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Beyond the stars, the enclosed mass M
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Beyond the stars, the enclosed mass M
should be roughly constant
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There appears to be a dark halo that extends !
beyond the distribution of stars, with a mass o bl e
that exceeds that in stars by a factor of >10 Radius  (kpc)
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Angular scale
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recombination Multipole moment, ¢

N e Power spectrum of the CMB reveals curvature
ODSErver of the universe from the size of the Horizon at

decoupling (Q=1)

Photon
o Pressure

e Acoustic peaks give ratio of total gravitating
mass to pressure (provided by radiation acting
UYL Potential on baryonic matter)
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Neutrinos:
0.3%

Dark Energy:
70%

Dark Matter:
25%

Free Hydrogen
and Helium:
4%

Cosmic Frontier Experiments are largely focused on two big questions: what is the
nature of the Dark Energy and Dark Matter (the majority of our universe).

With the embarrassing agreement of experiments (LHC) with the Standard Model of
particle physics, best evidence for new particles and fields comes from the Cosmos!
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Hubble Diagram
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e Sloan has provided an incredible
wealth of data on galaxies
(930,000 galaxies and 120,000
quasars) and valuable
information about galaxy structure
and evolution, cosmology and (for
us gamma-ray astronomers) a
bunch of new DM dominated
dwarf galaxies.
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LSST: an 8.4m telescope with a 3.5deg FoV and 3.2

Energy Experlments

MS_DESI: 4m Mayall telescope on Kitt Peak, 3deg

Gigapixel camera will cover whole sky 8 times.  Will do FoV, 5000 robotic fibers fed to high resolution

Dark Energy (SNae, BAO), Dark Matter (microlensing)
science + lots of astronomy.

spectrometers for third dimension (redshift) in large
scale structure surveys.
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Gravitational effect of DM is visible in
many astrophysical settings (needed to
hold galaxies and clusters together)

Bullet cluster image shows gravitational
mass inferred from lensing (blue) and X-
ray emission from baryonic matter (red).

Not modified gravity, not gas - dark matter
behaves like weakly interacting particles
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DM relic abundance : €2,

Inflation

h2
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) Annihilation Channel | Secondary Processes Signals
XX — 44, g9 p,p, T, P, eV,
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The same interactions of WIMPs with standard model particles in the
early universe imply interactions in the current universe.

While the cross-section for a specific interaction (e.g., scattering off a
nucleon) or annihilation channel is indirectly related to this
decoupling cross section, almost all annihilation channgls produce
photons and the total annihilation rate to photons ~ 15 (V) s

closely related to the decoupling cross section:

* Gamma-ray production by annihilation in the present universe is closely related to
the decoupling cross section in the early universe with a natural scale {(ov) ~ 3 x 10~*°cm®sec™"
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IceCube Lab

O merers

1450 meters

2450 meters i

2820 meters

IceCube Array
86 strings, 60 sensors eoch
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Dwarf Constraints GC, Cluster, Constraints

Upper limits, Joint Likelihood of 10 dSphs Y
10! ¥ 10 =3 A | ' A B | ! | i
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*Enormous progress since last Snowmass meeting! We are beginning to probe natural cross
section at low mass (<20 GeV) and pull within 1-2 orders of magnitude for 100GeV-1TeV WIMPs
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Veritas event analysis and disp
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Veritas event analysis and disp
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e 10 mCrab sensitivity - 50 detection at 1% »
Crab 2x10 "3 ergcm? s @ 1 TeV) in 28 hrs. ot

e Fffective area 10° m? above 500 GeV
* Angular resolution <0.1 deg

* Energy range 150 GeV - 30 TeV, 15%
resolution (for spectral measurements)
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Segue Dwarf Galaxy Limits
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VERITAS Projections
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o With another 5 years, can push limits
with VERITAS down into interesting
cross-section regime
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Core-energy array: High-energy section:

bes.,t sensitivity 10 i<m2 r - ----
4 x 23 m tel. (LST) : [ .
(FOV: 4-5 degrees) in the 1(3'2 n?aei\rlrlo TeV multi-TeV energies
energy threshold
of some 10 GeV
i First Science: ~2016

- Completion: ~2019

o CTA is being built by an international consortium of ~800 scientists - Many Body Physics
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* A CTA like instrument with ~60 Mid-sized telescopes has the sensitivity to probe the natural
cross section for WIMP annihilation from 100 GeV to 10 TeV - But this requires a US contribution




2-Phase Liquid Xenon Dark Matter Detectors

Time
S2
1l
., &7
2.
s 13 |
Drift time
Pa rticle indicates depth
| Xe Experiments L S1
currently have ~100s kg
mass, next generation
will haYe — ionization electrons
tons (e.g., LZ with 7 tons) VN UV scintillation photons (~175 nm) T
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— XENONIT Excluded by DD and ID
e Survives DD, ID, and LHC Excluded by ID but not DD | —]
e Excluded by LHC but not DD or ID Excluded by DD but not ID

—-17

10 10°
m(x}) (GeV)

Detailed theoretical studies with PMSSM, contact operators, realistic halo models are

resulting in quantitative estimates of sensitivity, showing the complementary reach of

different techniques.

CTA, with the U.S. enhancement, would provide a powerful new tool for searching for
WIMP dark matter. The angular distribution would determine the distribution of dark
matter in halos, and the universal spectrum would be imprinted with information
about the mass and annihilation channels needed to ID the WIMP.

Future Direct Detection Experiments are also cutting deeply into natural parameter
space, soon to be limited by pp and atmospheric neutrinos - exciting enough that it is
making at least one astronomer start working underground!
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1 A N :

atomic transitions

* antideuteron slows down and stops in

| 1 I|l1'll| L] I IIIIIII 1] L] T rri

material BESS limit
* large chance for creation of an excited 104 LSP (m, =100 GeV)
exotic atom (E,, ~E,) AMS AMS e LZP (m, =40 GeV)
* deexcitation: 105 LKP (m, =500 GeV)
— fastionisation of bound electrons (Auger) ~ n9 Sy E e Secondary/Tertiary
- complete depletion of bound electrons
. . 10—6
- Hydrogen-like exoticatom T T Zo 0 ., 9T ERUREE ~,

(nucleus+antideuteron)
deexcites via characteristic X-ray transitions

* nucleus-antideuteron annihilation:
pions and protons

* exotic atomic physics understood
(tested in KEK 2004/5 testbeam)

LDB: 3x35 days
ULDB: 3x150 days

Antideuteron Flux [m2 s-! sr! (GeV/n)!]

*

ApN Helear 0.1 1 10
q- Annihiiation Kinetic Enerev per Nucleon [GeV/nl

Ph. von Doetinchem March 13 - p6

ELIA_LLH]J Illllﬂi I.IIIINI IIII'I||,|l lI\I““I I'Il'llld I.I'llud
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(SLAC CF Workshop talk
by P. von Doetinchem)

Time Of Flight
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e GAPs looks for anti-deuterons (hard to produce as CR secondaries), uses
TOF, X-rays from short-lived exotic atom, pion star from annihilation
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X-Ray (NuSTAR) constraints on Fornax cluster
compared with Fermi gamma-ray constraints

Radio Constraints on Galaxy Cluster (A2199)

1022 ¢ - — : ——
f — NI'W i A2199 ] 10_21_||||| T T T T T
: —_—- f_,.’ = (—],1,;’\[(1” = 10'A[:. ] E
ol - =02, M= 1000, - Fornax (NO substructures)
f - Phocnix Simulation -  bb annihilation final state
1 MS s
22 .
E 10 E . =
C P .
= L~ -

107 F =
1020 3 - ]
................ JUUDDTPPREE L, XX '\J_)E : :
_27_ , o ‘ o - 4 —— Fermi (11 months) =
] 10 10 N - ——— NuSTAR,6-10 keV
Mx (GeV. 10 F ——— NuSTAR, 10-30 keV | 3
(SLAC CF Talk 5Y"T. Jeltema) ] A ke
- T : I -—— 1'7,6-10keV i
e When the magnetic field and diffusion are understood, radio 7/ r 0,30 keV i
. . — 1 T, 10- e
constraints on DM can be important. sl T ———
10 10 100 1000
e Electrons up-scatter CMB photons, producing a measurable X-ray WIMP Mass [GeV]

qignal and DM constraints
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From current arrays to CTA

Light pool radius
R =100-150 m
~ typical telescope spacing

O
O

Sweet spot for
best triggering
and reconstruction:
Most shower cores miss it!

O O O
© O O O

Large detection area—"_
More images per shower
Lower trigger threshold

O

© 0,0,0 ©
O OO0 OO0

O O U 0 O
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ov in cm?/sec

DM DM - e"e”, NFW profile

10—20
10—22
10—24
C—radio
10_26\\ I S I A I Y
10? 103 10*
DM mass in GeV

Radio Synchrotron and gamma-ray IC limits for
Pamela scenario (Bertone, Cirelli, Strumia and

Taoso, arXiv:0811.2744v3). Note: Radio bounds
are sensitive to assumptions about B-fields and

diffusion, may be optimistic.
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Pamela excess implies a large radio synchrotron and inverse Compton signal, and a
boost in secondary gammas from the GC that are not observed.
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distnbution

v mteractions

© Super-K2012 —=—
Hyper-K Syrs — =

Preliminary soft channel

X — bb

hard channel
11~ WHW-

for my<mw
xx - T

Wimp mass m,, (GeV)

* Future neutrino experiments like the PINGU enhancement to IceCube/DeepCore offer the
possibility of discovery of a smoking-gun signal (high energy neutrinos from the sun), and may
provide some of the best constraints on spin dependent cross sections.
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V>7 < ~ LXe Detectors

lonization and Scintillation in LXe

Charge Sighal Eemdssy4

Xe* + e Excitation Scintillation:

X 9 Xe*—l—Xe—>Xe;
o

Xe,—2 Xe+hv
. . XeZ+
Scintillation:

Recombination

Xe,+e — Xe + Xe
Xe Xe + Xe Xe — Xe +heat
+ Xe S. Kubota et al., PRB (1979) Xe*+Xe—>Xe2
T. Doke et al., JUAP (2002) Xe,— 2 Xe+hv
Xe, 0 Excitation / lonization depends on dE/dx.
Charge signal / Recombination depends on

singlet triplet dE/dx and electric field.

=2 NS =27 ns
2 Xe + hv « Neutrons, WIMPs: nuclear recoil O(10 keV),
dE/dx high.

Scintillation | = _ _
« Gamma-rays, betas: interactions with electrons,
Uwe Oberlack
dE/dx low.

(from Uwe Oberlack, Rice)
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(Adapted from Buckley, Science, 1998)

Radiation Frequency, v (Hz)
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Telescope (x 4)
12-m diameter Davies-Cotton
f1.0, 110 m2 area
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Camera (x 4)
499 PMTs, 3.5° FOV

Telescope (x 4)

12-m diameter Davies-Cotton
f1.0, 110 m2 area
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Camera (x 4)
499 PMTs, 3.5° FOV

Telescope (x 4) =
12-m diameter Davies-Cotton Mirror Facets (x 350)

f1.0, 110 m2 area Reflectivity ~ 88%
(Recoated every 2 years)
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Telescope (x 4)
12-m diameter Davies-Cotton
f1.0, 110 m2 area

Camera (x 4)
499 PMTs, 3.5° FOV

VS
.o,

PIEs,

. or

i, ‘

Reflectivity ~ 88%
(Recoated every 2 years)

Mirror Facets (x 350)

Electronics

500 Msp FADC, CFD trigger, 3-fold
adjacent pixels and 2/4 telescope

coincidence
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~ Technical Details
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Camera (x 4)
499 PMTs, 3.5° FOV

. /l P
'T : . .r »
v e f ' ;./ Electronics
| SR S 500 Msp FADC, CFD trigger, 3-fold
.f‘. z :( > , adjacent pixels and 2/4 telescope
1] 1 N coincidence

Telescope (x 4)
12-m diameter Davies-Cotton
f1.0, 110 m2 area

Mirror Facets (x 350)

Reflectivity ~ 88%
(Recoated every 2 years)

E -r/
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o Stereoscopic reconstruction provides point of origin of gamma-rays from
intersection of images (like convergence of lines of perspective)
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o Stereoscopic reconstruction provides point of origin of gamma-rays from
intersection of images (like convergence of lines of perspective)

e Images also converge on impact point on the ground, together with
multiple samples of total light providing corrections for the Cherenkov
light lateral distribution and good calorimetry
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Performance enhancement

e

)

Angular resolution (deg

o
o
]
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0.020

0.018

0.016

0.014
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1 I
—e— R;;=0.010deg —@— Ry = 0.040deg
—-e— R;;=0.020deg  —@— R,; = 0.080deg
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12m Single Mirror
telescope

! L
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Pixel Size [deq]

9.5m Dual Mirror telescope
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Cross—section [sz] (normalised to nucleon)

Projected Reach

5 LU L
s.brown.edufg

WIMP Mass [GeV/c’]
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Xe detector system N\

* '/ tons fully active, ~8.4 tons total

e Xe vessel + interior assembled on
surface

— Vessel just fits, slung under Yates cage
* Ultra-low background Ti vessels
* Thermosyphon cryogenics

* Highly integrated purification
system

e Active Xe skin

Thermosxg)hon Performance
p; 1.9 aiam. 51t

—m=— Large

200 ' | — ® - Large evap; 1.5" diam. 10 ft : : &~ s
180+ - @ - Small evap; 1.5" diam. 10 ft /

" /' | — W - Large evap; 0.5" diam. 10 ft /’

= 160} I { -~ A - Loop evap; 2x0.5" diam. 10 ft ;

g /, — A — Loop evap; 2x3/8" diam. 10 ft /

= 140 F X AIB test /

= y

@ 2

o @,

£ D

e *

] 1 1 1 L 1
0 100 200 300 400 500 600

Power (W)

T.Shtee, coin cone vuny oy coan
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Discrimination of electron recoil backgrounds LGX

* 99.5% baseline assumption gives

- : ZEPLIN III - 10* Discrimination
3.6 events from pp neutrinos in

1000 days b
0.6 %
— Also determines fiducial mass
0.4
0.2
- 0
%
. . -:hn -2
e Statistical: E
: : . g-0.4
— Fluctuations in S1 and S2 signals. :
-1 .5
. -0.8
e Tails:
-1
— Presumably due to pathological event
topologies (“eamma-X’ i |
p g < g ) 0 5 10 15 20 25 20 C = 41
—Two—layer veto - SthIlg tag energy (51 channel), keVee

T. Shutt, IDM 2012- July 25,2012 6




m
(keV)

7.0

3.0F

2.0

15.0F

10.0-

5.0

excluded by X-ray search
Chandra, Suzaku, XMM-Newton
(assuming standard cosmology)

excluded by X-rays

if sterile neutrinos /
make up 100% of dark matter
(any cosmology)

pulsar kicks

- lower bounds on the mass (allowed)
[ derived from small-scale structure

1'5;_ vary depending on cosmological production scenario

K

10" 10 o 107 10°8
sin ©

XMM/Newton

(Loewenstein et al, Astrophys.). 700 (2009)
426-435; Astrophys.). 714 (2010) 652-662;
Astrophys.). 751 (2012) 82; Kusenko,
Phys.Rept. 481 (2009) 1-28 )
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Snowmass Tough Questions

“Can dark matter be convincingly discovered by indirect searches given astrophysical
and propagation model uncertainties? Do indirect searches only serve a corroborating

role?”

e Extracting a DM signal from positron
measurements does depend on backgrounds
from secondaries produced in cosmic ray
propagation, or astrophysical sources such
as pulsars. The measured positron excess is
orders of magnitude above the generic
expectations for WIMP annihilation.
However, a spectral feature (with a sharp
cutoff) would be a strong indication of a
signal.

e While Isotropy may argue against a new
astrophysical source, a nearby subhalo is
probably necessary to boost the electron
annihilation signal - can we have it both
ways¢

ISMD 2013

Cosmic Frontier
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“Can dark matter be convincingly discovered by indirect searches given astrophysical and
propagation model uncertainties? Do indirect searches only serve a corroborating role?”

e The primary astrophysical uncertainties
come for gamma-ray production come from
uncertainties in the halo model. But even
with uncertainties, the limits still reach the
natural decoupling cross section.

An annihilation line in the gamma-ray
spectrum would also provide a smoking gun
signature (if detected at high significance!).

<ov> [em?® s71]

Neutrinos from DM annihilation in the sun
would be a smoking gun signature.

Wouldn't a hint of a signal of, say 20 TeV
neutralinos provide important guidance for

1 1

Einasto (CU10)

NFW

Einasto

Isothermal

Fermi dSph (4 yrs + 10 dSphs) ]
[ Einasto (CU10) 68% Containment |1

; Cored Igsothermagl
Elnasto
' Einasto (CUIO)

10-23

-27
107,35

2.5 3.0 3.5 4.0
WIMP Mass [log,,(E/GeV)]

2.0

the Energy Frontier, and motivate a new 100
TeV accelerator?
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It is often assumed that astrophysical uncertainties make gamma-ray detection worse - cored
halos, annihilation channels with the lowest gamma-ray production - but a large number of

boosts are possible, even generic:

Final-state radiation, or internal
bremsstrahlung may lead to a gamma-ray
peak near the kinematic cutoff, improving
sensitivity of higher threshold ground-
based instruments.

Secondary electrons can produce
additional high energy gamma-rays by
inverse Compton scattering.

Above a few TeV, W and Z exchange
can produce a Yukawa like potential
that boosts cross section at low
velocities compared with higher-
velocity interactions in early universe X

X

_|_

g—i—

ISMD 2013

ttan
C()Lsamlc

f

I and Silk, PRD 79, 083523

HORE

o fimo (2005)
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Sgbvx{mass Tough Questions }

“Given large and unknown astrophysics uncertainties (for example, when observing the galactic center), what is the strategy
to make progress in a project such as CTA which is in new territory as far as backgrounds go?¢ How can we believe the limit
projections until we have a better indication for backgrounds and how far does Fermi data go in terms of suggesting them?
What would it take to convince ourselves we have a discovery of dark matter?”

—-11 —]
G 0.9+0.1 10 :
O ]
o :
O
o
n |
T
5 10712 =
g ]
[ .
2 i
= . :
x | Point source
lcontamination with
improving angular
10_13 111 I L1 I [ N I T I /‘GSO/Uthn
10 100 1000 10000
E (GeV)

Dwarf galaxies have almost no known astrophysical backgrounds, for backgrounds the GC is worst case. HESS provides
the best data on the GC (below, with point source at Sgr A* subtracted). Better angular resolution can reduce the
background from the tail of the PSF function, which dominates over other sources in the plane

ISMD 2013 Cosmic Frontier James Buckley



(erg cm ~ sec )

A

vk

“Given large and unknown astrophysics uncertainties (for example, when observing the galactic center), what is the strategy
to make progress in a project such as CTA which is in new territory as far as backgrounds go¢ How can we believe the limit
projections until we have a better indication for backgrounds and how far does Fermi data go in terms of suggesting them?
What would it take to convince ourselves we have a discovery of dark matter?”

Backgrounds get lower at higher energies, but even at 1-3 GeV with no background subtraction get a limit
within 1° ~ 1 x 1077cm 72 s 7! = (ov) = 1.6 x 1072° c¢cm 357!

(Tim Linden, SLAC CF meeting)
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10713}

T y T — T 1T T 1T1T1]

M~

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

CTA (500hr)

10 100 1000
E (GeV)
Unlike other astrophysical sources, would see a universal hard spectrum (typically harder by ~E%>) with a sharp cutoff. The

spectral shape would be universal: the same throughout the GC halo, in halos of Dwarf galaxies, with no variability.

10000
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Xenon-100 Direct Detection Data

S1 |PE]
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Tracks

ATLAS Collider Data

ATLAS

T T T T | T T T T | T T T T | T T T T T T T T
—e— data
— SM MC

AMSB LLO1
I %, decay radius < 863 mm

j Ldt = 1.02 fb"

\s=7TeV

el

25 30 35
N

o Upper limits are straightforward, but demonstrating that there is a signal and not a
misidentified background is hard - this is true for DD, ID and Colliders.
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Photodetector

Signal Preamp -0 O+ |O
=

Switched Cap
P S R S
O 04 |00+ |00+ |-0O O
T~ T~ R T~
N N N N

Write Pointer

T Read Pointer

Timing and Read/Write Control

ADCs

stop

Discriminator

Ton TARGET were
developed by SLAC and U. Hawaii

Il> Pattern

Trigger (L2)

Discriminator L2 Triggers from
Outputs from other
other Channels Telescopes

Camera Subfield

Array

Trigger

>_

(L3)
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= Al R T TR SNR 1572 (Tycho)

0.1-2.0 keV

T ﬁ,___;_*’: ROSAT HRI
' - X -

upstream ) downstream

S L

Black hole extended horizon or accretion disk - Gamma-ray observations provide
conductor spinning in a magnetic field - 1020V direct evidence for acceleration of charged
Generator! (Blandford, Lovelace) particles up to >tens of TeV in SNR
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Modern accelerators use colliding beams for higher cm energy
- dark matter halos are matter-antimatter collldlng beams!

ST Al it 4 et B wo O Wi - ) opEN Loy '
w Vs 2 : e et i'; ,‘-z A s i ' -
- . : N ; o =
S - -t L A e O YT - 120
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y i %! > . 5 N 3 . v, . " - ,A"t,- R 100
Py 4 velocity : B ' e &\ Ay : : |
distnbution . o _ Ve / @
- e b ot B KA
Sun . . e g 4T : F AR 5 7 NN P [
v interactions . ) 7 L L= A\ b
‘ ) > 7 0N "‘ d
4 | i ) ! . PR g
- , . : 2
rca;-.‘c:!

I annthiaton

The sun or earth is
sometimes the fixed
target!

©95 04.8 94.6 94.4 94.2 94 93.8 93.6
Right Ascension (Deg)

Molecular clouds can be the
target

CMB photons and primordial starlight are also targets for
high energy cosmic particles
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e Particles are deflected by magnetic
fields, causing them to gyrate in
circles.

e U
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e Particles are deflected by magnetic
fields, causing them to gyrate in
circles.

e Circular motion implies
acceleration giving radiation
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e Particles are deflected by magnetic
fields, causing them to gyrate in
circles.

e Circular motion implies
acceleration giving radiation

e The emitted “synchrotron radiation”
is very different than thermal
radiation, having a very broad
spectrum that can span radio to X-
ray wavelengths
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e Particles are deflected by magnetic
fields, causing them to gyrate in
circles.

e Circular motion implies
acceleration giving radiation

e The emitted “synchrotron radiation”
is very different than thermal
radiation, having a very broad
spectrum that can span radio to X-
ray wavelengths
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e Particles are deflected by magnetic
fields, causing them to gyrate in
circles.

e Circular motion implies
acceleration giving radiation

e The emitted “synchrotron radiation”
is very different than thermal
radiation, having a very broad
spectrum that can span radio to X-
ray wavelengths
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e Protons and other nuclei like bags of quarks, interact by radiating and exchanging
gluons. Neutral or charged pions can be formed in interactions.
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e Protons and other nuclei like bags of quarks, interact by radiating and exchanging
gluons. Neutral or charged pions can be formed in interactions.
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e,

e Protons and other nuclei like bags of quarks, interact by radiating and exchanging
gluons. Neutral or charged pions can be formed in interactions.
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Annihilation Channels

Annihilation Channel | Secondary Processes Signals | Notes
XX — 49, 99 P, Py, p,e vy
XX — WHW— W= - liyl, W+ — ud — D, e,V
xE 7o
xx — 2°Z° ZY — ll, vi, q@ — pions D, e,V
XX — T ™ = vety, T — D6y
v, W* — p, p, pions
XX — phpT e,y Rapid energy loss of
(s in sun before
decay results in
sub-threshold vs
XX — 7Y ¥ Loop suppressed
xXx — 2%y ZY decay v Loop suppressed
XX — ete” e,y Helicity suppressed
XX — Vv Helicity suppressed
(important for
non-Majorana
WIMPs?)
XX — 9@ ¢ — ete” et New scalar field with

m, < mg, to explain
large electron signal
and avoid
overproduction of

D,
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Annihilation Channel | Secondary Processes Signals | Notes

XX — 49, 99 P, Py, p,e )

xx — WTW- W+ - *y, W - ud — D, e, Y

nt, 7Y
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