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Indirect Dark Matter Searches in the y-Ray Band

» Basis: Detection of DM annihilation or decay products (SM particles)
* In most cases, entangled with CR and subdominant
* WIMPs with masses in the ~100 GeV range are good DM particle candidates
* Photons are privileged messengers
- No deflection by B-fields, trace back to source
- Observation of astrophysical targets
- Characteristic spectral shape: identification

WIMP —type Candidates QXN 1 Spectra from Cembranos et al. (PRD 83:083507)
L L L B O B B L BN 1 L
-
[ neutrino v > T
L . — =
Low- energy photons Posntrons 1 SN ww
Quurks _ 5 1 o
a neutralino y ] o

. my = 1000 GeV

/ Medium-energy E|ectrons

gamma rays

wimpzilla

) . - :
/ stons \/\A/\/\/\/WW > faxion a axino X 1

- ’ Antiprotons

. ey~ — e o =
Supersly.lmmetrlc . ’ 3 gravitino G 1 10°E
LELL RS Bosons ,\/W\/\/\/\/\/\/\/\/\\fmtons I — ] woF |

Generated by DAMASCO (c) UCM-GAE 2011

10710
4 2 3

Gregg Dinderman (S&T) Decay process m—) 40 keV GeV f Meor My 10 E [Gée]
[P P T EEPU T EEPN EEPUPRN TR ol RPN B M 1 i

-15 -12 -9 -6 -3 0 3 5] 9 12 15 18

arXiv:0404052 log(my/(1 GeV))

D. Nieto RICAP 2014 3



Galactic Center & Halo

@® High flux

Indirect Dark Matter Searches in the y-Ray Band N\
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Expected spectrum from from annihilating DM
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Key concepts: ppy, distance, background

@ Background Issues

Galaxy Clusters
® Huge DM content
@ Large distance
® High background
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GALAXY.CENTER

PERSEUS GC

NASA

Dwarf Galaxies
® Large M/L

® No background
® Low flux

NRL

Unassociated HE Sources:
® DM Subhalos?

Pieri et al. -
PRD 83:0235, 2008 2 = bb, m, =40 GeV

RICAP 2014 4



VERITAS

4x12m o IACT
499 PMTs, 3.5° FoV Cameras

Fred Lawrence Whipple Observatory
¢ (AZ, 1.280m a.s.l.)

Fully operational since 2007

Major upgrade on 2012
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VERITAS

Sensitivity: 1% Crab in ~25h
Energy range: 60 GeV - 30 TeV
Angular resolution: 0.1° (rzg9,)
Energy resolution: 15% (>300 GeV)
Sys. errors: I ~0.1, flux ~20%
~1000h dark time / year

+300h Moon time / year

—_
s
£
-
c
K]
®
5
2
°

E]
flu1xo[Crab Units]

D. Nieto RICAP 2014




VERITAS

>100 members, 20 institutions

— [ [ Iv] .

Smithsonian Astrophysical Observatory
Adler Planetarium

Argonne National Lab

Barnard College / Columbia University
University of Delaware

Georgia Institute of Technology

lowa State University

Purdue University

University of California, Los Angeles
University of California, Santa Cruz
University of Chicago

University of lowa

University of Minnesota

University of Utah

Washington University in St. Louis
McGill University, Montreal

University College Dublin

Cork Institute of Technology
Galway-Mayo Institute of Technology
National University of Ireland, Galway

DESY, Zeuthen / Universitat Potsdam
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VERITAS

=10 km

IMAGING ATMOSPHERIC
CHERENKOV TECHNIQUE

e Detection of extended air showers
(EAS) using the atmosphere as a
calorimeter

* Huge y-ray collection area
(~10° m?)

* Large background from charged CR
* Energy window: tens GeV - tens TeV

* Event reconstruction from EAS
Image:
- Type of primary event
- Primary energy estimation
- Primary arrival direction




Galaxy Clusters

vvvvv
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Largest virialized objects in the Universe

Huge DM content:

o ~80% total mass (ICM 15%, galaxies 5%)

Cluster members may contain AGN
CR-induced g-ray signal outshines DM signal

VHE observations of galaxy clusters can:
o Test models on intracluster CR population

o Place limits on fluxes from DM annihilation/decay

ACDM N-body simulations

VIRGO Conso.rtiu‘m — Millenium Simulations

Coma Cluster
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NASA/JPL-Caltech/GSFC/SDSS
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[ VERITAS
[ ROSAT (0.1 to 2.0 keV)

X-ray
contours

Dec J2000 (deg)
g

N
©
L B

28

27

25:—J L1 Lo b b Lo Lo 1o
198 197 196 195 194 193 192
RA J2000 (deg)

" VERITAS radio
[ GBT 1.4 GHz
contours

Dec J2000 (deg)
g

N
©
T T

271

26

;‘ L1 11 ‘ L1 1 ‘ L1 ‘ - ‘ L1 11 ‘ L1 1 ‘ L
198 197 196 195 194 193 192
RA J2000 (deg)

D. Nieto

Galaxy Clusters

o Observed during 2008 for 19h

O

Low Zd observations: 21 deg

o No detection of VHE y-ray signal...

... nor HE y-ray signal with Fermi-LAT

o Cluster DM content modeling: NFW

o Limits to bb, W*W-, and t*t~ annihilation channels
o <ov>YL ~O(1021) cm3s!
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Galactic Center and Halo

14 — 18
log S ( M, kpc®sr?)

Virgo Consortium - Aquarius simulations

A&A 425 (2004) L13-L17 [arXiv:0408145]

Galactic Center

o Brightest DM annihilation signal
Crowded region, signal confusion
o Conventional emitters outshine DM signal

O

Galactic Halo

o Large astrophysical factor (model dependent)
o Complicated analysis
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Galactic Center and Halo

e
ol T eonagts comn monemy | O Observed during 2010-2012 for 46h
I S o Large Zd observations: 60 deg — 64 deg
o High energy thr. but better A 4 at high energies
- o Detected at ~18c
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ApJ (accepted) 2014 [arXiv:1406.6383]
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Galactic Center and Halo
i Crab Nebula

I o Position coincident with:
\ o Sag A* o AXJ1745.6-2901

o Sgr A East o 9 maser objects
o PWN G359.95-0.04 o 150 X-ray sources...
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ApJ (accepted) 2014 [arXiv:1406.6383]
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Galactic latitude [deg]

Galactic Center and Halo

PRL 106:1301, 2011 [arXiv:1103.3266]
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o Large zenith angle observations:

Increased energy threshold

o Calculation of limits: work in progress

o Estimate: <ov>Yt ~O(1023) - O(1024) cm3s™!
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Natural Cross Section

Sommerfeld—Boosted Cross Section

-Galactic longitude [deg]

Snowmass CF2-WP, 2013 [arXiv:1304.6367]
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Increased sensitivity in the TeV range
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Dwarf Spheroidal Galaxies

vvvvv

CVn 113 ®-Com
CvnI O Boo I Leo I1@®
Boo III ®Boo II

Leo V
; @Lco1v gSee 1
: Leo I

o DM content & structure modelling
o Star members kinematics
o Most DM dominated systems

o Large M/L
o Small role of baryons
o DM distribution not disturbed
o Low intrinsic background at HE
Phys. Rev. D 89, 042001 (2014) [arXiv:1310.0828] o Known locations, not very extended
N o Relatively close (d < 100 kpc)
© X2 \)@'\ o High Galactic latitude
N O
G °)
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= | ; bl g Hf .
2%18_}{{ I } ‘E { { } { } { {{ 18
§ SR ﬁ } ﬁ { } _ {
’ ™ prot® gt yeot ol et g™ .w\"“‘{idb‘*‘ co® ot o\"&w@“@w‘\] v gt gpe tgpe® m\ﬂ"“»L@sﬂ‘g KeCk ObserVétory © |
Geringer-Sameth et al. (2014) [arXiv:1408.0002]
D. Nieto

RICAP 2014

15



Dwarf Spheroidal Galaxies N

vvvvv

Source Dist. logyoJ(Q) p. Sig. Ey Int. Flux UL 95% CL
(kpc)  (GeVZem™) (o) (GeV) (cm-1s-1 >300 GeV)
Segue | 23 19.0 47.8 1.4 300 0.8x 1012
Draco 80 18.4 18.4 -1.5 340 0.5x 107"
Ursa Minor 66 18.9 18.9 -1.8 380 0.4 x 1012
Bootes | 62 17.9 143 14 300 2.2x10
Willman | 38 18.9 13.7 -0.1 320 1.2x10

21 = E
10 BR(xx — bb)=0.9 | o —— e W'W o
e, BROOX— 7777) =0.1 Bootesl. £ 107 -
1022 B T INTCTL LA I.E — xx — W'W’, Sommerfeld
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Draco........ T f —
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; — rsa Minor _ __ == B jo8l— <= —_——
- 102 b, wmma;;--u.___— - ! v 107 — e
[ i, I o 3
) "o SERUL L e - 10
10-25 —

——— VERITAS, y-rays Segue 1
T HESS, e*+e’, excluded
EEEE Fermi, e*+e’, favored
77 PAMELA, e*/(e*+e’),favored

102
| | | Ll 0 — 1 E— 2 R 3 EE— 4
- . . L S L 10° 10 GoV] m, [TeV]
10 My (GeV) 10 m
<ov>Ul~O(1024) cm3s-! Excludes particular masses on Constraints boost factors on DM

Sommerfeld-enhanced models ~ models that may explain CR
lepton anomalies

Apd 720:1174 (2010) [arXiv:1006.5955]
Phys. Rev. D 85, 062001 (2012) [arXiv:1202.2144]
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Dwarf Spheroidal Galaxies

Source Dist. logyoJ(Q) p. Sig. Ey Int. Flux UL 95% CL
(kpc)  (GeVZem™®)  (h) (o) (GeV) (cm-1s-1 >300 GeV)

Segue | 23 19.0 91.9 0.7 150 0.4 x 1012

Draco 80 18.4 499 -1.0 220 0.3x 1012

Ursa Minor 66 18.9 59.7 0.0 290 0.3x 1012

Bootes | 62 17.9 14.3% 1.0 170 0.5x10

Willman'l 38 18.9 13.7 -0.6 180 1.2x10
102

2013 2013 . . .

0¥ 1r+rl WHW- o Stacking analysis efforts ongoing
1 022 2018 2018

102

o Extrapolation of DM program to 2018:
o Proving O(10-?°) cm3s region

1 0—2-1
10°%°

1028 !

<ov> cmis

o Conservative scenario:
o No boost to DM signal
o No analysis improvements

107
102®

102

1 0-30

Snowmass 2013, CF2-WP [arXiv:1304.6367]
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Dark Matter Subhalo Candidates

N-body CDM simulations ~ Fermi sensitivity to galactic DM annihilation DM annihilation spectral shape

Spectra from Cembranos et al. (PRD 83:083507)

— =TT

— e

— = WW
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my, = 500 GeV

dN'/dE

Pieri et al. _
PRD 83:0235, xx —>bb, m, =40 GeV

107 E‘ Generated by DAMASCO (c) UCM-GAE 2011

10-3_ L L MR |
10°

Vil Lactea Il ; :
Nature 454:735-738 .- L E [GeV]

Fermi—LAT>< VERITAS >
Main hypotheses
N-body simulations predict the existence of DM galactic subhalos
DM subhalo close enough may provide a sufficiently high J factor to shine at HE & VHE
Dark Matter subhalos are detected by Fermi and characterised by VERITAS

Too small to have attracted enough baryonic matter to start star formation: invisible at
other wavelengths

Number of detectable DM subhalos
Depends on N-body simulations, WIMP mass, annihilation channels, DM profiles...
From 2 up to > 40 detectable DM subhalos in Fermi data

D. Nieto RICAP 2014 18



Dark Matter Subhalo Candidates Y

vvvvv

Selection criteria:
o 2FGL filtering

 Exclude the galactic plane

* No variability
* No evidence for spectral curvature
* Observable with VERITAS

o Feasible detection with VERITAS

o Search for counterparts in HEASARCH

o Search for counterparts in Swift data

| SwiftXRT  2FGL J2004.6+7004 |

Fermi LAT Second Source Catalog

ApJS 199:31, 2012 [arXiv:1108.1435]

o No association @ Possible association with SNR or PWN
* AGN ¥ Pulsar 4 Globular cluster
* Starburst Gal 4 PWN ® HVB
+ Galaxy o SNR * Nova
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Dark Matter Subhalo Candidates

2FGL J0312.8+2013 2FGL J0746.0-0222
5231 . > [ ..
& [ Preliminary 8 of Preliminary
Szl S
£ £ b
& g
2
20F
-3
19
-4
18-
;
B S
Right Ascension (Deg) Right Ascension (Deg)
Exposure 9.7h Exposure 9.1h
Excess events  -25.7 £ 16.9 (-1.50) Excess events -14.5 + 15.8 (-0.90)
FE>219GeV <178 x 102 cm? 5! Fes316Gev <123 x 102 ecm?5s!
(99% c.l.) < 0.9% Crab Nebula (99% c.l) < [.19% Crab Nebula
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Dark Matter Subhalo Candidates "l

- 2FGL J0312.8+2013 - 2FGL J0746.0-0222

‘___10'2_— '-_10-12__
Vol ol
s L t |
10-13,__ . . 10-13,__ . .
s p(e\\mmaw 5 pre\\mmaw
1 10 10? 10° 1 10 102 10°
Energy [GeV] Energy [GeV]
TS 26.3 TS 70.9
I [.72 £ 0.24 I [.67 £0.14
Fo.1-100 Gev (|.76 + |.29) x |10%°cm2s’! Fo.1-100 Gev (2.84 + |.09) x |0%°cm2s’!

Direct extrapolation of Fermi spectra to VHE band is in tension with VERITAS results
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Conclusions 4

vvvvv

o VERITAS has an ambitious ongoing program on DM searches
o More that 1000 h on DM targets upon completion
o Limits to DM originated signals have been already placed
o Coma Cluster: <ov>UL ~O(1029) - O(10-21) cm3s™!
o Segue 1: <ov>Yt ~O(10%3) - O(1024) cm3s™
o Galactic Halo: work ongoing
o The continuation of the program may allow to place very competitive limits
o Dwarf spheroidal stacking analysis
o Galactic Halo analysis
o <ov>YL ~O(102%) - O(102°) cm?3s™
o High-risk high-reward approaches also being conducted

o Potential DM subhalo searches

Stay tuned!

D. Nieto RICAP 2014 22



Backup @
D. Nieto RICAP 2014 23



Galaxy Clusters
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Galaxy Clusters

Upper limits on the DM annihilation cross section times velocity (ov) from

VERITAS observations of the Coma cluster.

Channel R [deg] m, [GeV] (ov) [em®s7]
WHW- 0 2000 1.1x10™®
0.2 1900 4.3 %1072 R [deg] (J) ga [GeV? cm™ st @ (J)y [GeV? cm™ 1]
0.4 1900 8.4 x 1072
bb 0 3500 1.2 x 107 0 5.7 x 10'¢ 1.3 x 10 (negligible)
0.2 3400 44 x 1072 0.2 8.1 x 106 4.4 x 10" (< 0.01 (), negligible)
0.4 3500 8.7 x 107 0.4 9.4 x 10® 1.3 x 10" (= 0.01 (J) . negligible)
T+ 0 670 2.4 x 1072
0.2 650 9.1 x 102
0.4 660 1.8 x 1072
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Galactic Center and Halo

VERITAS, 2010-2012
Tyre: 45.9h (A6? < 0.012deg)

ON= 672 + 26.4, OFF=2109 + 46.4 (norm.: 0.13)
excess: 401.2 = 27.1 (18.8 s.d.)

point spread function

Galactic latitude [deg]

0.05 0.1 0.15
squared angular distance A®? [degz]

~\.

ApJ (accepted)
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E? dN/dE [erg cm® 57|

VERITAS
¢ Crab (z>55°)
¢ Galactic center
— power law fit
Other
H.E.S.S.
Whipple
————— MAGIC

1072

10" =

o= ==..__Crab Nebula

10"

. 1
R /1 £.S.S. (TeV) Fermi
i — SQrA*/G0.9+0.1 diffuse (1-100GeV,
''''' diffuse point src (2FGL) [l
] B S

Galactic longitude . [deg]

2014 [arXiv:1406.6383]
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Galactic Center and Halo

_ x107'?
,ﬁ 07/2‘01 0 12/2‘01 0 07/2‘01 1 01/2‘01 2 07/2%1 2
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@ e L} T}
©0.5H ‘ N ‘
r ‘ [~ | hadronic models B data
- ; —— Chernyakova (2011
i VERITAS, 2010-2012 10710 = | — Baﬁ;ﬂi’;n:\('géﬁ) ) = ® VERITAS
0 C Linden (2012) o |:| Fermi
55400 55600 55800 56000 - Fatuzzo (2012) - o NUSTAR 2L
_ — L |- Supanitsky (2014) - P NuSTAR O17
time (MBI "™ | |leptonic models ! Radio (archival)
~Z 107" E |- - - - Atoyan (2004) —
g = | --- - Hinton (2007) =
o) C Kusunose (2012) =
= ” |---- Guo (2013) [h/] i
%10'12 = Chandra (G359.95) [,/ 3
pa = . : \ | F
© — , |‘ \|‘ -
N — . 1 I‘\ r AN
year begin [MJD] end [MJD] w 10 . \‘\‘ _ & \
2010 55300.4  55308.4 = | E 8
55328.3 55334.4 = 1 UF N AN
55352.3 55366.3 B SN | i AN
2011 55681.4 55694.4 10 =l A A e e il il
55707.3 55710.4 7 14 13 14
55734.2 557433 1 energy[ev] 10 10 10 10
2012 56033.4 56049.5
56063.3 56067.4
ApJ (accepted) 2014 [arXiv:1406.6383]
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Dwarf Spheroidal Galaxies

107"

3
T

072

(ergs cm? s)
T

E2dN/dE

1073

y

&

—— Willman |
Ursa Minor

it

M|

10

1072
107
102
107
107
107

1 0-26

<ov> cm~3s-1

1 0—27
1072

1 0—29

— Willman |
........ Draco
— — Ursa Minor
----- Bootes |

107

My (GeV)

Source Period Exposure (hr) Zenith Angle (°)

Draco 2007 Apr—May 18.38 26-51

Ursa Minor 2007 Feb—May 18.91 35-46

Bodtes 1 2009 Apr-May 14.31 17-29

Willman 1 2007 Dec-2008 Feb 13.68 19-28

Quantity Draco Ursa Minor Bodotes 1 Willman 1
a [J2000.0] 17020m 1254 15h09™ 1153 1400™06° 10P49™m2253
8 [J2000.0] 57°54'55" 67°12/52" 14°30'00” 51°03'03"
Ly [Lo] (2.740.4) x 10° (2.0£0.9) x 10° (3.040.6) x 10* (1.0£0.7) x 103
ri [pe] 221+ 16 150+ 18 242 +21 25+6
Rq4 [kpc] 80 66 62 38
ps[Mg/kpe?] 4.5 x 107 4.5 x 107 4 x 108
rs [kpel] 0.79 0.79 e 0.18
J(ps,rs) 4 7 3 22
Quantity Draco Ursa Minor Bodotes 1 Willman 1

Exposure (s) 66185 68080 51532 49255
On source (counts) 305 250 429 326
Total background (counts) 3667 3084 4405 3602
Number of background regions 11 11 11 11
Significance® —1.51 —1.77 1.35 —0.08
95% CL (counts)® 18.8 15.6 72.0 36.7
Average effective area (cm?) 5.84 x 108 5.71 x 108 6.37 x 108 6.37 x 108
Energy threshold (GeV)© 340 380 300 320
Flux limit 95% CL (cm™2s71) 0.49 x 10712 0.40 x 10712 2.19 x 10712 1.17 x 10712

Apd 720:1174, 2010 [arXiv:1006.5955]
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Decaying DM - Limits from VERITAS Segue observations
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