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AL BRISTOL Outline

* Indirect dark matter detection: basics.
* Searches with gamma rays: instruments and targets.

* Searches with gamma rays: results from different
targets.

* Searches with charged cosmic rays and neutrinos.

 Beyond WIMPs.
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BRISTOL Principle of Indirect Searches

Dark matter annihilates 'where’, into 'what’
and is measured '’how’?

Where?: Objects where dark matter can
have accumulated gravitationally over the
evolution of the Universe

« Galactic center, galactic halo

« Subhalos, dwarf spheroidals, the Sun ..

* Into what?: Stable SM particles
independent of DM model

« XX — g/W/Z/H/lep — V,ei,V’ P Uncertainties:

) ?
How measured: DM density and velocity

« Satellites or balloons measuring

' P rti f DM & int ti
charged particles, y’s or X-rays roperties o Interactions

Relic density calculations
* Cherenkov telescopes and large

neutrino observatories Self-interactions

Backgrounds
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BRISTHL Principle of Indirect Searches
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BRISTOL Principle of Indirect Searches
Decay process === $ Observable
Fluxes
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’ ‘ Neutrinos {--.
\ Leptons ‘
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~ Protons
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BRISTOL Galactic Messenger
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BRISTOL Galactic Messenger

Charged cosmic rays
 Diffusive propagations in

galactic magnetic field

 Lost directionality

ST e RN - Spectral signatures

Photons & Neutrinos
* Unperturbed path
 Point to the source

« Spectral & spatial signatures

Bjorn Penning ¢ DM Lectures e Future
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 Expected values? We know where to look for...

Annihilation

DM\, SM
NN\
OM SM

(ov) = 3 x 107%° cm?s~!
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BRISTOL Gamma Ray Emission

 Gamma-rays are produced in potential DM interactions by SM physics

179

Xx%{ 7 }v,ei,ui,p/pmiw/%--

qq, {70, vv

» Parton showers from initial quarks and gluons and hadronization
into light colour-neutral hadrons
— model independent “prompt” gamma-ray emission

« Decay products can lead to secondary gamma-ray emission

Bjorn Penning e DM Lectures e Future 11



BRiest Dark Matter Distribution in World

Expected gamma-ray flux

»  From rotation curves: ppm(r)~1/r?
« Baryons interact strongly and Main halo
dissipate energy — collapse into disc

DM is not dissipative — forms 101175 log(dé/dElcm 5 s Gev ]) 631792

spherical halo
Sub-haloes
« Simulations and observations suggest
that simple halo has to be modified

20.0487 log(d¥/dE[cm s Sr Gev ')) 6.56571

« Baryons pulling DM
1000.00 §

 Feedback from supernovae
100.00

 |Interactions between an active
galactic nucleus and interstellar
medium

10.00

p [GeV cm™]

1.00

0.10

e Tri-axial distributions, similar at larger
0.0]

radii, modifying the core profile 0.01 0.10 1.00 1000 100.00
I'oc Lkpc]
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B BRISTOL J-Factor

Rate of annihilation scales with

density squared Target log o (Jann)
Gamma flux from DM factored Galactic Center 21.5
into DM model and DM Dwarf galaxies (best) 19
distributions: J-Factors Galaxy clusters (best) 18

Astrophys. uncertainties of the
flux are absorbed by the J-factor

The larger the J-factor the more
interesting the target

« Balance with backgrounds

* Most favorable targets are : |
generally nearby, high dark 100
matter densities, low ¥ [degrees]
backgrounds

Bjorn Penning ¢ DM Lectures e Future
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Telescopes

Bjorn Penning ¢ DM Lectures e Future

15



= BRicrer  Cannot cover all Indirect DM searches

Map of the World, April 2007
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Y-ray detectors
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Gamma-Ray Telescopes
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& 7 niversity of .
ElH Universivy o Space-based: Fermi-LAT

AL BRISTOL
 Same techniques as in high-energy physics 16 modular towers
+ Fermi-LAT is a pair-conversion telescope 18 tungsten converting
layers and 16 dual silicon

 Able to observe the entire sky tracker planes

| INCOmMIng gamma ra)

_ Anticoincidence
~ Detector (background rejection)

T Conversion Foll

Particle Tracking
Detectors

Calorimeter
T (energy measurement)

clectron-positron pai

Csl calorimeter

Bjorn Penning e DM Lectures e Future 19



BRICTOL Cherenkov Telescopes

Detection Principle

o

Particle Shower

Detection Principle

« vy rays flux at high energy decreases quickly — larger area
needed than possible on space based telescopes

« vy rays (or p/nuclei) create EM shower in the atmosphere,
detected via Cherenkov light

« (Good angular resolution
* Obtain from image energy (image intensity), direction

(image direction), type of particle (image shape)

Bjorn Penning ¢ DM Lectures e Future 20
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Background

gamma shower
1TeV

. » ] 1 d . " H 3 iL» .

Ratio y/hadron ~ 1/1000

. Main bkgd also CR:
"« Hadronic showers
eff. rejected

» Electron showers
irreducible (but
isotrop)

K. Bernldhr

C. vanEldik

Bjorn Penning ¢ DM Lectures e Future

21



.vé University of
A& BRISTOL

Cosmic Ray Telescopes
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The Sky for Fermi-LAT
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Uniersyof The Sky for Fermi-LAT

extragalatip y-ray bkg e R

interstellar emission
from galactic disc

Tycho’s SN (1572) | . ‘. _ .. / ’
RN ke e —ptapren -~
- Cygnus X : ot

Orion molecular
clouds
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Uniersyof The Sky for Fermi-LAT

Pion decay

extragalatic y-ray bkg e R

Galactic diffuse emission

Tycho’s SN (1572)

D)

Cygnus X
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Untvers of The Sky for Fermi-LAT

extragalatic y-ray bkg e R

interstellar emission

Galactic diffuse emission from galactic disc

Tycho’s SN (1572)

fj v .
\‘:I j. > .j“
N .

Orion molecular
clouds
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Detected sources

The Sky for Fermi-LAT

o 4C+21 38 "
Markarion 421 © o 3 273 ©
(0}
'O° o O} O
® - o PKS 15024106 ©
® O
4C +55.17 ®© o 2 w128 O
: o
[0} PG 15534113 Cb © oo
% 00 Mofkarion 501 PXS 151008 ©  msn-is
0 o o o Q © A
b % _o o o .
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.;_,‘ BRISTOL The Sky for Fermi'LAT
Fermi Bubbles -,"' N
.- ﬁﬂ,ﬁr U “.'I.E‘~I'I: I‘ - - NP 5

possibly remnant of a time when
BH in our Galaxy was very active

Bjorn Penning ¢ DM Lectures e Future
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Untvers of The Sky for Fermi-LAT

arXiv:1502.02866

Detected sources Fermi bubbles

@ s O 4C +21.35

| J,#P’% ) o PKS 2324-502 K %
:-' ; '.‘:.'.‘:.gr O O - " &4
e -‘.‘ ! O
V) ol > ) O
T ° ©
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Uil The Sky for Fermi-LAT: Targets

Galactic Halo at High Latitude
* good statistics
l * (extra)galactic backgrounds
* spectral and anisotropy measurements

Galactic Center

* high statistics

 brightest dark matter source
but uncertain distribution

* large background

Galaxy Clusters
» dark matter substructures
* cosmic-ray induced background

Dwarf Spheroidal Galaxies

e dark matter dominated nearby objects

Dark Halos
» almost background-free

* pure dark matter objects
* unassociated gamma-ray sources

2
X ds
/10 ] PDM + dedicated searches for gamma-ray lines

Bjorn Penning e DM Lectures e Future 30



Ep\mfbﬁ General ID Searches

Observed Flux Expected Flux

CI)Obs (I)Th

Excluded
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Ep\lgﬁ)ﬂ General ID Searches

Observed Flux Expected Flux

CI)Obs (I)Th

Excluded
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20°

Extragalactic Searches

Bjorn Penning ¢ DM Lectures e Future
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Ep\lgf’oi Extragalactic Searches

arXiv:1502.02866

—e—— Total EGB

il
7
7

o
£
&

>
O

=

L

ke,

—

p

T

N

L

IGRB

Resolved sources, Ibl>20°

' IGRB - Abdo et al. 2010

10°
Energy [MeV]

« Diffuse Gamma Ray Bkgd + resolved point sources (gray) = total “Extragalactic
Gamma-ray Background (EGB)” (black data points). The latter is defined here as
the sum of the DGRB and of the resolved sources at |b| > 20- (shown in gray).

« Above 100 GeV, ~ 50% of the EGB resolved into individual LAT sources

Bjorn Penning ¢ DM Lectures e Future
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Extragalactic Searches
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Stacked dSph, LAT

 Limits on annihilation cross section at 2o C.L.

Stacked dSph, LAT

arXiv:1501.05464

PS (min—-+max), SS-REF
PS (min—-+max), SS-MIN -

(orv >f7l‘( 2e—out |

WW-

10° T 10°
m, |GeV]
_ PS (min—max), SS-REF _

PS (min—-max), SS-MIN -

« Reference case (SS-REF): Substructures boost total Galactic annihilation signal x15

* Minimal case (SS-MIN): signal x 3

* Constraints starting to approach interesting regions

Bjorn Penning ¢ DM Lectures e Future
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Bt Low Latitude Fermi-LAT searches
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Bhicts  Low Latitude Fermi-LAT searches

o H ré&Good '09; Vitale&M 111 '09;
The Galactic centre GeV excess O P e pererL inden PRD'1L.
(at the Galactic centre) | B Prpateert PLELL.

Abazajian&Kaplinghat PRD’12;

Macias&Gordon PRD’14;

Abazajian+ PRD’14; Daylan+ '14;

Huang+ ’'15; Carlson+ '15; Ajello+15;

Casandjian Fermi Symp.’14;

o de Boer+ ICRC185; etc.

Total Flux Residual Model (x3

Daylan+ ‘14

* Extremely high statistical evidence
« Relatively sharp peak around 1-3 GeV
* Roughly r_z'5 emission profile

* Extends at least from ~10pc to ~1kpc

Bjorn Penning ¢ DM Lectures e Future 37



E“‘R‘f%{b"i Characterizing the excess: energy spectrum

arXiv:1502.02805

broken PL : DM 777~

PL with exp. cutoff GC excess spectrum with |
DM bb stat. and corr. syst. errors |

-ﬁIII’I ml, 35

« Data analyses using background and signal templates, stable against foreground variations
* Excess consistent with DM signal or broken power law

« Main uncertainties from Fermi Bubbles and unresolved point sources

Bjorn Penning ¢ DM Lectures e Future
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%RIST“ofL Why is the GeV excess so exciting? ioi1a11 4647

Hooper& Goodenough 2010 Calore+ 2014

Boyarsky+ 2010 Fermi coll. (preliminary)

Possible explanations:

GeV excess emission _
at F =2 GeV Hooper&Slatyer 2013 «+++ contracted NFW v = 1.26

Gordon+ 2013 Fermi Bubbles (extrapolated)

Abazajian+ 2014 HI + H2 (at 2 < 0.2 kpc)
Daylan+ 2014

« Milli-second pulsars: need
large population

* “Recent” bursts injecting
high-energy population of
electrons or protons:
Spectral fit worse,
spherical out to kpc
scales?

-
e
e
»
N/
w
Bt
w
™
-
=
-
R
o
~
S
<,
i~

Galactic latitude |b| [deg], at £ = 0°

* Recent strong evidence for
unresolved point sources

 Future observations should allow
us to discover the bulge MSP
populations.
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Searching DM spectral features

‘Bump-hunt’ style of search

Only three free parameters:

DM signal

astrophys.
background

Bjorn Penning ¢ DM Lectures e Future

Search for Spectral Features

Energy spectrum in target region

~

-~ \

~

Events in energy window \

(sketch)

Bringmann+PRD’11
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BE BRISTOL Gamma-ray line searches
Reg3
Einasto ¢

Optimised region of interest
about the Galactic center,

depends on the DM profile:

Regd (ULTRACLEAN), E. =129.8 GeV

Signal counts: 46.1 (4.360) 80.5 - 210.1 GeV

p-value=0.37, x>, =23.6/22

o
ot

« A gamma-ray line signal at
130 GeV?

o
—
-

Counts

e 43 months of SOURCE data
(P7V6)

« Significance: 4.60 (local),

3.20 (global) IIHI 1 II }-I-I-I-II-I-I-I-I.I.}.I.

—
&
—
-
=
-
.-
P
'
-
-
—
-
o
—
-
v
o’

Bringmann+ JCAP’12 Weniger JCAP'12

Profumo&Linden, JCAP’'12; Ibarra+ JCAP’'12; Dudas+’12; Cline PRD'12;
Choi&Seto PRD’12; Buckley&Hooper PRD’'12; etc...
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% University of

BRISTOL Gamma-ray line searches
Reg3 . | |
Einasto « Optimised region of interest

about the Galactic center,
depends on the DM profile:

130 GeV feature now
excluded

NFWc(y=1.3) R3
—e— Obs Limit P8 (5.8 yr stat+syst)
----. Expected Limit
(] Expected 68% Containment
[ Expected 95% Containment
— Obs Limit P7REP (3.7 yr, stat-only)

« A gamma-ray line signal at
130 GeV?

e 43 months of SOURCE data
(P7V6)

»
&
(2]
=
E
3
—
O
2
0
o
\%

S
8

« Significance: 4.60 (local),
3.20 (global)

—_—
Q
=

Bringmann+ JCAP’12 Weniger JCAP’'12
Profumo&Linden, JCAP’12; Ibarra+ JCAP’12; Dudas+’12; Cline PRD’'12;
Choi&Seto PRD’12; Buckley&Hooper PRD’'12; etc...
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Searches using dwarf
spheroidal galaxies

Bjorn Penning ¢ DM Lectures e Future
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BRISTOL Dwarf spheroidal galaxies

arXiv:1204.1562
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Andromeda sub cj'oup Il DES Year 2
4

DECam Installed §
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—_
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r o
~

2015 Jul 1 2016 Jan 1
SDSS Begins

Confirmed

Candidate

1960 1980 2000 2020

DSpecs closest dominated DM objects, high mass-to-light ratio
Very low background (stars and gas)

Discovered in optical surveys (SDSS, DES)

Robust targets for ID searches

« Uncertainties in the halo profile might have been underestimated.
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= BRierl Known dwarf spheroidal galaxies ems conaorstion, a3

Stellar density field
from SDSS & DES

Leolli
Leov

LeoIV Seg 1l "-.
. )
B Leo |
. il .

Blue - Previously discovered satellites Red outline - DES footprint
Green - Discovered in 2015 with Red circles - DES Y1 satellites
PanSTARRS/SDSS Red triangles - DES Y2 satellites
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University of  atest Fermi-LAT Analysis

Ackermann et al. (2015) Ackermann et al. (2015)
Nominal sample Nominal sample
Median Expected Median Expected
687 Containment 68% Containment
95% Containment 95% Containment

bb

o
p %
o

://

10? 102
DM Mass (GeV) DM Mass (GeV)

Very small excess in bb channel (again).
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Searches with anti-protons
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BRIGTOL Antiproton/proton ratio arkiv:1701.00086

*+ AMS-02
PAMELA
BESS-polar Il

' |Rigidity| [GV]

|0

* Production of anti-protons again universal because of hadronization in DM
decay/annihilation

* Background anti-proton production and propagation relatively well understood
— Powerful tool for stringent constraints on DM contribution

Bjorn Penning e DM Lectures e Future 438



& niversity of . .
ERIST“Q*L Antiproton/proton ratio

¢ PAMELA 2012
¢ AMS-02 2015

—  Fiducial
Uncertainty from: Cross-sections
Propagation
Primary slopes
Solar modulation

5 10 50 100
Kinetic energy T [GeV]

* Quite some uncertainty affects the prediction of the astro
only antiproton signal.

Bjorn Penning ¢ DM Lectures e Future
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BRicrel  Constraints on DM from antiprotons

[a—

S
N
N

~

[E—

N
N
o

= Einasto MED
] Varying halo profiles
— — — Varying propagation parameters

| |
1000
DM mass MpM [GCV]

)
~
=
Q
A—
AN
>
b
N
-
o
e
Q
D]
7 )
N
7 »)
o
—
Q

» Discussion of uncertainties in the GeV excess signal + protons
& radio constraints Bringmann+ PRD’14; Cholis+PRD’15
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OB BRISTOL Positron Fraction arXivi1307.6434

P

AMS-02 (2013)
(I)(e*) Fermi LAT (2011)
BT\ - Blo—)  PAMELA (3009]
o+ -
®(et) + P(e™) AMS-01 (2007) +—=
- HEAT (1997)

spallation model

l’\
o
+
-
O
=
+
()
C
e,
©
(U
-—
C
O
-—
‘@D
o
o

 Anomaly: arise in the positron fraction for E > 10 GeV

 From CR propagation physics, the ratio is expected to decrease for all propagation models

Bjorn Penning ¢ DM Lectures e Future
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ERISPQ*L Positron Fraction arXiv:1307.6434

P

B(e™) AMS-02 (2013

(2013)

Fermi LAT (2011)

=7 N =7 N PAMELA (2010)
$(et) + P(e~)  PAMELA (2009)
AMS-01/(2007)
HEAT (1997)
spallation model

IH

grrlt

‘;":’T‘"I

S

Anomaly: a rise in the positron fraction for E > 10 GeV

From CR propagation physics, the ratio is expected to decrease for all propagation models
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arXiv:1003.4124

NFW Halo profile (rg = 20 kpc) B/C best fit

/(e"+e)

+

c

Positron fraction

/(" +e))

+
c

Positron fraction

S
S

-1

<ov>=21x10"cm’ s
m, = 100 GeV
Bkg. factor = 1.1

Direct prod.

Boost factor = 10

Heat 2000
AMS Run |
AMS Run 2

W W™ channel

Boost factor = 30

1
10
Positron energy [GeV]

uncer. band
background

bb channel

Boost factor = 50

Heat 2000
MASS-91
CAPRICEY%4

N
T Tt channel
Boost factor = 40

10’
Positron energy [GeV]
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107

Dark matter
interpretation:

* Annihilation into
leptons only

 Quite massive
particle

* Very large cross
section

53


https://arxiv.org/abs/1003.4124v1

&7 niversity of .
ERIQ’IEE)L IS |t DM? arXiv:1304.1840,

0904.3830,
1.00 ¢

- All Milky Way pulsars
0.50 -
a’:] .65, ECZGOO Gev ROTATION

AXIS

RADIATION
BEAM

”

/‘ ~—

/
NEUTRON STAR
\

RADIATION
BEAM

° Annihilation into |eptons produces a|WayS o POSS|ny pOSItFOﬂS from pa|r prOdUCt|On |n pUIsar
an Inverse Compton emission, not seen in magnetosphere
gamma rays — Gamma-ray constraints
* How to discriminate DM from astrophysics?
 Tension with current constraints from CMB
« Shape of the spectrum (challenging)

* Anisotropy (directional signal)

Bjorn Penning ¢ DM Lectures e Future 54
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Searches with Neutrinos
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3 BRISTOL Neutrino Searches

« Search for an excess of high-energy neutrinos from the Sun and the Earth, indicating the
presence of dark matter annihilation

« Unperturbed propagation, like for photons

« Signal generally suppressed with respect to gamma rays

Bjorn Penning ¢ DM Lectures e Future
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Vé University of WIMPS in the Sun

BRISTOL
Bl\Y
velocity
distribution
O'scatt
[ scatt ‘ | .
[ annihlation | -
M interaction
In the Sun: On Earth:
« Capture of DM .
oscillation/propagation * Detection by €.9.

« Annihilation of DM lceCube

High energy v escape

Bjorn Penning ¢ DM Lectures e Future
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BRISTOL WIMPs in the Sun

DM

velocity
distribution

O scatt

'''''''

rscatt

rannihlation

Solar DM capture:
« DM going through the Sun interact with particles
« Elastic scattering with protons in the Sun (as in direct detection)
« DM looses energy and velocity decreases, once Vpy < Vescape, then DM becomes trapped
« After multiple scatterings, DM thermalizes in the core of the sun
« Dependencies: Local DM velocity and density, scattering cross section, Sun’s element

composition

Bjorn Penning ¢ DM Lectures e Future
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BRISTOL WIMPs in the Sun

DM

velocity
distribution

O scatt

rsoatt

rannihlation

Solar DM annihilation:

DM in the Sun might annihilate
« only neutrinos can escape from the Sun because of low absorption
« the dark matter annihilation competes with the capture rate

* Very slowly DM annihilation/capture reaches equilibrium

Bjorn Penning ¢ DM Lectures e Future
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BRISTOL WIMPs in the Sun

DM

velocity
distribution

Oscatt

rscatt

rannihlation detector

Vv interaction

M interaction

At equilibrium,
dependence only on the
scattering x-section (as
direct detection)

Equilibrium

R

* Less affected by DM halo
uncertainties because
average out over time

Bjorn Penning ¢ DM Lectures e Future
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BRISTOL Solar Neutrino Energys

ZZ, W VV_7 Yy had./decay :|: :|:
XX — { a3, €_|_€_7 i } % v, € 7p/p7 '

0(GeV) - 0(TeV) from dark matter
Ev ~ 0(MeV) from sun

« Monochromatic neutrinos from
Sun from e.g. ZZ decay

Bjorn Penning e DM Lectures e Future 61



LA University of :
BRISTOL Solar Neutrino Energys

ZZ, W VV_7 Yy had./decay :|: :|:
XX — { a3, €_|_€_7 i } % v, € 7p/p7 '

0(GeV) - 0(TeV) from dark matter
Ev ~ 0(MeV) from sun

« Monochromatic neutrinos from
Sun from e.g. ZZ decay

* |n case of boosted neutrinos:
E, ~ mpum

Bjorn Penning e DM Lectures e Future 62



LA University of :
BRISTOL Solar Neutrino Energys

ZZ, W VV_7 Yy had./decay :|: :|:
XX — { a3, €_|_€_7 i } % v, € 7p/p7 '

(GeV) O(TeV) from dark matter

* |f neutrinos produced via
* Monochromatic neutrinos from intermediate states

Sun from e.g. ZZ decay

_ « E,<<mpm
* |n case of boosted neutrinos:

E, ~ Mpum e« ‘Soft neutrinos’
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% University of . .
n BRI%TE)L NGUt”ﬂO FIUX arXiv:0506298v5

Ve, fromDMDM —> ZZ

Ve, fromDMDM — bb

/

DM mass
in GeV

S
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~
Z
e

S
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Neutrino flux allows to constrain - or determine - DM properties.
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Universicy of Neutrino Telescopes

I ICECUii I- _

« Large volumes because of
small cross-sections and fluxes

* Optical modules in a
transparent medium to detect
the Cherenkov light emitted in
charged-current neutrino-
nucleon interactions.
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% University of
BRISTOL lceCube

IceCube Lab Detector completion in
2010-2011

Cubic km scale, 86 strings
1450 m — 2450 m
lceCube

125 string spacing

17 sensor spacing

DeepCore

Deep Core

70 string spacing
4 7 sensor spacing

Higher QE sensors
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% University of
BRISTOL IceCube

Vu/Vy + N — u* 4+ N’

* Vg produce short track (O(10m))

v, interaction produces long muon tracks O(km)

* Very good angular resolution, obtain arrival direction
(from the Sun)

« Bkgd: atmospheric neutrinos not correlated with the Sun

— Signal signature: Excess towards the Sun?

® Data

««««+ Background

. WIMP 1000 GeV, hard

* |ceCube 79-strings results
* No significant excess

« Allows to set upper limits on
capture rate, i.e. capture rate, i.e.
elastic scattering cross section
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% University of ..
(h‘ BR_[S—IEE)L Upper IImItS On WIMPS arXiv:1601.00653

IceCube Collaboration 2016

N
o™
—
Bl
—
o
N—r
=,
f\..
5!
©
=
o
o p—
—
o
Q
T
n
2
o
—_
o
-
—_
o
—
o
—~
?..
—~
Q
—
<+
<
—
..
—_
—<
—
A

10 10°
Dark matter mass m, (GeV)

« Potential signal from the Sun leads to competitive constraints on the scattering cross section

« Same effect from the center of the Earth, but signal not competitive with direct detection
(equilibrium typically not yet reached)
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BRISTOL Sterile Neutrino

« Sterile Neutrinos can
decay to photon+neutrino

« (Can search for these
photons: (X-rays)
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BRIGTOL Sterile Neutrino arkiv:il02.2301

Telescope: XMM-Newton
Target: Galaxy clusters (73)

* Analysis: look for non-atomic
spectral lines

Line-free APEC + Gaussians |

Ca XiX
f1™%
/1

XMM - PN
3.57 keV  Rest of the Sample
(69 Clusters)
1.8 Ms

'VI

—
>
)
X
‘w
n
-—
c
o

S—
<
=
T

' 'd)
:o .0’. '0 s )
L A ®
' pe

{ .‘ ‘4
L 24
MR

’

Residuals

36 3.6

34
Energy (keV)

Energy (keV)
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& % University of . i
BRISTOL Sterile Neutrino

arXiv:1607.07420

Telescope: XMM-Newton
Target: Galaxy clusters (73)

* Analysis: look for non-atomic
spectral lines

arXiv.org > astro-ph > arXiv:1402.2301
(Help | Advanced searc

Astrophysics > Cosmology and Nongalactic Astrophysics

Detection of An Unidentified Emission Line in the Stacked X-ray spectrum of Galaxy Clusters

Esra Bulbul, Maxim Markevitch, Adam Foster, Randall K. Smith, Michael Loewenstein, Scott W. Randall

(Submitted on 10 Feb 2014 (v1), last revised 9 Jun 2014 (this version, v2))

We detect a weak unidentified emission line at E=(3.55-3.57)+/-0.03 keV in a stacked XMM spectrum of 73 galaxy clusters spanning a redshift range 0.01-0.35. MOS
and PN observations independently show the presence of the line at consistent energies. When the full sample is divided into three subsamples (Perseus,
Centaurus+Ophiuchus+Coma, and all others), the line is significantly detected in all three independent MOS spectra and the PN “all others” spectrum. It is also detected
in the Chandra spectra of Perseus with the flux consistent with XMM (though it is not seen in Virgo). However, it is very weak and located within 50-110eV of several
known faint lines, and so is subject to significant modeling uncertainties. On the origin of this line, we argue that there should be no atomic transitions in thermal
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BRISTOL Sterile Neutrino

arXiv:1607.07420Q

Telescope: XMM-Newton
Target: Galaxy clusters (73)

* Analysis: look for non-atomic
spectral lines

» Unfortunately now excluded by
Hitomi and other data

arXiv.org > astro-ph > arXiv:1402.2301
(Help | Advanced searc

Astrophysics > Cosmology and Nongalactic Astrophysics

Detection of An Unidentified Emission Line in the Stacked X-ray spectrum of Galaxy Clusters

Esra Bulbul, Maxim Markevitch, Adam Foster, Randall K. Smith, Michael Loewenstein, Scott W. Randall

(Submitted on 10 Feb 2014 (v1), last revised 9 Jun 2014 (this version, v2))

We detect a weak unidentified emission line at E=(3.55-3.57)+/-0.03 keV in a stacked XMM spectrum of 73 galaxy clusters spanning a redshift range 0.01-0.35. MOS
and PN observations independently show the presence of the line at consistent energies. When the full sample is divided into three subsamples (Perseus,
Centaurus+Ophiuchus+Coma, and all others), the line is significantly detected in all three independent MOS spectra and the PN “all others” spectrum. It is also detected
in the Chandra spectra of Perseus with the flux consistent with XMM (though it is not seen in Virgo). However, it is very weak and located within 50-110eV of several
known faint lines, and so is subject to significant modeling uncertainties. On the origin of this line, we argue that there should be no atomic transitions in thermal
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Vé University of
BRISTOL Summary

* Indirect searches cover a wide range of
targets, messenger particles and
energies

« Entering precision era, most recently
thanks to Fermi-LAT and AMS-02

’.0

« Intriguing hints, but challenged by > —
statistics and and alternative A
astrophysical interpretations

« Major effort is needed in the
understanding of astrophysical processes

« Multi-wavelength and -channel approach ﬁ
needed for background understanding
and DM discovery

* Planned future experiments will push the
frontier in highly interesting regions
where we expect signals to manifest
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Backup
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BRISTOL Indirect Dark Matter Detection

« Dark matter exists and is the main responsible for the
gravitational potential inferred in galaxies, clusters and cosmo.

« Dark matter is non-gravitationally coupled to standard matter.

Decay process sssssssd Observable
Fluxes

Low-energy photons
Qu urks Positrons

go\% Neutrinos
\M

Protons

Leptons

Decoy process m————
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ﬁ% University of :
BRISTOL DM Signals

Annihilation

Velocity averaged DM
annihilation Cross-section—l

dNann _ _ {ov)dN; 1 () dNgec 1 dN, 1
ann\ ¥ =
dA dtdS)dFE 2m2 dFE 4 * dA dt dQ dE My T dE A

DM mass —T T—DM spectrum DM decay rate 1

Jann(w):/ pQ(w,l)dl Jdec(V) :/ p(,l)dl
los T los

DM spatial profile

Jdec (2/))

Reviews: Bringmann & Weniger, PDU’15; Ibarra+, Int. J. of Modern Physics A’1l3
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Eﬂl‘é University of

BRISTOL "‘Prompt” gamma-ray DM spectra

Number of photons Ex dNx dNx
per unit energy m, dr X @

DM DM — SM SM
1000

b-quarks

0
T — Y

100 }

>
64
2
Z?x
= 10}
S tau-leptons
£ I+ 65% hadronic decay
1 through W
. 0.1
2
—~ 001
Weakly Interacting ‘ 5
Massi
P::lscg Bosons 0.001

002 005 0.0 020 050 1.00
X = E, /mpym
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&7 niversity of
BRISTOL DM gamma-ray flux

dNann ~ (ov) dN, 1
dAdtdQdE 2m§ dE 4m

]ann(@/)

1000
- 6 -
d 100} = 10 5
} z
5 10+ r'{v:
g1 g
'I‘l > 10 E
" 0.1 8 3
< -—
Z’“ 0.01 N
-O X

0.001 10° \

002 005 010 020 050 1.00 . 0 100
X = E, /mpm Energy [GeV]

* The overall intensity of the signal also crucially depends
on the distribution of dark matter.

Bjorn Penning ¢ DM Lectures e Future



University of
BRISTOL

v -
& B

Space-based: Fermi-LAT
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Universicy of Constrains on Dark Matter

@
&
O,
4
o
v

minimal blazars, millisecond psr, star-forming & MAGN
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Universicy of Constrains on Dark Matter

minimal blazars, millisecond psr, star-forming & MAGN
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Uaiveniey of Limits on DM annihilation

Fermi-LAT Collaboration JCAP'15

HM, SS-REF PS (min—-»max), SS-REF

bb,10 GeV e Extragalactic .. HM, SS—MIN PS (min-»max), SS—MIN

1073} ol Galactic substructure
} I T4 Power Law + Exp cut-off

Foy — Sum

Segue 1, MAGIC

> GC Halo, HESS

Stacked dSph, LAT (‘r\')ln‘clc out

1073

(o
7
™~
-
,—
- -
&)
7
)
LY
—
-
g
=

bb

‘1()"
E (MeV]

Gamma-ray spectrum:
galactic and extragalactic
contributions
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K niversity of
BRISTOT Secondary gamma-rays

7 A/ + A/ A - 2
vy = 24, WTW—, ") hadron_lz)atlon’\ Ii ])/]) ﬂ_i l//l/
e qq, I, vi decays | o | | o

Inverse Compton scattering
on CMB, star-light, infrared-light

Bremsstrahlung
onto gas of interstellar medium

Synchrotron radiation
magnetic field &' (uGauss)
for e* of GeV-TeV

—> MHz-GHz radio signal
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% |" niversity of '
BRISTOL Multi-wavelength DM spectrum

211

CHANDRA

T 1000 1]

o
£
0
o0
5,
2
7
>

Multi-wavelength spectrum from radio to gamma-ray given
by the and DM-induced emissions.
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& ' niversity of
ERIST“QIL gamma-ray spectral features
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e A indicates an abrupt change of the gamma-ray
flux as a function of energy, typically expected at the kinematic
endpoint of the spectrum.
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Bt Low Latitude Fermi-LAT searches

o H ré&Good '09; Vitale&M 11i ’09;
The Galactic centre GeV excess D oL indon PRI'11.
(in the inner Galaxy) - , ~ Hooperé&Goodenough PLB’11;

Boyarsky+ PLB’11;
Abazagjian&Kaplinghat PRD’12;
Macias&QGordon PRD’14;
Abazajian+ PRD’14; Daylan+ '14;
Huang+ '15; Carlson+ '15; Ajello+15;
Casandjian Fermi Symp.’14,

de Boer+ ICRC185; etc.

>y,
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Bhicts  Low Latitude Fermi-LAT searches

o H ré&Good '09; Vitale&M 11i ’09;
The Galactic centre GeV excess e Eoopera<indon PRIY1L
(in the inner Galaxy) ' RSty dr,

Boyarsky+ PLB’11;
Abazgjian&Kaplinghat PRD’12;
Residuals (Counts . ' Macias&Gordon PRD’14;

: . ‘ Abazajian+ PRD’14; Daylan+ '14;
Huang+ '185; Carlson+ '15; Ajello+185;
Casandjian Fermi Symp.’14;

de Boer+ ICRC1S5; etc.

..................................

Calore+ JCAP’1S5

Hooperé&sSlatyer PDU’13; Huang+ JCAP’13;
Zhou+ PRD’15; Daylan+ '14; Calore+ JCAP’15;
Gaggero+ 2015; Ajello+ 2015; Huang+ '15;
Linden+’16; Horiuchi+'16
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& niversity of :
BRISTOL Inner Galaxy analysis setup

The (spatial) template-fitting method (maximum likelihood) —

Hooper+PDU'13; Huang+JCAP’13; Daylan+’14; Calore+ JCAP'1l5; Gaggero+'15

Gélpro,p |

1. ’/TO + Brems 2. ICS (free) 3. 2FGL 4. Fermi 5. Isotropic
(free) (fixed) bubbles diffuse bkg

(constrained) (constrained)
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(free)
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BRISTET Astrophysical interpretations

Inverse Compton from cosmic-
ray sources

Spectrum compatible with Fermi
observed millisecond pulsars (MSPs),
and marginally young pulsars

Unresolved Point Sources
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&7 niversity of ]
Ep\lgf’oi Cherenkov Radtion

A relativistic particle travelling in a
dielectric medium (air/water) faster

than the speed of light in the medium
polarises the medium that emits em
radiation.

c/n <wvp <c

ct 1 1
cosl) = — X — =

n  Bct ﬁ

Number of photons emitted per unit

length and wavelength
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Vé University of
BRISTOL Gamma-ray |

0 Reg3, P7rep clean, 1D, 65-260 GeV, 133 GeV

v

Signal events

Average SIG(BG) events per bin: 4.3(20.7)

0 2 4 6 8
Time [6 month bins)

-15

—

©
N
~

* PASS 8 event selection

« 200MeV - 500 GeV

* 5.8 years of data

* 5 optimised sky regions

—> Local significance: 0.72 sigma
Consistent with statistical fluct. 10™

—
Q
N
(e ]

<ov>_ 95% CL Limit (cm’s:
o

Ine searches

Fresh Data

But no signal since Summer 2012!

Using Fermi LAT data alone, the
signal hypothesis can be excluded at
more than 3 sigma.

l"] L J L] "I'UYI

Einasto R16
—e— Obs Limit P8 (5.8 yr stat+syst)
---«- Expected Limit
[ ] Expected 68% Containment
) Expected 95% Containment
— Obs Limit P7REP (3.7 yr, stat-only)
— Obs Limit P7TREP (5.2 yr, stat+syst) 7

LR RLL

| llI”"l | lllll"]

L Il”"l

l"Tl

8 :11111 L 111“111 L llllllll 1 11111“1 L L Ll
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Universicy of How to explain the data

)

o
—
s
.

e

* Data
= Minimal Model

c
@)
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O
©
e
(VI8
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O
—
- —
72
O
o

10 10°
Energy [GeV]

Minimal model requires an extra-component in the e- and e+
fluxes:

New common source of e, e*

Bjorn Penning ¢ DM Lectures e Future

92



BRISTOT WIMPs in the Sun

velocity

distribution

Oy H- 16n*
J

Ann. rate

mMp\ 100 GeV, (ov
‘)

2
- )

t [billion \'c';n.\i
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Vé University of
BRISTOL

PAMELA satellite

1.2m, 450 Kg

Particle

Antiprotons
I’U\ill’nn\
Electrons

Protons

Electrons + pn\ill'ull\

Light nuclei (He/
Antinucler search

H\“ C)

Energy range

SOMeV-190GeV
S0 MeV-300 Ge\
up to 500 GeV
up to 700 GeV
up to ~1 TeV (from calorimeter)
up to 200 GeV nucleon ~ |

sensitivity of 3 x 10

° in anti-He/He

Geor

netric

acceptance

Spectrometer

Tracking
oY ‘1t"”| o

(6 planes)

Anti-coincidence

7~
()
>
.:[)

08 s3)—

Calorimeter

.<

l_G;N
>

Scintill. S4

Proton
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