\E‘QO
= Measurements of neutrals Proton —» @ <O S S
- expected from propagation &
P Propas GZK Mechanism = ® \p
= Photon shower different from CR nuclei ones [
= Larger Xmax (maximum closer to the ground) I S T e
= | ower number of muons (but not O due to photo-nuclear eeper ot at e shower masimu
interactions)

= Best identification using Xmax and N

Emmanuel Moulin . — Moriond VHEPU 2022 19




UHECR and neutral CR measurements

Entries (dN/df)

1200 -
L SIMULATIONS

Tl
Measurements of neutrals proton — @ —O Sief _photon
- e £ 7 1
x, / \
- expected from propagation Ty 1/
GZK Mechanism | e
800 \\\’\////[/// 4 oxygen \
Photon shower different from CR nuclel ones
= Larger Xmax (maximum closer to the ground) T
Photons: 10
= [ ower number of muons (but not O due to photo-nuclear becper denthat the shower maximum
. J[e rac_ti On S) Lower number of muons
N
= Best identification using Xmax and Ny L S
; E I I I ° Auger HECO + SD 750 m (2019) U.L. at 95% C.L.
C}IE 1 ? ~. - L] Telescope Array (2019) at 95% C.L.
10° X, E . N HAWC J1825-134 alike source
g 2 |# estimated events above median: W 10 N | SR
i Nexp(E > 10180ev) 30 xs 16 A}_ ; \V\‘i —:=+=—:=—+ SHDM (Kalashev & Kuznetsov 2016)
10° Ph L
g car?(;?c?ates Lg 7 A N
# Candidates found: = NONAAANN- ! .
(E>18.0eV)= 22 S i @\\ss Wt 1 '
= . \
15 Median of the photon distribution % 10% \\\\\\\ g&% \~\
F derived as photon selection cut from the o SHM \\1\\\\\ \
study of the background extrapolation. < %\_ RY ||

10° Lol R . [
10" “J{”g,_s g s Photons identified as excess with respect 10 10 107

Fisher Discriminant f  to the expected background
PAQO starts constraining the most optimistic models
#T. Pierog of cosmogenic photon production by protons
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UHE neutrino search with radio

» Askaryan effect: predicted in 1960s and

demonstrated in early 2000s
» particle shower with negative charge excess

»  (Cherenkov Radiation: coherent for wavelengths > lateral width of

the shower
= |0 ice, this coherent radiation is radio waves!

» Radio attenuation length inice is ~ 1 km; detectors can be

sparely instrumented

= The Askaryan Radio Array (ARA)

» 5 independent stations spaced 2 km apart
= | ocated at the South Pole

= 208 days of livetime from 2019
#K. Hughes

y

small A add
destructively

large A add
coherently

10—11

=

9
Ju
N

dN/(dE dA dQ dt) [cm~2 s~ 1 sr1]

—————"
" "

ARA (2x4yr)

-

UHECR, Olinto et al.

N
N
NS
N
\N
e

N
W 10718 { ——- SFR Egax=10215, Kotera etal.  \, :
—-- 100% protons, Ahlers & Halzen . \, \\
—-- 10% protons, Ahlers & Halzen N AT
10_19 T . . \ N\ N .
10° 107 108 10° 1010 101t 1012

Neutrino Energy [GeV]

CEA - Saclay
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Neutrino alerts and VHE gamma-ray follow-up

» Space and time correlations would provide "smoking
gun” signal for joint emission processes
=> CR interaction/acceleration

= Neutrino alert emission

= Event-by-event estimation of Astro probability
- Bronze/Gold alert streams (30%/50% astrophysical probability)

= Follow-ups by IACTs, see TXS 0506+056 for
single—neutrino alert

Emmanuel Moulin . — Moriond VHEPU 2022 23




Neutrino alerts and VHE gamma-ray follow-up

= Neutrino alert emission

= Event-by-event estimation of Astro probability
- Bronze/Gold alert streams (30%/50% astrophysical probability)

= Follow-ups by IACTs, see TXS 0506+056 for
single—neutrino alert

= Searches for neutrino multiplets (“flares”)
in the IC online data stream
= Neutrino multiplet from 1ES 1312-423 :
» HE.S.S ToO observations => re-detection of the Al
source (~4sigma) ° *
= No significant change in the non-thermal emission 123
during the ToO neutrino multiplet from | P
1ES 1312-423 o Asconsion J2000)
#F. Schussler

d H.E.S.S. Preliminary
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Gravitational wave follow-up with H.E

= Since 2017 H.E.S.S successfully

followed in total 5 GV events:
1 BNS and 4 BBH.

= BBH follow-up
= No significant VHE emission found for GW170814, GW190512,

GW190728 and GW200224

= Comparison with VHE GRBs:

= (GRBs could be detectable by
H.E.S.S. if produced by BBH mergers £
" more prompt opportunities during

/
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GRB 1807208 & 190829A

O4 with deeper observations

4

#H. Askar

ermi
IIIIIIII

,,,,,

1048
1047
1046

I:‘.\ 1045 -

1042
1041

1040

3 108

—— GW170814 (1-10 TeV)

—— S5190512at (1-10 TeV) —
—0— S190728q (1-10 TeV)

—— S5200224ca (1-10 TeV)

—e— GW170817 (0.27-8.55 TeV)

—. ,\\;\ - — @ ———
~ . 1 é
! = B B =
LAT GRBs, extrapolated (1-10 TeV) . ;
®— GRB 190829A (0.2-4 TeV) ™ i i
#—- GRB 180720B (110 - 440 GeV) ‘
103 104 10° 10¢
T—To (s)
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Gravitational wave follow-up with H.E

= Since 2017 H.E.S.S successfuly /= . <"
followed in total 5 GW events: SN | R R
1 BNS and 4 BBH. Qe

nnnnnnnnnnnnnnnnnn

GW170817 (BNS) follow-up
= BBH follow-up

= No significant VHE emission found for GW170814, GW190512,

GW190728 and GW200224

= Comparison with VHE GRBs: v [ 2 St atom
GRB 1807208 & 190829A o o2 S

= GRBs could be detectable by RS T% — I —_—
H.E.S.S. if produced by BBH mergers <[ N ‘T &L

= more prompt opportunities during N =
O4 with deeper observations e —

" Astro-COLIBRI for easy access 10 main trangigrige e e mes | [

#V. Lefranc

4
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DARK MAT TER

4
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Dark matter line search with DAMPE

= DAMPE was successfully launched on December
17th 2015 from the Jiuguan Satellite Launch Center &

= 5vears of data; 2016 — 2020, Energy range: [5 - [
450] GeV, DMDNM — vy search

26 | —— DAMPE 5.0yr: stat+sys

L I \ | -
T 2 oo Contaimart Nl DAMPE energy resolution
e : e ! for photons and
1073 LR} 5 10-2 .
e * '*+,+H* y electrons/positron ~ 1% for
3 Hl||||||| | | ; E>10 GeV
g ‘ % 5 oo Z — norn|1al incidence
N% Average Spectral H | ’ H o ° 0.05 b |7 30degincidence ||
“ Energy Distribution (SED) ’ I 3 T z I normal beam test
-6 I o1 )
10 1ot 102 10 s (GeV) 10
E (GeV)

= No obvious line-like structure can be found
= DAMPE 5-year results comparable with 5.8-year | | |

results of Fermi-LAT o o
4
/
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Dwart galaxy satellites of the Milky VWay

CV.n W —Ggm

L)
Willman 1 CVnl oB°§J!J, Koposovt == 8 g0l _

S Boo I LeoV. B
Ursa Minor 3 Leo IV Leol € Lgo'l'\ -~
)
v d Draco Her ®Sextans
. ° >
Koposov2 .
1=180° [ 120°, b=0°
Sagittarius
[
S.egue ‘ Carina
.
> ®me
N~ \Segu:ez Pisces rusil e,
o e/l Retll
Tuc Il
Tuclll
® Fornax
.S ulptor

MAGIC combined analysis :

Segue 1 (158 h), Ursa Major [l (95 h),
Draco (52 h), and Coma Berenices
(50N) with a total exposure of 355 h

4
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1=-180° )

—

DM-dominated objects
No recent star formation
Very low gas amount
they could give

unambiguous detection

'6‘10_20%
o - ",
IS )
5107k DMDM —> W+W- .
>102E ¥ et
o AR
\ oo, i,
%O 10_23? ..............
o =
10%E
= W
s wWwW
10265 --------------------------------------------------------------------------- ’
10—27:g Combined limit we Segue 1
Eooo H, median e Ursa Major |1
-28
10 E E H, 68% containment Draco
g - E H, 95% containment ===~ Coma Berenices
10
Eo-mee Thermal relic cross section
-30
107 Lol Lol [
107 10° 10* 10°
Moy [GeV]
#1. Miener
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Reticulum |1

Mass-to-light ratio
~500

= Searches on specific
DM models,

e.g., Wino, Higgsino,
oranons, ...

= Combined dark matter
searches towards dwarf
spheroidal galaxies with
Fermi-LAT, HAWC,
HES.S.,, MAGIC, and
VERITAS

29



Boosted dark matter %

= CR-boosted DM scenarios
e.g., galactic Cosmic Rays (CRs) boosting local
DM particle (CRDM scenario)

» Blazar-Boosted Dark Matter (BBDM): e

the possibility of protons and electrons
N the jet of a blazar boosting the neighboring

DM particles to Earth.
-> constraints on the DM-proton and

10_25 E T T T T T T T TTTTT L

DM-electron cross-sections 1o pCMB Gasdoudcooing | xac
»  Hadronic model for TXS 0506+056 13 — 'f"ibfo,Nt,U—R?M‘ - *
. ;h;Erlw\luglc\lj?tTectlion of BBEDM sig@gls T 10 oo oty ~ ;
| gives very competitive ;0% oo = XENON1T N~
constraints on g, ., I 5 :g T (i : 2
Caveat . DM distribution around the 0 \§
SMBH of the balzar. .. B T

m, [GeV]

4
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Satellites
/0

s ermi

Detection technigues

Gamma-ray
Space Telescope

« Blocked
by the atmosphere »

Collision with atmospheric
nucleus

Extensive Air Shower

Particles from air shower penetrate
particle detectors, interact and are

ok / Water Cherenkov Detectors

PARTICLE
DETECTOR ARRAY

ETECTION TECH
Nig,
Uy

Particle from air
shower

Nl

v
Water . igh Altitude Water Cherenkov
...............

Detector tank

4-5 km

Imaging Atmospheric
Cherenkov e
Telescopes (IACT)

IMAGING ATMOSPHERIC
CHERENKOV TELESCOPE

an3] Das aA0GD IYBIaH

Photosensors detect:
Cherenkov light

Shower image, 100 GeV ray adapted from: F. Schmidt, J. Knapp, "CORSIKA Shower Images", 2005,
bétnc:/fanan authan dacda /~iknana = lehawerimages. html Not to scale

LIEAASO “l
H b F E AL 3

Combination of er Chenko
Detectors, Scintillators
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4D

Detection technigues Satelites /T
- ~20 MeV — 300 GeV
i - >2srFoV
« Blocked i i(/q... - 100% duty cycle
by the az‘mos,ohere 5 - Angular resolution 0.15-3.5°

- Energy resolution ~10%
- Sensitivity a few % Crab flux

ﬁ e Water Cherenkov Detectors

ARTICLE
DETECTOR ARRAY

~100 GeV — 1 PeV

90% duty cycle

~Sr FoV

angular resolution 0.2 - 0.8°
energy resolution ~50%
sensitivity 5-10% Crab flux

4-5 km

Imaging Atmospheric R
Cherenkov Telescopes

IMAGING ATMOSPHERIC
CHERENKOV TELESCOPE

- ~30 GeV — ~100 TeV
- Small FoV : ~ 5°

- Duty-cycle: 10-15%
- Angular resolution <0.1° 1
- Energy resolution ~10% ol . e VDS AA St 5
- sensitivity 1% Crab flux

4
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(Galactic Pevatrons and VH

- gamma rays

PeVatron - UHE gamma-ray source (£, = 100 TeV)

= \What is a PeVatron?
o Only hadronic accelerators”?
“Leptonic PeVatrons”™?

= \Whenis it no longer a candidate”?
o Clear accelerator
o Confirmed hadronic
o Coincident neutrino

Number of sources

104 -

103 .

102 .

101 .

100 .

Kifune plot (Credit: Stephen Fegan) + UHE y rays

2

/
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—e— X rays Data from HEASARC and TeVCat LHAASO
—e— HE y rays ) . g e HAWC
VHE y rays Einstein & EXOSAT err(r;l'/: GL) Carpet-2
Tibet ASy
-o— UHE y rays Fermi/LAT (3FGL) HESS
(>100TeV) MAGIC
Fermi/LAT VERITAS
HEAO A-1 (1FGL) CTA
M b & Gehrel FNGO
acom ehrels
Uhuru (4U) EGRET (3EG) ALPACA
Uhuru (2U) EGRET (2EG) /“.2
=) Rockets and
< balloons o
) .
3 COS-8 (2CG) LHAASO
= 1 COS-B(CG) HESS
© Sounding
] rockets AS-2
z e CANGAROO, TA HAWK
S Whipple (+Mrk 501) .
B Whipple (+Mrk 421)
o
McBreen et al. (Crab) Whipple (Crab)
19|60 19'70 19I80 19'90 20l00 20’10 0 2030
Year

= How many PeVatrons do we know so far?

4

/
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| HAASQO detection of 12 Galactic Pevatrons

= 12 sources at > 0.1 PeV
= [eV-PeV gamma rays from unidentified sources
LHAASO sky map at energies above 100 TeV.:

s O @ D

Galactic iatitude (deq)

[LHAASO, Nature, 2021]

- |
- o ;™ A& N O P

70 60
Galactic longitude (deg)

1018

[=)

s oot | 5 swsossmarn |t wwsommin  w Three brightest sources show no
- : ‘ ; sign of cut-off — PeVatrons
- = Extreme accelerators, proton-vs-
: 5 elecron origin not settled yet

[l

334 336 338 340 r 285 286 287 288 289 r 275 276 277 278
Right ascension (°) | Right ascension (%) | | Right ascension (°)
10-14 Ll L Lol L L L | I L I Lol
10! 102 10%10° 102 10310° 102 108

‘ y (TeV) Energy (TeV) Energy (TeV)
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| HAASQO detection of 12 Galactic Pevatrons

= | HAASO detected 12 sources at > 0.1 PeV
= [eV-PeV gamma rays from unidentified sources

Doc=60 Dec=50 Dec=40 Dec=30 Dec=20 Dec=10 Dec=0 Dec=10

o

Galactic iatitude (deq)

5 DM AE N ON S O ®

70 50
Galactic longitude (deg)

= Gamma rays >100 TeV also observed by HAWC, Tibet ASg L.

N o uwc 2030+ e j20n ‘fﬂ‘“ eRWC 1907 QR 11850+ 0 Qe j189 2 03Ruic 1383902 e 118252 3w 11809193
E>56TeV o : e _a @/,, .
< -1 -
> e ;_(:L- B ‘ é ‘ e o . 107
— e o - ’ < g - r
L é b _
838281807978777675747372717069 68 67 66 65 43424140393837353 343332313029 28272625 2423222120191817161514131211109 8765 ! [
N 1)
-10 123456 78 91011 [
VTS

Differential Flux x E? (TeV cm?s™)

2l [ "
ol - SHWIC )2019+368 ‘ SHWC J1907+063 — o oawC 1825134 | 10 E : I:z::_:;&.mp
1 ‘ ) ° 4 [~
E>100 TeV o ol b . e/ e -~ d . e [ | + Tibet AS+Proto.MD
‘;} - ! ‘ - L 4 HESS(2003-2005)
B [ . Ll
©83828180797877 767574 73 72 71 70 69 68 67 66 65 43424140 39 38 37 36 35 34 3332 31 30 29 28 2726 2524 2322212019181716 151413121110 9 8 7 6 5 13| % HESS$(2013)
[HAWC, PRL, 2020] E— S I 1071 o wmacic
-10 123456 7 8 91011 E
VTS - = HEGRA

| Co el ol

\..03

= O Sources seen by Tibet ASg coincident with LHAASO UHE sources creroy (To0)  Anenomoretal, FRL (2
/)
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Multi-messenger extragalactic astronomy

= 2017 a neutrino with energy ~290 TeV (IC170922)
detected in coincidence with the balzar TXS
0506+056 during enhanced gamma-ray activity

= [ollow-up observations by a myriad of instruments:
Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC,
H.E.S.S, INTEGRAL, Kanata, Kiso, Kapteyn,

Liverpool telescope, Subaru, Swift/NuSTAR, POV ME T R e
’ P BB oy et A T L S et
= . 08 SR L £ Bl
P 66 M TR o e SR - e
— IC170022A 50% - area; 0.15 square degroes 9 i 6 — 6.0t oo bl S TR e
w— (C170022A 90% - Mrea 7 squa — 3% (IR 7 I NS S A\,

' T& ° 4y g bl e O B LY B
. 2 = g g N TRS 050640569 2t Ly [y
3 3 2 3 8 a B R R S TR ke
2% 5 8 g o8 2 % el e W i e
; .5 E szosos+e 1 E, : . q : ;

= 3 § >4 0o @ — lceCube (50%) | - ..

2 =z 5o J|— - lceCube (90%) {1 iwi ' ent b e S A
= : 5.0 - N ' MAGIC (95%) | ' - .° "r PKS0502+049"
- Y -2 Fermi (95%) g B 00 BB R e Bt
48 ‘ MAGTG PSF 3 o TXS 05064056 |
78.4° 780° 776" 772° 768° 76 4.6 e B : . N
Right Ascension 784°  780°  776° 7720 768"  764° ; " — — 2y
Right Ascension 785 78.0 77.5 77.0 76.5

Right Ascension [°]
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Compact binary merger follow-up

= [IGO GW170817: smoking gun — relation b.fgc;/fm\ |

between GW events (BNS mergers) and short 2
GRBs ]

= First joint detection EM and GW O

» Associated with GRB 17081 7A |
= Possible other EM counterpart : AT2017gfo ?

Short term follow-up: stringent upper limits on the VHE emission

Swope +10.9 h

.
30” E

DLT40-20.5d

8h

-30°

from a BNS merger

10

T T
Fermi-GBM detection of sGRB

T T
VLA/JAGWAR Radio detection
2 -4 GHziMooley et al. (2017) .. ]

c
]
S5 10° 50-< E <300 keV- I (GEN 215
= 8_220 (GCN 21528, Goldstein et al. in prep)
[+] =7 1
I3 L Y 1
83 10 e
INTEGRAL detection of sGRB 8
10°® 75 keV < E < 2:MeV asaniagetertion
anpouncemen
. " 10-9 (GCN 21507, Savchenko et al. 2017) (GEN 21507, Coultdr et al. 20172)
S X :
S
@ ; . .
= 10710 I H.E.S.S. upper|limits (95% CL)
] Fermi-LAT: limit (95% CL) N g
b R in0.1<E<lGeV 7€ 7€ PRY
101t (Fermi-LAT 2017 in prep.) 1 528[ > (31 -3-10.50.5‘3"

[l GW170817 detection
GCN 215009,
PRL 119 (2017) 161101

216.0 2100 206.0 200.0 1956.0 190.0

’ 0.31'-2.88 TeV

right ascension L L i
010 10° 10!

13"05™00°
Right Ascension (J2000)

13"15m00°  13"10™00°

/
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10°
Time since detection of GW170817 [s]

See H. Ashkar talk@VHEPU 2022

103 104 10° 10°
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Dark Matter : what we don’'t know

- ; e
Theories of VD DM
a Dark Matter
S — ® .
=

QCD Axions

Litte Higgs

Axion-like Particles

thermal
e Planck scale
Ultra—light scal I s icles _
| | ral lg |SCa aI;S, aXI(I)n | ’ | p | | 1(? A | 11 | 1I010 | 1020 | 1l030 | 1040kg
H ' | ¢ | ¢ - e ]
-30 -20 -10 1 20 30
10 10 10 T 1 10 10 10°"eV Primordial T
Toow weak scale black hole Solar mass

4
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Dark Matter - search in VHE gamma rays

= (Classical WIMP searches d®(AQ. E 1 dN.
(AL Ey) L fov) dNy / a0 / P (r[s])ds
dE, dm 2m% ., dE, T Jaa Jios

\ l
|

o

DM~ _ __—e,W,q,. 3§ Particle physics:

‘ g o Cross sections
5 Differential
/ + + > © :
DM Tt W, q, ... photon yield
Production at colliders O DM par’tIC|e Anﬂlhllatlon SpeCtra
Mass for mDM:1 TeV per

annihilation
. - Energy cutoff at mpy,

—_
o
©
T

= Many realisations in BSM : Wino,

E2dN/dE [GeV]

Higgsino, ... o
10°E 72z
= | ook for Standard Model particles - —b 10%
electrons/positrons, photons, neutrinos, .| energy
. 10 i
protons/antiprotons - produced when DM : -~ resolution
particles collide or decay. o
1 Lol Lol L |
1072 107 1 10
‘ E [TeV]
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e

Dark Matter - search in VHE gamma rays

* Classical WIMP searches d®(AQ,E,) 1 (o'u) dN,
By L / dQ/ p2(r[s])ds
Indlrectdetectlon v m mDM ’Y AQ L.o.s
_ o Astrophysics: J-factor
we- g J(AQ) = 2(r(s,0))dsd
o ( )_ P (T(Sa )) S :
§ AS) Jlos
_— . E
oM e, W 4, - depends on the DM density distribution p
Production at colliders in the ObjeCt .

10'%

—
o
T

» Look for Standard Model particles -
electrons/positrons, photons, neutrinos,
orotons/antiprotons - produced when DM
particles collide or decay.

10’

latitude [deg]

10°

o N » )] ©
T T[T

106

Jfactor [GeV? cm®] per bin 0.02x0.02 deg?

10"

— :\\Illll‘\\\‘\l L
1910 -8 6 4 -2 0 2

4 6 8 10
longitude [deg]

Emmanuel Moulin . — Moriond VHEPU 2022 41

/

CEA - Saclay




Dark Matter targets N VAE gamma rays

\ Galaxy satelhtes of the |\/|||ky \/\/ay ‘ -_'_..f;. A e e
‘ -o'_. l\/lany of them vv[fhm the TOO kpc from GC poi e IR S gres et
i E Gt _ e st e Galactic halo
: e e ‘ g5 Lower Signal
e s e T o Cllinersignal
- (oncedound)

e 'o' LoMstr@phySICceﬂ baekgroun‘.
q b
Galactic Centre
o . Proximity.(= 8kpc)
e} P088|blyh|gh DI\/I AR
concentration A s S G et (%%]a_qtiq halo
DM profle : core? cusp’? o e ORI statistios
o H|gh astrophysmal Wt “ Nt R T NG v‘.Gala'c'tic diffcise
bek /- source confgsmh' o R e R DacKground

Aquarius, Springel gt ak Natufe 20084+ ==

— Maximize the guantity of DM signal (close distance
and large DM density) wrt background (astrophysical sources)
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e

Central region of the Milky Way

» HE.S.S. is performing a survey of the
inner few degrees of the Galactic Centre

region since 2015
— provide unprecedented sensitivity to dark
matter
— study in greater details the central diffuse
emission
— search for TeV outflows from the Galactic
Centre

= The first ever conducted VHE gamma-ray survey
of the Galactic Center (GC) region.

= 2014-2020 exposure map with 1GS pointing
positions: exposure up to b = 6°;

Galactic latitude [°]

[o2]

2014-2020 observations

5 4 3 2 1 0/-1 -2 -3 -4 -5
Galactic longitude [°]

Set of exclusion regions for DM
search to mask conventional
gamma-ray emission

N
o
o

Time exposu

0

—_

e (hours

S

/
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Central region of the Milky Way

= 6 % 107%¢
S 3 -
= £ -
| o DMDM — W+~
o 250 S 1023 .
o = :
© ) C
G 200 2 — -
= | —24
n 1074 E
Qo =
= C
3 C
S— -
/:>\ 10_2‘) =
) E ya
-1 ~ r Thermal relic density
g L0 S
-2 1026 =_—-— H.E.S.S. 2014-2020, this work —— HAWC dSph (2017)
= 4= Fermi-LAT dSph (2015) —— HAWC GC (2017)
-3 C Fermi-LAT GC (2017), DMDM — bb —— MAGIC Seguel (2016)
~ —— PLANCK (2015), DMDM — bb ~—— H.E.S.S GC (2016)
-4 0 10—27 o Ll Lo Lol Ll Ll L1l
5.4 3 2 1 0 1 -2 3 -4 5 0.050102 05 1 2345 10 50
Galactic longitude [°] m (Te\/)
DM

= Comparison with Fermi-LAT dSph and GC, HAWC dSph and GC, MAGIC Segue 1,
PLANCK CMB, H.E.S5.S. GC (2016) and this work.
— Most constraining limits in the TeV-mass range
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Dwart galaxy satellites of the Milky VWay

| 1= 80°

Cvnll 1 cgm
()
W.illman1 Cvnl °B°§o'<','| Koposov-1 = = -8 o i
o » / ) o
e ~~ Booll ;O\ LeoV ‘ségw
.Ursa Minor / Leo IV Leo | Leo T
(] /
- Draco Her ®Sextans
L] ° / .
) Koposov 2
/
1'1=0° b=0° |=-180°
; Sagittarius
S.eguea Carina
&
> ®me
N Pisces Il °
N ° Grusll ey SMC ey
Tuc 1
\ Tuic 1l
a0 @ Fornax
.Sculptor

Determination for the ultra-faint dwart
spheroidal galaxy Reticulum |I;

Stellar velocity d|sper8|on -> Iarge J- factor

= Modelling of the DM distribution:
» Pressure-supported systems
» Use of kinematic tracers of the
gravitational potential
e \Works very well in the DM-
dominated environments, e.g.,
dwarf galaxies, via the Jeans
equation modelling
= J-values discussion:
- Impact of triaxiality on halos
Stellar membership probability
Multiple stellar population

]0ﬁ | T T T { T T T T T P !
‘ E — Med[an B Retlcumm | Jfaclor - | |da]|8ru ptlon
-Ret/culum ] s 8202 g{z 40w .- — Median ]
i | — — Bestfit Lt ---68%Cls et e
£ 6 R e N 95% Cls .-~ .a+"
Ii C "_,'
O d| e T T T A0 e
Mass-to-light ratio D e B I

~500

/
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Dwart galaxy satellites of the Milky VWay

Willman 1 Cnl > B0 Il Koposov1 4~ — o0l .
ey R g \f\l‘;ségmr H.E.S.S. observations — 80 hours
. “UrsaMinor  / N o IV g e ' ' '
o e sl R X S - A selection of Milky Way ultra-faint
W R 2+ | & satellites by the Dark Energy Survey (DES)
(L L RS A e | - Some without spectroscopic J-values
&\ : v, | ” Sagittarius o |
' = e B e
& k—\"\\Segugz F‘Jscesl{ G.rusll o Tic 1\7 SMC 2
2 ,//1 .SCUW o Fbrnax i
o H.E.S.S. coll. Phys. Rev. D 102, 062001 (2020)
_ 10720E
StaCKiﬂg datasetg ol _:!:fph —$§:||I|+TUC” i — All dSph Retll+Tucll

10721 Retll —Tucll

of Ret. Il, Tuc: II. A\ e e = T — oo

— Grull
1072 -

Tuc: I, Tuc. IV, =R P
and Grus Il from o :

] 1072

HE.S.S. -\ _— ; A\
observations I “\v\;/ﬂ\fv v channa

W*W’ channel

1072
10_24 1 Lol E

1 1 ) | II 1 1 |- 1 1 11 1 1 N I | 1 1 111
0.2 1 2 3456 10 20 30 0.2 1 2 3456 10 20 30
mp,, (TeV) mp,, (TeV)

4

Emmanuel Moulin . — Moriond VHEPU 2022 46

/

CEA - Saclay



Dwart galaxy satellites of the Milky VWay

MAGIC observations 3
of 4 dSphs: Eyon
Segue 1, Ursa Major I, g
Draco, Coma Berenices
- A combined analysis of 4

dSph datasets for a total

of 354.3 h =

= Core vs. Cusp. DM profiles in dSphs. ..

ww

101
109 L
108 L.

~ =1, rs =1kpc, Mag = 1.9 X 10° Mg

I === 1000 stars
I =51 10,000 stars

100
r [kp]

10

| 20C AloeNgOuByD

w

"w
TywGeV]

HAWC obseervations of 15 dSphs

- Combination in a joint likelihood analysis,
507 days of observations

__ REF

k] k]
A A
3 8
-24
v 10 v
— HAWC (W Trill) - Leal == CanesVenaticll
107264 HAWC (wWo Tall) ==~ Leoll e Sexans
—— Tranguumil === LeaV UrsaMaorl
— Seguel Hercules === UrsaMyorll
Draco “== Bootesl == UrsaMinor
— ComaB === CanesVenaticl
10°20
1.0 10.0 100.0
M, [Tev)

Even for classical dSph galaxies like
Fornax. (avout thousanbd stars
detected) we may be lacking iof data to
disentangle. Between core and. Cusp
profiles

CEA - Saclay
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Combining all dsph observations

. ﬂﬂﬂ n N

‘Essermi
Gamma-ray
\/SpaceTelescope iigh Al d w r Cherenkor H E S S M AG IC

=  Combination of the observation results
towards 20 dwarf spheroidal galaxies (dSphs)
- Significant increase of the statistics ->
INncrease the sensitivity to potential dark
matter signals

- Cover the widest energy range ever A |Ot Of efforts OﬂgOiﬂg

investigated : 20 MeV - 80 TeV -to Coordinate and
= Common elements : share data .
- Agreed model parameters o
- Sharable likelihood table formats for joint VHE analyses j
- Joint likelihood test statistic 10728 e,
my [GeV]

a4
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Prospects for anninilating Dark Matter

« 2 sites: La Palma/ Chile

 » Afactor ~10 increase In flux sensitivity
» Energy coverage 30 GeV — 300 TeV

« Arcminute angular resolution

« Energy resolution up 1o 5% in the TeVs

= Some of the simplest classic WIMP models remain unconstrained
- DM could still interact through the W and Z bosons!

_ Rinchiuso et al., Phys.Rev. D. 103, 023011 (2021) Hryczuk, et al.,, JHEP 1910 (2019) 043

102 10%g 102 . . .
E | CTA reach vs neutrino floor -
[ Forecast Higgsino I g by
r 10— ; bino
> & ' higgsino
1 0—26 10—26 - C e wino-bino
E TA P th bino-higgsino
. Qs
Py "_; 27 = X
mE 0 /) ME 10 Tp102 4 A
S, S, £
2 2 £ 1 3 D C
~~= ~ &10=% Loz enins e s Ty Lal e o o e s s s BB i
> .28 > 28 ° i y
10 10 b i
o L i X 7, ) cose
— Full spectrum, 20 1077 Londh e, i o Blgg/cd CTA sensitivity
---- Full spectrum, 56 Z ‘ T
_ _29 —r,=0.5kpc ro=1kpc | 'z
107%° = 10 E =2
500 h E o band 3 E —ro=2kpc —r,=5kpc 3 1073 gz
to 20 band . o - ] 1820 Pttt - IMSSM
’ ' —LO prediction . 19 0 SRR G P
: O cross section r | p Resndlual background only o X %‘ ﬁ(ﬁéﬁ.ﬂ Einasto profile
. > | | | L L1111 —30 L1 L L [ I I [ A =13 =13 G ST ey i B N I -8
1 30 i 1 Lo 10 10 10 10 8 10 10 10
906 1 2 3456 10 20 30 100 071 2 3456 10 2030 100 o} [pb]
mg,, [TeV] Mpy (TeV)
DM DM
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Summary

VHE gamma astrophysics is a lively field : =
HESS, MAGIC, VERITAS, HAWC, LHASSO, ...
= Many Galactic Pevatrons
being detected |

iatitude (deg)
on s o @3

lactic
A A

8
1% - %
Galactic longitude (deg)

= TeVhalos : probing CR diffusion nearby sources
= Novae: a new class of TeV emitters

=  Birth of multimessenger astronomy :
n/gamma coincident detection

= JeV WIMP uncharted parameter space being probed

= Stay tuned with upcoming facilities : CTA , SWGO

/
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Thermal relic density
1020 L—= H.ESS. 20142020, this work —— HAWC dSph (2017)
E4— Fermi-LAT dSph (2015) —— HAWC GC (2017)
Fermi-LAT GC (2017), DMDM — bb —— MAGIC Seguel (2016)
T —— PLANCK (2015), DMDM — 5b C (2016)
107%"

mpy (TGV)

P YT T Y TR A W T R
0.050102 05 1 2345 10 50
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An alternative: selected Unidentified Fermi-LAT
Objects as Dark matter suphalos

Dark Matter subhalos in

the Galactic halo

o Lower signal than the GC region
o No astrophyiscal background

o Location not known ...

200 unassociated over 1556 sources in
the catalogue;

— these sources are classified as
Unidentified Fermi Objects (UFOs);

— Selection through the Third catalog of
Hard Fermi-LAT sources (3FHL) to obtain the
most promising UFQOs for the IACT

. iy 7 ¥ g - T ‘ 3y ‘ &
+ SNRs and PWNe #» BL Lacs 0 Unc. Blazars a  Other GAL O bse rvat | O n S .

x  Pulsars & FSRQs 4+ Other EGAL 4 Unknown
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An alternative: selected Unidentified Fermi-LAT

Objects as Dark matter subhalos

3FHL J0929.2 - 4110

10-°

10—10

=

Q
—
-

10—12

E2 dN/dE (TeVcm—2s71)

10—13

—¥—This work
+ 4FGL
—e—3FHL
——H.E.S.S., Obs.
——H.E.S.S., Mean exp.
B H.E.S.S. 68% Cont.
H.E.S.S. 95% Cont.

mpu (TeV) (ov) J (GeVZem~?s~1)

DMDM - t* 7~
e 10 3x107?
1 3x107*
DMDM - W* W~
-=-10 2x1073
——-1 4x107°..
-

10714

104 103 102 10-' 109 10t

E (Tev)

3FHL J2030.2 - 5037

102

10-10

=

i
-
-

10—12
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