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The H.E.S.S. experiment

Array of 5 Imaging Atmospheric Cherenkov Telescopes in Namibia (1800 m a.s.l)

= H.E.S.S. | (since 2003) = H.E.S.S. |l (since 2012)
" 4 telescopes (D 12 m) = Additional 5th larger telescope
> spectroscopy (@ 28m)
= Energy range 100 GeV-100 TeV > Lower energy threshold
= Energy resolution ~10% "= FoV of CT5: 3.5 deg
" Angular resolution < 0.1 deg = CT1-4 cameras upgraded
= FoV 5deg

H.E.S.S. in numbers:
13 countries ~230 people
39 Institutions 15 years of operation
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The atmosphere acts like a calorimeter — shower
Electrons produce Cherenkov light
The cone invest the telescopes

> Reconstruct energy and position
of the photons:
spectroscopy + morphology

Particle 4
shower -




The atmosphere acts like a calorimeter — shower
Electrons produce Cherenkov light
The cone invest the telescopes
Background discrimination:
stereoscopy
triggers
shape discrimination




The atmosphere acts like a calorimeter — shower
Electrons produce Cherenkov light

The cone invest the telescopes

Background discrimination:

stereoscopy D “
triggers Event discrimination based on the “shower
shape discrimination goodness” parameter

- “residual background”

PKS 2155-304 (ON-OFF)
Monte Carlo (y) - NSB 40 MHz

Background (OFF)



Targets for dark matter search in VHE gamma-rays
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Targets for dark matter search in VHE gamma-rays

-

Galaxy safellltes of the’ IVHIky Way S ".' g

6

\ ( _ I\/Iany of them within the 100 kpc from GC : Shub(s;trtljctureﬁ ulq
iy - Low astrephysical background R b -.: N e  the Galactic halo
/ Darkgatter (DM) dommated Lk e T

. v _Lowersignal
fe ‘/_ ~Cleaner signal

= (once_found)'

Galactic Center(GC), = "=

v Proximity (~8kpe) -, - s

v _High DMcontent .. * | =% "5
‘DM profile:: core? cusp? | = . &

' High astrophysieal== %} . &
bck / source confusion - f & el

Galacnc han

"(_ - Largestatistics’

¥ Galaetic diffuse
backgr!and

Credit: Aquarlus S|mulat|on

Compromlse to maX|m|ze the quantlty of DM 5|gnal
(close-by and large DM density) with respect to the
background (astrophysics sources)
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Dark matter sighal in gamma-rays

Photon flux from DM self- annihilation

DM w.zlq dp(AQ) dPpPP

X J(AQ)
Y+

Observations P
e
100 )
W
X dE dE :
p veo_ Erpe.
sot [ “Pecteq from o
. - o 4 - from visible digk
DM S i e I 1 .
. o 20 30 40 50
W,Z.l.q S
; o R (x 1000 ly)

particle physics term:

dp@) _ 1 (ov) §, dN; . f o
dE _4n2mDM2 i dE’ J(AQ) = 5 p“(s,Q)ds

7 los

Astrophysics term:

 Called J-factor

* Spectral information . DM density profile

 Annihilation cross section
* DM mass
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Dark matter sighal in gamma-rays

Photon flux from DM self- annihilation

DM W.Z.lg db(AQ)  dbPP
LSO IO
yiX dE dE D

DM W,Z,lq . fe————

R (x 1000 1y)

g g /
g0
=)
W

AN

"power law"

= line 6=10% background
= =|ine 06=20%

«++ line 06=30%

particle physics term:

Ll

dp(AQ) 1 (ov) dN; -
— T; 2
dE At 2mpy2 Lda ' dE’ o
l
* Spectral information ! Ik o different
* Annihilation cross section — energy resolution
* DM mass 102/ = Al
/ ::': " > cut-off at
§: 5 DM mass
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Dark matter sighal in gamma-rays

Photon flux from DM self- annihilation

DM Wzl dd(AQ)  dopPP
(0 _de™ o
vy+X dE dE
DM W,Z.l,q
R (x 10001y)
. N
10*
3 Example for the : .
10° &
- Galactic Center Astrophysics term:
10% =
105 J(AQ) = f f p?(s,Q)dsdQ
f'.%‘ 1; Q Jlos
. * Called J-factor
L * DM density profile
F— NFW2
10*3% Einasto
- Einasto 2
1074 =
E Burkert
10*55 T T T
10° 1072 107" R(on) 10 102 10°
N
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Dark matter sighal in gamma-rays

Photon flux from DM self- annihilation

DM w.zlq dp(AQ) dPpPP
DM W,Z,l,q / \
L N

particle physics term: Astrophysics term:

do(AQ) 1 (ov) B dN;
dE  4m2mpy2La VdE
l

R (x 1000 1y)

J(AQ) = fﬂ j; Ospz(s, Q)dsdQ

- In absence of any significant gamma-ray excess, the cross-
section vs m_ can be constrained by measurements,

assuming an annihilation spectrum and a DM profile
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Dark matter analysis technique

The analysis technique is based on a 2D-binned Poisson likelihood.:

LU:POISS(NON,U':N "+NB,1'j)><POiSS(NOFF,U"NrS,i‘+O(‘iNB,ij)

S,ij ]

ON - Signal region
OFF — Background region

Test statistics: likelihood ratio test
> to find the 95% confidence level upper limits on the annihilation
Cross section
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Dark matter analysis technique

The analysis technique is based on a 2D-binned Poisson likelihood.:

Expected signal in ON and OFF regions
ing the energy
), the effective area (A_) and

Counts measured in
the ON region

eff

L, = Poiss (NON,U., Ng .+ NB,U.) X Poiss (NOFF,U. LN’

/ “’ )

Bins in space / \ \ _ A,

and energy Expected background in Counts measured in
the ON region the OFF region

Test statistics: likelihood ratio test
> to find the 95% confidence level upper limits on the annihilation
Cross section
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Observations of the Galactic Center: 10 years
of H.E.S.S. |

" H.E.S.S.isin an ideal location to observe the Galactic Center (GC)
" GCis avery crowded region in VHE: TeV diffuse emission, SNR HESS
J1745-303, PWN G09+01, HESS J1745-290 coincident with Sgr A*

H.E.S.S. ROIs R 254 live hours of observations
with H.E.S.S. | (2004-2014)
toward the GC:

" ON region: circle of 1°
radius around GC,
split in 7 sub-regions (ROI)
of with 0.1°

. Galactic
plane and HESS J1745-303
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Background measurements in the GC region

* OFF region built with reflected

x10'°
background method: symmetricto g | 'y
the wrt the pointing g [ {1200 &
position £ [ Py S
* symmetric exclusions 5 1000 5
- - . c_cg [ P(_w uPE
> Same observational conditions - N vossoiz 800
> Azimuthal symmetry ol s T S
] : i Wy G09+01 o, N
> Same solid angle size i Y 600 3
K e %, s
1 HESS J1745.303 -
* Strong DM gradient between the i 00
ON and the OFF I
ol 200
* No excess between the ON and L .
- 2 1 0 -1 =2
OFF reglons measurements - pUt Galactic longitude (deg.)
constraints on <gv>
NJg . |
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Background measurements in the GC region

F

\ , 200
\ ’ 100

* No excess between the ON and L

| I - | L1 L1 I 11 |
- 2 1 0 —1 -2
OFF regions measurements — put Galactic longitude (deg.)

constraints on <ov>

* Strong DM gradient between the
ON and the OFF

* OFF region built with reflected 10!
background method: symmetricto g 'y
the wrt the pointing g P
position 5 L 700 3

* symmetric exclusions 5 L 5

= —600 5

> Same observational conditions | $
; i Sgr A* —500 3

> Azimuthal symmetry ol w: & &
> i i i . “or,. 400 S
Same solid angle size : /—Pwviossa T, E
4= e -o.o:,-o.ss) HESS J1745-303 300 °

0
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Continuum DM signal search at the GC with 10
years of H.E.S.S. |

*2D likelihood technigque binned in energy and space: likelihood ratio test

*cuspy profile assumed
*Spectra from PPPC4DM including EW corrections

102 £
E 254h, DM DM — W'W

Einasto profile

> Mass range 200 GeV-70 TeV

2> 95% CL upper limits:
WW channel: 6x10-26cm? s™1

(o V) (cm’s’)

at 1.5 TeV
> Improvement factor ~5 wrt to | = Observed, this work Thermal relic density

previous limits around 1 TeV 10%F o Expected
C [ 68% Containment
i [_] 95% Containment

o7l — HESS112n201)
:ljljl 1 | IIIIIII L IIIIII.Il 1 1 L 111
Phys. Rev. Lett. 117, 111301 (2016) 005 01 02 LR
TN\K - _
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Continuum DM signal search at the GC with 10

years of H.E.S.S. |

*2D likelihood technigque binned in energy and space: likelihood ratio test

*cuspy profile assumed

*Spectra from PPPC4DM including EW corrections

N |

> Mass range 200 GeV-70 TeV

2> 95% CL upper limits:
Tt channel: 2x10-26cm? s™
at 800 GeV

2> Probe the thermal relic density
L |

Phys. Rev. Lett. 117, 111301 (2016)

(o V) (em’s?

102 g
s 254h, DM DM — t'7
Einasto profile
107
10—24 -
107
Thermal relic density
-5 -
107 —— Observed, this work
senes Expe{:[ed
[ 68% Containment
107 - [ ]95% Containment
EIIIII 1 llllllll 1 I]lJJJJl 1 L1 1 1.1
005 01 02 1 2 345 10 2030
my,, (TeV)
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DM lines search at the GC with 10 years of
H.E.S.S. |

*2D likelihood technigque binned in energy and space: likelihood ratio test
*cuspy profile assumed
*monoenergetic line spectrum: Gaussian function with 0=10% of the energy

E 254 h, DM DM — vy
> Mass range 300 GeV-70 TeV 10> Einastoprofie
> 95% CL upper limits reach oL
> 4x10%#cm3s™ at 1 TeV % F
E n
> Improvement factor ~6 wrt to 2 F
previous limits around 1 TeV i
1 0_23 E_ e Observed, this work
- — Expected
ll [ 68% Containment
_2g Thermal relic [ 195% Containment
10 ;III| 1 | 1 IIIII| | -IH-EI-§TSI-I|112hI(20I13I}III
0.05 0.1 0.2 1 2 345 10 20
mg,, (TeV)

Phys. Rev. Lett. 120, 201101 (2018)
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DM lines search at the GC: comparison with
other experiments

*2D likelihood technigque binned in energy and space: likelihood ratio test
*cuspy profile assumed
*monoenergetic line spectrum: Gaussian function with 0=10% of the energy

_ L C DMDM oy 4 *C <.
> Einasto profile gives the 0FL ot ~F
tightest constraints " e ~
L & :.“.
. . . 10_265_ M:...~:
2> Strongest limits in the TeV = el
mass range T L oo o
P v oL S
g 10 = . PN -‘q"ﬁ'ﬂ.
.y . . e C vV .ﬁ's.w'
2> Competitive with Fermi-LAT AR
at few hundreds GeV 10727
C ™ This work, Einasto profile
i e  This work, NFW profile
5 A MAGIC Segue 1
. . L. . 10 = | | v Fermi-LAT 5.|8 y, Pass 8
Fermi and H.E.S.S. provides strong limits in ‘b0l ool oo
the mass range from few GeV up to several Mes (TEV)
ten TeV
Phys. Rev. Lett. 120, 201101 (2018)
QQQ - |
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Dwarf galaxies observations with H.E.S.S.

Willman 1

UMal ®°

~ UMall ®

Draco

[ )
Cvni -~ -B°§0'3| Koposov-1 g =~ @ g0

/" Booll s leoy o =

.Ursa Minor

= -  Segue |
b Leo IV Leo| & LgoT- .

®Sexans - " Norecent star

e
~ \

g | |  Koposol2 formation
= Very low amount
| of gas
Carina = “clean” in VHE y-

®mMc : 4 & rays
et e e oy > they could give

N unambiguous DM
detection

1 1=0°, b=0° | 1=180°

" Sagittarius
° g

& Sculptor

Long-term observation program on nearby dwarf galaxies:
Sagittarius: Astrophysical Journal 691 (2009) 175-181

Canis Major: Astrophysical Journal 691 (2009) 175-181

Sculptor and Carina: Astroparticle Physics 34 (2011) 608

Combination (including Coma Berenices): Phys. Rev. D 90, 112012 (2014)
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Dwarf galaxies observations with H.E.S.S.

CV.r'l | S 4 cgm
Willman 1 Cvnl _* o0 | Kopasov-1 = @ go _
UMal © A e s a e ~ _Segue 1
N e ’_f " LeolV Leol & LgoT- .
~ UMall ® .Dracn e : \ ®Sextans - > . NO recent Star
- ¥, . . , fjf . KQpOSOsz\ = \ formation
= Very low amount
|=180° I 1=0°, b=0° 1=-180°
I\ | ".II-Sagittar'us | I Of gaS
oo i Garina = “clean” in VHE y-
TN Wil =7 e 7/ rays
s egu:; F’.is es | rus F] . -
N L et e e Y gy > they could give
e : - Y Tuc M1 -
Y & Foma unambiguous DM
Sculptor -
e detection

" Long-term observation program on nearby dwarf galaxies:
* Sagittarius: Astrophysical Journal 691 (2009) 175-181
* Canis Major: Astrophysical Journal 691 (2009) 175-181
* Sculptor and Carina: Astroparticle Physics 34 (2011) 608
* Combination (including Coma Berenices): Phys. Rev. D 90, 112012 (2014)
* Ongoing analysis on some of the recently discovered DES galaxies: stay tuned!
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Dwarf galaxy observations with H.E.S.S.

Galaxy Distance log,,J(8,,,) L Zenith
(kpc) log,,(GeVzcmS) | (h) (deg)
Fornax 140 17.72 6.0 14
Coma Berenices 44 19.52 10.9 48
Sculptor 79 18.36 11.8 14
Carina 101 17.86 22.9 34
Sagittarius 25 18.34 85.5 16

Signal reaion : ON region

All galaxies
except Coma
Berenices

Coma Berenices

Background measurement:

Multiple OFF regions

Camera

QQQ

H.E.s.s\]
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Dwarf galaxy J-factors

JIAQ [GeV? cm® sr]
8’5
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Dwarf galaxy J-factors

JIAQ [GeV? em’® s
Sﬁ

8

JIAQ [GeV? em® s
(=]

From Geringer-Sameth et al. 2015
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DM lines search towards dwarf spheroidal
galaxies

Re-analysis of the H.E.S.S. | dSph
looking for DM lines:
* same observation dataset
* |Improved analysis technique :
2D-likelihood approach

" ESubmitted to JCAP 2018

Carina

Sculptor

. Coma Berenices
107

/’\/
Combined ’\/ /\/
10—23 /__\\ / \ \ "’-p'h
, \ -
0"'
0”

2> No significant excess
— constraints on <ov>

2> Combination of the 5 galaxies
— better limits

10—24

annihilation cross section (Tv)yy-yy [em?/s]

limits

Sensitivity =======-=

sensitivity 1o, £20

Combined 95% C.L. upper limits at - v e
the level of 5x10*cm3s* at 1 TeV ! 10

DM mass [TeV]

See talk at ICRC17 (H.E.S.S. Coll.)
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WINO spectra ...
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Limits for specific DM models toward dwarf

galaxies

Tests of specific models: pure WIMP 3plet and 5plet
— full y-ray spectrum including WW, ZZ, yy, Zy contributions is used

Subm/tted to JCAP 2018

10—20

— § p{nleI VIVIII\I/IIE’I3plet | g‘ § — pure WIMP Splet |
5 0] | ] ME 10—21;
z z = 2
z 10722 (| = % 102}
Predicted? | : e
; 10_23 i\‘ ; ; 10—23 ;\— :
thermal £ = | PR - : \N [
. = - Carinz i = - % i
reIIC ‘%10_245 S_CI‘I;III;’;OT . "% 1074 Sculptor £ E
Cross- ;: E \U’mﬂB“(’mu’k’ ;: E = | Coma Berenices ‘_E“ ]
= o— = - O B 4
section ;E 10°% f Combined . = ;E 107% - ~| Combined S
e i é t:xcludt:dD ] e i excluded ‘ D D| H | .
10—26 [ N | I Al [ R 10—26 [ I T N B B A
1 10 1 10
DM mass [TeV] DM mass [TeV]
> Important exclusions on the 5plet model
< Specmc models could be also tested in other environments
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Summary

® Search for continuum DM signal toward the Galactic Center (2016):
2 2D analysis of 10 years observations
2 Limits reach 6x102°cm® s at 1.5 TeV in W channel and 2x10-?6cm?
stat 800 GeV in t channel
2 Improvement factor ~5 at 1 TeV wrt to previous publication (2011)
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Summary

® Search for continuum DM signal toward the Galactic Center (2016):
2 2D analysis of 10 years observations
2 Limits reach 6x102°cm® s at 1.5 TeV in W channel and 2x10-?6cm?
stat 800 GeV in t channel
2 Improvement factor ~5 at 1 TeV wrt to previous publication (2011)
® Search for mono-energetic DM lines toward the Galactic Center (2018):
2 2D analysis of 10 years observations
2 Limits reach 4x102®cm3staround 1 TeV
2 Improvement factor ~6 at 1 TeV wrt to previous publication (2013)
2 Strongest limits so far in the TeV mass range
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Summary

® Search for continuum DM signal toward the Galactic Center (2016):
2 2D analysis of 10 years observations
2 Limits reach 6x102°cm® s at 1.5 TeV in W channel and 2x10-?6cm?
stat 800 GeV in t channel
2 Improvement factor ~5 at 1 TeV wrt to previous publication (2011)
® Search for mono-energetic DM lines toward the Galactic Center (2018):
2 2D analysis of 10 years observations
2 Limits reach 4x102®cm3staround 1 TeV
2 Improvement factor ~6 at 1 TeV wrt to previous publication (2013)
2 Strongest limits so far in the TeV mass range
® Search for DM lines toward dwarf spheroidal galaxies (2018):.
2 2D analysis and combination of the 5 datasets
2 Combined best limits reach 5x102°cm3s* at 1 TeV
2 Test of specific pure WIMPs model: full spectrum included
® H.E.S.S. results complement Fermi-LAT limits
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Next steps

® Observations of some of the ultra faint dwarf spheroidal galaxies
recently discovered by DES
2> Complementary to Fermi-LAT observations
2 Can be well observed by H.E.S.S. compared to other IACTs in the
Northern hemisphere
2 Large J-factors but may suffer from large systematic uncertainties
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Next steps

® Observations of some of the ultra faint dwarf spheroidal galaxies
recently discovered by DES
2> Complementary to Fermi-LAT observations
2 Can be well observed by H.E.S.S. compared to other IACTs in the
Northern hemisphere
2 Large J-factors but may suffer from large systematic uncertainties
® Ongoing survey of the inner region around the Galactic Center
2 More extended signal region: observational pointings up to 3° from GC
2 Significantly increased dataset compared to H.E.S.S. |: more than
doubled photon statistics
2 Including all 5 telescopes
2 Promising dataset for GC outflow searches
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Next steps

® Observations of some of the ultra faint dwarf spheroidal galaxies

recently discovered by DES
2> Complementary to Fermi-LAT observations
2 Can be well observed by H.E.S.S. compared to other IACTs in the

Northern hemisphere
2 Large J-factors but may suffer from large systematic uncertainties
® Ongoing survey of the inner region around the Galactic Center
2 More extended signal region: observational pointings up to 3° from GC
2 Significantly increased dataset compared to H.E.S.S. |: more than
doubled photon statistics
2 Including all 5 telescopes

2 Promising dataset for GC outflow search
" Joint project together with MAGIC and VERITAS on the DM search

towards dwarf galaxies
2 Also exploring including Fermi-LAT and HAWC observations

2 The Glory Duck group: first meeting in Berlin early July
2 Exploit the complementarity of the different instruments

2 Combined effort to improve limits
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Backup: DM complementarity

JHEP 07 (2017) 014
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Phys. Rev. D 96,
083002 (2017)
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Backup: hunt for wino at the GC : H.E.S.S.-I-like
mock analysis arXiv:1808.04388

10_23 E T T T T T T H 5_
- Forecast Cross Section Limits 4.5
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