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Astroparticle Physics

 Fundamental physics in (and from) the cosmic

laboratory \
— New physics A working definition of

“astroparticle physics”
* e.g. dark matter, ... for this talk

— New regimes
 e.g. (very) high energy accelerators, ....

Universe content
visible matter 5%
. B .

. AN . Large and active experimental
i and theoretical field. This

dark energy 68% | J overview will be a bit biased,
focussing mainly on searches for
dark matter
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News items - chronological

Free Electrons Earliest Time
Scatter Light Visible with Light

Fluctuations
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News items - chronological
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Precision CMB - focus on sensitivity to new degrees
of freedom (Planck, BICEP2)



CMB sensitivity to light degrees of freedom

Important test of new light (relativistic) degrees of freedom,
that affect the energy density during radiation domination

Py X Negd
10000.0F T . [ :
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CMB sensitivity to DM annihilation

Sensitivity to residual DM annihilation around recombination

™rTT T r T T T TTTTTTT

10—22
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10—23 :

WMAP9
Current (WMAP9+Planck+ACT+SPT+BAO+HST+SN)
Full Planck temp. and pol. forecast

CMB Stage 4 forecast
Cosmic Variance Limit
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CMB B-modes

* First observation of lensed B-modes
— EB correlation from SPTPol
— BB from PolarBear

U+ 1)CPB /(2m) (uK2)

08

06

04

0.2 -

02 F

04 -

[PolarBear 2014]
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CMB B-modes

* First observation of lensed B-modes

 First claimed observation of primordial B-modes

from BICEP2

— assumes foregrounds, e.g. from dust, are negligible (to be

checked!)
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CMB B-modes

* First observation of lensed B-modes

 First claimed observation of primordial B-modes
from BICEP2

— assumes foregrounds, e.g. from dust, are negligible (to be
checked!)

* |If primordial, the signal appears
consistent with gravitational waves
generated during inflation with a
simple V ~ m2@? inflaton potential

* |nflation at the GUT energy scale of
107 GeV!

= 0.14 H :
= 1014 GeV

13



fu [GeV]

High inflationary scale vs axion DM

: / E
6,=0.0001 Q
/ 2
u
6:=0.001 . =
- / Axion Isocurvature g1
Fluctuations 58
0;=0.01 / O
#;=0.1 / /
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- White Dwarfs Cooling Time 1 ]
10° 10 10 10" 10"

H; [GeV]

Any “measurable” value of r would point against high scale
axion DM due to the constraints on isocurvature perturbations

m, |eV]

[Visinelli & Gondolo 2014] 14



News items - chronological
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Precision BBN

« Recent determinations of the BBN Deuterium

abundance from BBN, using absorption in metal-
poor high-z Lyman-a systems

— percent-level consistency of baryon abundance with CMB

log(D/H)

—4.50

—4.95

—4.60

—4.65

—4.70

[

I 1 1 1 1 l
[Cooke et al. 2013] |

0.020
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0.026
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News items - chronological
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DM in the late universe
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Indirect DM detection

* results from the Fermi satellite




Indirect DM detection

[Kuhlen et al]

Galactic ceﬁté R Satellites
highest rate, but many other low background, but

sources including transients astrophysical uncertainties
19



Indirect DM detection

* results from the Fermi satellite

— annihilation constraints now close to the s-wave benchmark

from thermal freeze-out ¢_ ;2. ¢4 (3 x 10~*%cm’s ™!
| (o)

- Prompt + .. - ) T T
. ——Prompt + ICS AX2T T Z o s LRstkcod Bayesian Comparison
10—2-’- = Bayesian
== Median Expected
10_22 F| W 68% Containment
_23 95% Containment
? 10 '
"’\ . 10—23 -
g 107 Ta
‘% s Einasto i 10724 F
E 10 — E
= ST 25|
V] 10-26 Burkert 10
10—26 C
NFW, ) ‘ ‘ T
10—28 1 1 [T BESRIE | 1 TR BERTAEE | 1 101 102 103 104
5 10 20 50 100 200 500 10002000 mpy (GeV)
mpm [GCV]
From regions around Combined limits from 15

the galactic center dwarf spheroidal satellites.2 ;



Indirect DM detection

|dentifying astrophysical signatures of DM annihilation...

The signatures are photons, cosmic rays, etc, and there are
usually many astrophysical backgrounds... -



Indirect DM detection

* Hints from the galactic center...”?
— DM annihilation or astrophysics? (e.g. MSPs, transients,...)

1.0 - 3.16 GeV 0.316 - 1.0 GeV

3.16 - 10 GeV

2.5°

-2.5°

2.5°

-2.5°

2.5°

-2.5°

Total Flux

2.5°

0°

-2.5°

Residual Model (x3)

2.5°

0°

|

-2.5°

10.0 x 104
8.0
6.0
4.0
2.0
0.0 —
7.5x10%
6.0
4.5
3.0
1.5
0.0

E® dN/dE (Arb. Units

20.0 x 103
16.0

12.0

8.0

4.0

0.0

101076

3.010°6 |

201076 .
-

1.0.10-6

-1.0.1076

[Daylan et al, 2014]

T T T L

~ = NGC 6266
o 47 Tuc
---- Terzan 95
— — - All MSPs

NFW y=1.26

Dark Matter _

e Also, a claim of new 3.57 keV x-ray line in clusters...

_ [Bulbul et al, 2014]

e (earlier hints of a 130 GeV line are dissipating) 22




Indirect DM detection

« AMS-02 verified the anomalous rise in the cosmic

ray positron fraction = e*/(e*+e")

— dark matter annihilation or a local source (e.g. pulsars)?

Positron fraction

107

o AMS-02
o PAMELA
A Fermi

e* energy [GeV]

23



PeV (astrophysical) neutrinos

 First observation of astrophysical neutrinos
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PeV (astrophysical) neutrinos

* First observation of astrophysical neutrinos

[ 5T Showers e |

o | Tracks =->¢-+
= [lceCube '14]
g Or “P+% x ]
5 Of oG t ‘
£ % Jf;;% t S
® -40 | a i
Swl Tttt 5t

80 - e .

102 10°
Deposited EM-Equivalent Energy in Detector (TeV)

« 37 events (background ~ 10), flavor universal and
Isotropic in direction

» expect to be linked to high-energy cosmic rays...
25



Direct DM detection

WIMP-nucleon cross section (cm2)
o
A
w

[LUX "13]

mWIMP (

GeV/c?)

Impressive direct detection sensitivity to thermal relic (WIMP)

dark matter in the halo with O(GeV - TeV) mass, and spin-

iIndependent scattering with nuclei.

26



Direct DM detection - low mass

&10%° T  FEEE FEEE T B T : 10'33
E \ -‘, e Q-
2. \ . 1 [—
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S, ~-40 | ) AR I PPRL
810 3 ‘,‘ \\ Do X 10 o
? ‘ WO N B ] »
0 Y\ SR S 1 ?
8 .“\ - \\ - ~;._‘ .\_\ _ \] 4 o
AT e e e e 50
o100 ¢ NHIIS LT B N 310 put
C \‘\‘ S N ] o)
O ~ : ~— s = .'~> B > h q)
Q \\ S — —‘.‘n\. ~ N (__)
(j) .Q ~ - } ™~ o 3

a2l /0 NN e, S n SO 6C
¢10 " F S sagaaass AT 310 a
S  SuperCDMS w, 4 S
= sl N e 7

10 ° F *310
-44 i i i L i ] -8
103 5 6 7 8 910 20 300

WIMP mass [GeV/c?]

Candidate events from DAMA, CoGeNT, CRESST, CDMS(Si)
not confirmed by LUX, SuperCDMS, CDMSL.ite
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Direct DM detection - low mass

ek
OI
(98]
oo
T

Cross—section [sz] (normalised to nucleon)

[W—
-

DAMIC

have to this low
mass region?

-

L http://dmtools.brown.edu/

CDMSLite

SuperCDMS \ | CoGeNT

But, thermal relic
(WIMP-like) dark
matter could be light
(sub-GeV). What
sensitivity do we

Gaitskell,Mandic,Filippini

DAMA ]

\

CRESST-I

LUX

0

10

WIMP Mass [GeV/c?]

10
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Fixed target DM searches - Neutrino Beams

1e
_ e — X
— K Koo X GEED) :
: - " |detect
proton p tp(n) — V" — Xx b, X[GC o v
beam m,n —— Vy — XXy SX AN
Ny-Ny m,=300 MeV a'=0.1 POT=2x10%°
10—30- l E (PR [} [l [}
, | Sensitivity within search
o Other limits — currrently underway at
= . MiniBooNE (run as a beam
104 | dump to reduce neutrino
T event . background)
c Direct
R detection [deNiverville et al '11,
""" limits 5 Dharmapalan et al '12;
1038 \ g Batell, deNiverville et al '14]

—— Direct Detection

10_40; BaBar
: — Electron/Muon g-2
— Relic Density
10—42.’ ———a ) . . —a o)
107! 1

m,(GeV)
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Fixed target DM searches - Neutrino Beams

e
_ e — X
nt—utv, ut—etvey, X g AT
' " - " detect
proton p _gp(n) — V' — XX iy clector V
beam %, n — Vy — xXx7 Noxan
Ny-Ny m,=300 MeV a'=0.1 POT=2x10%°
10-30 .
, Sensitivity within search
_ Other limits

10-32

-

c B o Direct
5 g detection
= limits
10—38; \
--- MiniBooNE |

— Direct Detection |
10 _40; BaBar \
— Electron/Muon g-2
3 — Relic Density \
\

10—42.’ . . . " N | . . \.._._._.

107! 1 10

m,(GeV)

currrently underway at
MiniBooNE (run as a beam
dump to reduce neutrino
background)

[deNiverville et al 11,

Dharmapalan et al '12;
Batell, deNiverville et al '14]

Proposal to use T2K/SuperK

(exploiting timing cuts) to

explore higher mass range
[CAP talk by C. Nantais] 30



Other probes of light DM

A' - invisible (m, = 1 MeV) [Snowmass NLWCP
1072 T WG, Essig, Jaros,
: < Wester et al '13]

AR
y

Monophotons at
% BaBar, and possibly
¢ Belle-lI? [Essig et al '13]

1073}

107 ™ Rare decays

woie |~ Electron fixed target

10_5 | LSND, JLab, ILC, MiniBooNE _|

el il e a3 proposal at JLab

my [GeV]
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In place of conclusions...

* As we'’re in Sudbury, can’t over-emphasize the global
importance of SNOLAB for observational astroparticle
physics, with neutrino and direct detection dark matter

searches.

10737 : 107!

3 [SuperCDMS, |,

10~ vaq 11072

| Snowmass '13]

— 107% 107
“ =)
510 104 =
5 1074 o5 &
= 3 >
3 10742 Rl 107 3
- e\ 2
é 107 N - AR\ 1077 g
3 _44_:?3\ e Wy 8 | s o
§ 10 Neutrinos CATTERD 576 Geg 10 S
L 45 B UG B e %3008 o -9 o
S 10 Neutrinos 19 NSO e g T "Kef‘f’_“?&:-- 10 é
T 1074 é R g xp‘éﬁ"ﬂ%éﬁi?‘ 10710 |

& RS T

= 10747 TR e g 1011 2
= o4 v 8 T GgUTF . 110712 =

-0 Future low mass & ’ A na DN -

‘sensitivity at SNOLAB ‘

-50 , . .
10 1 10 100 1000 10

5 32
WIMP Mass [GeV/c“]



Extra slides
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Fixed target DM searches - Neutrino Beams

A€
xxe "
+ + .
— I T UV ;4+—>€+Ve\’;4 _ [ean) .
orotor pro) — Ve T
0 —
beam T, n — Vy — Xxv V=i

Can use the neutrino (near) detector as a dark matter
detector, looking for recoil, but now from a relativistic
beam. E.Q.

e LSND - 800 MeV beam, 1023 POT, detector at 30m

e MiniBooNE - 9 GeV beam, 650 ton detector at 500m

e T2K - 30 GeV beam, off-axis detectors, near (280m), far (Super-K)
e (CHARM, MINOS, NOVA, LBNE,...)
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Fixed target DM searches - Neutrino Beams

Ny-Ny

L= V2, — SV F™ = St V2 + Dyxf? = bl + -
‘U' DM candidate,
coupled through
Ling = —reV,Jh U(1)’
m,=10 MeV a'=0.1 POT=2x10%

Ny-Ny m,=300 MeV a'=0.1 POT=2x10%

=== MiniBooNE

— LSND --- MiniBooNE

1 event ~— BaBar 3 — Direct Detection

— K*-n*+invisible BaB
10740} oo

— Electron/Muon g-2 — Electron/Muon g-2
— J/Y—invisible - — Relic Density
— Relic Density

|- 1 10—42 .

107! 1 107! 1 10
my(GeV)

[Batell, deNiverville et al *14] mGe)



