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v" Indirect Dark Matter search

v Unidentified Fermi Objects (UFOs) as DM candidates subhalos
v Fermi-LAT and H.E.S.S. data analysis

v Spectral Energy Distribution and DM emission models

v" Constraints from H.E.S.S. observations

v" Prediction for N-body simulations on subhalo J-factors

v Conclusions — UFOs, very unlikely DM subhalos
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« (Growing astrophysical and cosmological
evidence about the existence of Dark Matter (DM));

 WIMPs — one of the most compelling DM particle candidates;

« WIMPs created thermally in the Early Universe:
— Annihilation cross section expected for thermal WIMPs (<ov>,=3x1072°% cm3 s71);

DM SM: b, W, Z, u* E %a =>v, et p,v
L = O
« WIMPs can self-annihilate Primary channels -2 7 Final states
and produce gamma rays ) £ o
in the final states eventually detectable SM:b,W-,Z,w | & & =>1.5p,V
by satellite (Fermi-LAT)
and ground-based experiments (H.E.S.S., MAGIC, VERITAS).
N\
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Indirect Dark Matter search with gamma rays SPAR'S % Y
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« WIMPs can self-annihilate and produce

gamma-rays eventually detectable by H.E.S.S; — i
. o ma-?—'r*'r‘ — 77
* Assuming annihilation process almost at rest: 0 - » —_—
* A smoking-gun signature for DM is a very distinct _ | § —— e*e — hh
energy cut-off, close to the DM particle mass; g 5
Z 10?
« Gamma-ray flux expected from DM annihilations: = w
=
i av)J [ AL dN ™0
—(E,,AQ) = V) '; )ZBW !
db T db, Lot
102 -
mpy = 0.76 TeV
1073 —— —
1073 1072 1071 10° 10! 102
Ref. to Pythia o (TeV)
N\
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Indirect Dark Matter search with gamma rays SPAR'S 7

unlver5|te
PARIS-SACLAY

WIMPs can self-annihilate and produce
gamma-rays eventually detectable by H.E.S.S;

—
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Assuming annihilation process almost at rest:
« A smoking-gun signature for DM is a very distinct 4

)
per bin 0.02x0.02 de

energy cut-off, close to the DM particle mass; 2 1078
£
0 o
- Gamma-ray flux expected from DM annihilations: , 101%
do>» (o) J(AQ) dN; A 5
E. AQ B —4r S
B - Z "MaE, : :

—6_* 1015

* Astrophysical term J(AQ) = [ p? (r(s,0))dsdQ:  -8-
» Model needed for the density profile; e e 2 0 2 e e

» Dependence on dark matter halo modeling. longitude [deg]
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Dark I\/Iatter targets in gamma rays

\ Galaxy sateHrtes ofthe MrlkyWay .’;,. 3 i SR S S 3 * :
0. Many of them within the- 100 kpo from GC S e e aiiensubhalosn
AT Lowersrgnal tharJ from‘the GC = e
ek strophysrcal backgroung

the Galactic halo _
e Lower signal than the
. . GC region
- R e e e s ro L No otherwavelengths
- e @ . 7 counterpart
Galagtic Centre (€C) - * = ¥ == s o No astrophyrsoal background
o .PrOX|m|ty(.8kpC) g g B T
© Possrbly brrghtest source of o E
DM annihilation signals: - "'.;_.‘ Rl e . Galactrc halo
DM profile; core? cusp? s L A Largé statistics;
“‘High astrophysical. . e AL f.;-f e i prtna S Ga[ac& diffuse
‘bek /source consIonE: * “ it Sl T L e background
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Dark Matter targets in gamma rays

. Dark Matter subhalos:in
the Galactichalo . = i
O:iis .Lower signal than the
g 00 megion
" No other Wavelengths
counterpart :
. No astrophylscal background .

Aquarius, Springel ét.a.l.,..Nat.U_,ré‘-ZQ'O'S_-




Dark Matter candidate subhalos S i

T A O A TRV TR . '
ST . AR LT S TS
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’ ,:,_‘F!' s %3'@ R W & % A {}ﬁ_ R e w{}ﬂﬁ
R _ #
) "

R ﬁ*@* O I A .
Figure taken from p— %* “ ﬂﬁfiw
Ajello et al., Astrophys. J. Suppl. 2017, 232, 18

+ SNEs and PWNe #  BL Laes 0 Une. Blazars & Other GAL 7 Unassociated
= Pulsars o FSRQs L Other EGAL 4 Unknown o  Extended

— 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 UFOs for the H.E.S.S. observations.

N\
N\v | | ) 8
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Dark Matter candidate subhalos S PARIS
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KR 200 unassociated over

Do, .
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Figure taken from - -

Tk My 1556 sources In the
mit ] il S
Ajello et al., Astrophys. J. Suppl. 2017, 232, 18

catalog;
+ EBNRs and PWNe » BL Lacs 0 Une. Blagars A Other GAL
% Pulsars o FBRQs L Other EGAL 4 Unknown o Extended

— 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 UFOs for the H.E.S.S. observations.
S

H.E.s.S\]
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UFOs selection for H.E.S.S. observations  S2:5- Wil
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Selection through the Third catalog of Hard Fermi-LAT sources (3FHL*) to obtain the most
promising candidates for the H.E.S.S. observations:

» No association w/ other astrophysical sources;

» Sufficiently far from the Galactic Plane;

» No flux variability over time;

« Maximum zenith angle for the H.E.S.S. observations;

« Hard power law spectral index (I'<2);

* No conventional astrophysical counterpart in other wavelenghts (radio, optical, X);

< * Ref. Ajello et al. Astrophys. J. Suppl. 2017, 232, 18

NNUs | | .
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UFOs selection for H.E.S.S. observations SPAR'S /1

 Selection through the Third catalog of Hard Fermi-LAT sources (3FHL*) to obtain the most
promising candidates for the H.E.S.S. observations:
» No association w/ other astrophysical sources;
» Sufficiently far from the Galactic Plane;
» No flux variability over time;
« Maximum zenith angle for the H.E.S.S. observations;
« Hard power law spectral index (I'<2);
« No conventional astrophysical counterpart in other wavelenghts (radio, optical, X);

6 | _t d Criteria Numbers of sources
E Se eC e ) Without association 178
Far enough from the Galactic plane, cut in Galactic latitude of |b| > 5° 126
4 Observed by H ) E S ’ S ’ Non-variable, cut in variability index (No. of Bayesian blocks in var. analysis) equal to 1 125
Maximum zenith angle at H.E.S.S. site of 45° 83
Follow a simple power law with significance for curvature < 3o 83
Hard spectrum, cut in spectral index below 2 18
No MWL counterparts 6
< * Ref. Ajello et al. Astrophys. J. Suppl. 2017, 232, 18
QQQ _ _ 11
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UFOs selection for H.E.S.S. observations  S2:5- Wil

unlver5|te '
PARIS-SACLAY

 Selection through the Third catalog of Hard Fermi-LAT sources (3FHL*) to obtain the most

promlsmg candidates for the H.E.S.S. observations:
No association w/ other astrophysical sources;
« Sufficiently far from the Galactic Plane;
* No flux variability over time;
« Maximum zenith angle for the H.E.S.S. observations;
« Hard power law spectral index (I'<2);
* No conventional astrophysical counterpart in other wavelenghts (radio, optical, X);

— these sources are classified as Unidentified Fermi Objects (UFOs);
— H.E.S.S. observations performed in 2018.

Name BEA Dec. TE for Position Pivot | Spectral energy distribution | Power-law | Ax? | Eon
E > 10 GeV | uncertainty | energy at pivot energy index

[degrees] | [degrees] [arcmin] [GeV] 10~ TeV em—¥s~1] [(GeV]

3AFHL J0o290.2-4110 142.3345 | -41.1833 36 2.4 0.3% 0.12 4+ 0.01 1.37 = 0.07 0.15 = 33

3FHL ..T]':'PIE.Z-IEEET 288 B18Z | -13.3916 23 3.0 G628 21+ 0.9 1.5+ 0.4 0.05 = 35

AFHL J2030.2-5037 30T . 5901 -50.6344 A0 2.6 6.3 1.9+ 0.3 1.85 1+ 0.1 0.40 = BT

AFHL ..TE]D:I.5+E]]T“"|: J16. 1226 21.2831 5E 2.2 1. 56 HhA 05 2.22 4 0.06 0.02 = Bh

*  The spectral index in the 3FHL catalogue is 1.8 (Ajello et al. 2017).
b 3FHL J2104.5.2117 was recently associated in the 4FGL catalogue (Abdollahi et al. 2020) with an AGN with a probability of 0.4.

* Ref. Ajello et al. Astrophys. J. Suppl. 2017, 232, 18

QQQ 12
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Fermi-LAT data analysis S PARIS a
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« Fermi-LAT differential flux points '
and upper limits: L0-9 3FHL J0929.2 — 4110
- ThlS WOFK, —¥—This work mpum (TeV) (ov) ] (GeVicm™2s71)
- 4FGL observations; 4aFGL DM T
- 3FHL observations. 10-10, ¢ 3FAL e ] 3x107*
—_ DMDM — W*W-
Tm ——-10 2x1073
« Fermi-LAT data analysis N -1 4x1072...
— determining the DM-model £ 1071
independent spectra of UFO sources; >
« Fitting a spatial and spectral model =
of the sky region around the source W q0-12.
of interest to the data; =
« All parameters, except normalization, f
fixed to Fermi-LAT catalogue values. - 10-13.
— DM-induced emission models are viable%
according to Fermi-LAT measurements; 10-141..

N\
UQQ ) 13
- _ ~ .
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Testing the DM induced

emission model on Fermi-LAT UFO
3FHL J0929.2-4110 dataset

Change of test statistics:

TS = -2 log(L/Ly):

- Ly model: null hypothesis

- L model: DM hypothesis
described by (mpy,, (ov) J)

(ov)] (GeV2cm™2s71)

:3FHL10929.2—4110 TS = — 25 —30

107 DMDM'—> W.+M./_. N | -
Cyan contour: TS=-9 — 30 0.1 1.0 10.0
Orange contour: TS=-25 — 5¢ detection mpy (TeV)

N\
QQQ 14
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Spectral Energy Distribution A

« Fermi-LAT differential flux points
and upper limits. 10-9. 3FHL J0929.2 - 4110
—%—This work mpwm (TeV) {ov) ] (GeV2cm~?s~1)
» No significant excess any of the H.E.S.S. | e4FGL T e
datasets — differential flux upper limits 10-10, —*3FHL o 3%10°¢
~ | ——H.E.S.S., Obs. DMDM - W+ W~
| | —&—H.E.S.S., Mean exp. —=-10 2x107
- Observed; o | % -1 4X102.
 Mean Expected E 1072 | HESS 9% Cont
from 100 Poisson realizations; E,
- 68% Containment, 95% Containment. ~
L —
o 10 12;
» DM-induced emission models are viable % 3
according to Fermi-LAT measurements; et
— H.E.S.S. upper limits can constrain
some viable DM-induced emission models | 14|

that explain Fermi-LAT detection.

N\
SN\ h i
- _ ~ .
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« Testing the DM induced
emission model on Fermi-LAT UFO
3FHL J0929.2-4110 dataset

« Definition of a Likelihood function and
the Test Statistic (LLRTS)
- LLRTS (1d.o.f) =271
for the 95% C.L. UL

Ref. Cowan, G., Cranmer, K., Gross, E.
et al., Eur. Phys. J. C 71, 1554 (2011).

- |3FHL J0929.2 - 4110 —  HES.S. ~30
« 95% C.L. H.E.S.S. upper limits DMDM —» W*W- e
on (ov) xJ 0.1 1.0 10.0
Mpm (TeV)

NN\J< .

| — ' _ _g@th
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DM-induced models for UFO emissions SPARIS

S |
D ,
— . . 101
» Definition of a Likelihood function and  3FHL J0929.2.4110
the Test Statistic (LLRTS) —— 3FHL J1915.2-1323
- LLRTS (1 d.o f) =271 —— 3FHL J2030.2-5037
B ' ~2] —— 3FHL J2104.5+2117
for the 95% C.L. UL W
\
Ref. Cowan, G., Cranmer, K., Gross, E. £
et al., Eur. Phys. J. C T1, 1554 (2011). < 10-3
S
« No significant excess in any of the -
the four H.E.S.S. datasets 310_4
— 95% C.L. U.L.on (ov) x ]
for the four UFOs sources
DMDM — W+W -
W2 05 1 2 345 10 50
Mmpas (TeV)
\J
QQQ _ _ . 17
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« Stacking at the likelihood level:

-3
* no significant overall excess; 0 B
« average J-factor. _ =
11074 ~10
— 95% C.L. stacked U.L. on (ov) x] :
* Improvement of about 10% at 1TeV; c
+ 3FHL J2104.5+2117 ¥ 107
excluded from the stacking S
(possible association with an AGN); =
8 107° -25
— (ov) xJ values vs mp,, explaining
stacked Fermi-LAT dataset given Combined dataset H.E.S.S. -30
stacked H.E.S.S. ULs. 107 PRSI L
0.1 1.0 10.0
mpy (TeV)
N\
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PARIS
| P 505
e %

-15
n
|_

-20

=25

-30

Constraints on J- factor values

« Stacking at the likelihood level:
* no significant overall excess;
e average J-factor.

* Assume thermally-produced WIMPs:
(ov) = 3x107%° cm3 /s
— 95% C.L. stacked U.L. on the J-factor.

— We derive J-factor vs mp,, allowed (50)
given stacked H.E.S.S. ULs.

 Different annihilation channels produce
different spectral shape:

— some annihilation channels Lot MM ST fE T RESS =30
T 0.1 1.0 10.0
more constraining than others. o (TeV)
N\
S\x . . . s
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" %

-15
n
|_

-20

=25

-30

Constraints on J- factor values

« Stacking at the likelihood level:
* no significant overall excess;
e average J-factor.

* Assume thermally-produced WIMPs:
(ov) = 3x107%° cm?3 /s
— 95% C.L. stacked U.L. on (ov)

— We derive J-factor vs mp,, allowed (50)

given stacked H.E.S.S. ULs £ 15
~ wn
— J € [few 10%°, 10%1]GeV?cm > 3 o
—-25
Combined dataset —— H.E.S.S. -30
1013 IDMDM - TrT™ |
0.1 1.0 10.0
Mpm (TEV)
N\
S\x .
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J-factors predictions from cosmological simulations...

In-amore r?nQdeI‘-de'peride'riti‘\}vay; 'fwe"jt;ah use’cosmological simulations::...
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Cumulative J-factor distribution and number of halos

In @ more model-dependent way, we can use
cosmological simulations....

« 1000 realizations of the DM subhalo
population in a MW-like galaxy assuming
a NFW profile for the Galactic halo;

» Upper panel: cumulative J-factor
distribution N(2J);

— Cumulative J-factor distribution:
number of subhalos with J-factor
exceeding a given value.

N(=))

102 4
100 i

1072 4+

1071

1072 +—

S

UNIVERSITE

PARIS
SUD

L ]
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—— Nsubhaio =J) at [b]| >5°

100-;

= e e e S S S B S B S D S N G S SED BED B Ben B D Ben B G B ey e

22



Cumulative J-factor distribution and number of halos ~ SPARis
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« Lower panel: probabilities to find at least , —— Nsubhato =J) at |b| > 5°
one or three subhalos with J-factor - 107
exceeding a given value; N
= 100
At 95% C.L. :
e 3 Npgio = 1 With Jg10 < 3x102°GeVZem ™ 1%§
e Nhalo > 3 Wlth ]halo < 1X1020G6V2Cm_5 e P(N(=)) = 1) eeeeer PIN(=) = 3)
— probability to have at least three a z
subhalos with a J-factor of 10-1 - LN
> 3x102° GeV2cm™ is only about 5%. ;—----------——————————————————---?_.---s,‘-\ _______
-2 B \
10 1017 1018 1019 1020 1021
] (GeV?cm™)
N\
SNy | | ) .
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Cumulative J-factor distribution and number of halos SPARIS /N

At 95% C.L. :
* 3 Nygo = 1 with Jg0 < 3x102°GeVZem™

* 3 Npgo = 3 With 1400 < 1x102°GeVZem™ Loz — NUsubhaio 2J) at |b] > 5°
ngm q
— probability to have at least three N 100
subhalos with a J-factor of =
> 3x102° GeV2cm® is only about 5%.
1072+
- : 10 ;
« (Caveat: uncertainties on the highest z == P(N(z))=1) - PIN(=)) = 3)
predicted J-factor values 100 e
- Baryon feedback — the highest J-factor a. N
values even more unlikely; 10714 N
» Highest subhalo J-factors are usually T T
- o - . —2 : \
subject to a large statistical variance; 107 =753 ot EP STRRY STReT
Refs. Hiitten et al., Galaxies, 2019b, 7, 60 ] (GeV2cm™5)
Stref and Lavalle, Phys. Rev. D., 2017
Des,oa// and Vegetti, MNRAS, 2017
N\
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H.E.s.S\]



i S PARIS
Conclusions P RIS i
- UFOs dataset and stacked dataset; université
— (ov) x J values that explain DM-induced emission models for the UFOs.

e {(ov)y, = 3x107%6 cm3/s;
— Je[few 102%°, 10%21]GeVZcm™° allowed by Fermi-LAT fit and H.E.S.S. U.L..

« Cumulative J-factor distribution:
— probability =~ 5% to have at least three subhalos with a J-factor = 3x10%° GeV2cm-;
« large systematic uncertainties on the prediction fot the highest J-factor values

— UFO emissions in terms of annihilations of DM particles is excluded down to masses of few
hundreds of GeV at a high C.L..

— H.E.S.S. model-independent constraints relevant and robust ones for interpretation of the
UFQOs as Galactic subhalos of annihilating DM.

v" Ref. Abdalla, H. et al. Search for dark matter annihilation signals from unidentified Fermi-LAT objects
with H.E.S.S., [H.E.S.S. collaboration], arXiv:2106.00551.

N\
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H.E.S.S. analysis SPAR'S /

* For each UFO, WobbleMultipleOFF H.E.S.S. measurement;
 Std pointlike Rol: 0.12°- radius disk;
« Std excluded region around Rol: disk of 0.25° radius.

Live Time Mean zenlth

3FHL J0929.2-4110 27.4 29.0 5884 13.9

3FHL J1915.2-1323 3.6 19.1 87 1181 13.9 0.2

3FHL J2030.2-5037 9.8 31.3 160 2192 13.9 0.1

3FHL J2104.5+2117 6.8 46.7 73 853 13.9 1.1
NN | | :
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H.E.S.S. analysis i

- ON/OFF energy count distribution £ ) B P
3. 3FHL J0929.2-4110 3o- 3FHLJ1915.2-1323
E r E r
» WobbleMultipleOFF measurement; = =
* Rol: 0.12°- radius disk; 250 25
- excluded region around the Rol: i i
disk of 0.25° radius. 1ob :
5
0,
« No significant excess found between 5% o 250 o
' . . . . §45 ;— [Jore pat §45 ;— [Jore pat
ON and normalized OFF distributions; fu 3FHLJ2030.2-5037 fal 3FHLJ2104.5+2117
C E r
5355— 5355—
— 95% C.L. U.L. derivation. “ o
205— 205—
150 15)-
10F 10
5 5
| el amn Lo 0 100 P STERERER N 2 U O N R
2 15 1 05 0 0.5 1 1.5 2 15 1 05 0 0.5 1 1.5
Q log10(E/1TeV) log10(E/1TeV)
NNUs  Morarar . . 28
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Spectral Energy Distribution for the other UFOs SE’GBR'S
s )

4B

* Fermi-LAT differential flux point H.E.S.S. differential flux upper limits:
1o statistical error bars - Observed
. . . e - Mean Expected
« Fermi-LAT differential flux upper limits - 68% Containment, 95% Containment

95% C.L. upper limits

10-9 3FHL J1915.2 - 1323 10-° 3FHL J2030.2 - 5037 10-° 3FHL J2104.5 + 2117
—¥—This work mpu (TeV) (ov) ) (GeVZem~?s71) —»—This work mpy (TeV) (ov) ] (GeVZem~2s71) —»—This work mpm (TeV) {(ov) ] (GeViecm~2571)
DMDM = 1% 1~ DMDM = t* 1~ DMDM - t+7~
SFHL 10 3x10°2 aFGL 10 3x1072 abGL 10 3x1072
10_10 L 2 H.E.S.S., ObS. 1 3x10-% 10_10 +3FHL e 1 4%10-% 10_10 +3FHL i 1 3x10~%
=~ ——H.E.S.S., Mean exp. DMDM - W* W~ = —4—H.E.S.S., Obs. DMDM - W* W~ — ——H.E.S.S., Obs. DMDM - W* W~
' BB H.E.S.S. 68% Cont. - 10 EX122 L —a—H.E.S.S., Mean exp. —=-10 3x1072 " —4—H.E.S.S., Mean exp. =10 3x107
DA HES.S.95% Cont. P 7 WM HESS 68%Cont. ! P 7 WEmH.ESS. 68% Cont. ' PrL0
g 10 1 5§10t H.E.S.S. 95% Cont. . £10°1 H.E.S.S. 95% Cont. .
> ¥ > >
[V} (i} (0] :
. = i Z
E 10-12 T I«’r" _____ S / % 10-12 ,"! % 10-12 ¥
S ! - ~ =
™~ o~ . i o~
AN} w P— — = B 18]
10-13 10-13 ! QL/ ey = 10-13
I
[}
/ - /, [
Ay i 40 ¢
10—14 10—14 LA i —-14 A !
10! 10% 103 102 10' 109 101 076+ 102 102 10! 100 10
E (TeV) E (TeV)
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Likelihood analysis method and test statistics definition S 2AR gy
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* No significant excess in any UFO:
» 95% C.L UL on the free parameter (ov) x J

* Likelihood definition :
) (W'"OCB)NOFF

+ ON !
* L(, B, alNow, Nore) = T =T exp —(u + ) LB ey — (1 + ap)

* 1D binned Poisson likelihood functions to epr0|t
* energy bins inside the Rol (k index)
 stacking of the UFOs datasets

» OFF regions from the WobbleMultiple OFF: different a values

e LLRTS definition :

* LLRTS = -2 ln(l‘(p-) Er O(|IVONJ NOFF)/L(EI B' O(lNONr NOFF))
- LLRTS (1d.o.f.) = 2.71 for the 95% C.L. UL
see Cowan, G., Cranmer, K., Gross, E. et al., Eur. Phys. J. C 71, 1554 (2011).
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DM-induced models for UFO emissions "' s SPARIS /
* Definition of a Likelihood function and o — s
the Test Statistic (LLRTS)
>107?
*Likelihood L(u, B, a|Noy, Nopr) = z
1 (U+B)N0Ne—(u+[3) (u'+aB)N0FFe_(w+ap) o
“ Non' NorF! DMDM — W+~
02 05 1 3 345 10 50
* LLRTS = -2 ln(L(ll» B' alNON' NOFF)/L(EI B' alNON' NOFF)) 1 —— 3FHL J0929.2-4110
- LLRTS (1d.o.f.) =2.71 L o
for the 95% C.L. UL :IJ”_Q o e
Ref. Cowan, G., Cranmer, K., Gross, E. et al., Eur. Phys. J. C 71, 1554 (2011). %103
» No significant excess Sl
in the H.E.S.S. dataset ‘
— 95% C.L. U.L.on (ov) x ] ool _———_ T
for the four UFOs sources mon (TV)
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