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Dark Matter Intro

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

For a thermal relic of the big bang,

the larger the annihilation cross section

\ | the longer the DM stays in equilibrium

\ " | and the larger the Boltzmann suppression
\ ! | ~ e~ ™x/kT hefore freeze-out.
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The same interactions of WIMPs with standard model particles in
the early universe (holding WIMPs in thermal equilibrium) 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 channels
produce photons and the total annihilation rate to photons

: . . 2
is closely related to the decoupling cross section: —~ Ty (0V)

* 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

1450 meters

2450 meters

2820 meters

YO merers ol

IceCube Array
86 strings, 60 sensors eoch
5,160 cptical sensors

DeepCore
6 strings optimized
for low energies

1 Eiffel Tower
324 meters

ICECUBE
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Status | Experiment | Target Locat.i.on Major Support Comiments
Current | AMS et e, ISS NASA Magnet Spectrome-
anti-nuclei ter, Running
Fermi Photons, Satellite NASA, DOE Pair Telescope and
et e Calorimeter, Run-
ning
HESS Photons, Namibia German BMBF, Max Planck Society, | Atmospheric
e French Ministry for Research, CNRS- | Cherenkov
IN2P3, UK PPARC, South Africa Telescope  (ACT),
Running
IeeCube/ Neutrinos Antarctica | NSF, DOE, International *Belgium, | Ice Cherenkov,
DeepCore Germany, Japan, Sweden) Running
MAGIC Photons, La Palma German BMBF and MPG, INFN, | ACT, Running
e’ e WSwiss SNF, Spanish MICINN, CPAN,
Bulgarian NSF, Academy of Finland,
DFG, Polish MNiSzW
PAMELA et e Satellite
VERITAS Photons, Arizona, DOE. NSF, SAO ACT, Running
et fer USA
Planned | CALET e’ fe ISS Japan JAXA, Italy ASI, NASA Calorimeter
CTA Photons ground- International (MinCyT, CNEA, CONICET, | ACT
based CNRS-INSU, CNRS-IN2P3, Irfu-CEA, ANR,
(TBD) MPI, BMBF, DESY, Helmholtz Association,
MIUR, NOVA, NWO, Poland, MICINN,
CDTI, CPAN, Swedish Research Council,
Royal Swedish Academy of Sciences, SNSF,
Durham UK, NSF, DOE
GAMMA- Photons Satellite Russian  Space Agency, Russian | Pair Telescope
400 Academy of Sciences, INFN
GAPS Anti- Balloon NASA, JAXA TOF, X-ray and
deuterons (LDB) Pion detection
HAWC Photons, Sierra Ne- | NSF/DOE Water Cherenkov,
et fe” gra Air Shower Surface
Array
PINGU Neutrinos Antarctica | NSF Iee Cherenkov
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(Millenium simulation) (VL Lactea Il Simulation)

N-body simulations now include 10s of billions of non-interacting particles, revealing
information down to sub-kpc scales.

Starting from initial conditions provided by ACDM cosmology, one obtains a picture
of the present day universe which agrees very well with observed large scale structure
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halo0001

o
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NGC 3992

Adiabatic contraction steepens
the DM profile and increases
central DM densities.

-
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- - B Dark Matter

10°

Impulsive supernova (or AGN)
feedback removes DM from the
center and flattens the DM cusp.

108 |
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e N-body simulations with LCDM in remarkable agreement with observations, but some
problems - too many dwarf galaxies, cored halos in dwarfs.

e Adding Baryons to N-body simulations starting to give amazing results - similar
morphology, Tully-Fisher relation.

e Including interplay of baryonic matter may either result in cored halos with reduced
signals, or cusped halos with a huge enhancement.
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Segue Dwarf Galaxy Limits
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DPF 2013 CF2: Indirect Detection James Buckley



Galactic latitude [deq]
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Galactic longitude [deg]

(SLAC CF Workshop Talk by A. Smith)

o With another 5 years, can push limits
with VERITAS down into interesting
cross-section regime

excess events
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-{ Fermi LAT DM Constraints

Dwarf Constraints GC, Cluster, Constraints
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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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DC-MST (Single Mirror)

SC-MST (Dual Mirror)

Differential Flux Sensitivity [erg cm 251
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= CTA Sculptor bb (500h) = Fermi dSph (4 yrs + 10 dSphs)
= CTA GC bb (500h) = = Fermi dSph (10 yrs + 30 dSphs)
= CTA GC WW (500h) [ Thermal Relic Cross Section

- CTA GC 77 (500h) e®e PMSSM Models
e®¢ PMSSM Models (Excluded)

5% —4- "I 100 1000
WIMP Mass [log,,(E/GeV)] o S8 . E (GeV)

* 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|




10! ————

- ‘\
| Preliminary...
1022 F <
70] I )
~ i \
-23 | \‘ ~ _
e 1077 F \, VERITAS -
O S et
A e bb- HAWC (10yr) —— ]
B Differential Sensitivity per Quarter Decade b i e bb- VERITAS ===="=" i
v VERITAS 50 hr ' ' v ot i bb- Fermi "
' o - HAWC (10yr) —™— -
10‘25 ?\““ Fermi TT = \/_ERIT S ------- =]
I Tt - Fermi ™
Crab \ N\ D
107 HAWC-100 1 yr Thermal Cross Section
10-26 " ol A ol A ol . | A N
HES.S. 50 hr 0.01 0.1 1 10 100 1000
U L m, (TeV)
Fermi: VERITAS:
Ackermann et al. PRL 107:241302 (2011) Spectra: P. Harding. Aliu et al. PRD 85:062001 (201

-

Sensitivity E> dN/dE [erg cm™2 s7!]

=

e
A
[

102

=
o
-

G
Energy [GeV]

(Pretz, 2013, SLAC CF Meeting)

DPF 2013

CF2: Indirect Detection James Buckley



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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New dark sector force carrier giving a
Sommerfeld enhancement, hadronic
channels kinematically inaccessible (e.g.,
Arkani-Hamed, Finkbeiner, Slayter and
Weiner, 1999, PRD 79, 015014)
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e Pamela results on positron excess are now confirmation by Fermi (using geomagnetic field) and AMS result.

Signal may also be explained by some cosmic-ray propagation models, or by astrophysical sources such as pulsars.

A DM interpretation requires a combined astrophysical/particle physics boost of 100 or more.
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e Pamela results on positron excess are now confirmation by Fermi (using geomagnetic field) and AMS result.

e Signal may also be explained by some cosmic-ray propagation models, or by astrophysical sources such as pulsars.

A DM interpretation requires a combined astrophysical/particle physics boost of 100 or more.
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10_20 /:I T T T TTT
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.

Pamela excess implies a large radio synchrotron and inverse Compton signal, and a
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boost in secondary gammas from the GC that are not observed.
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X-Ray (NuSTAR) constraints on Fornax cluster
compared with Fermi gamma-ray constraints

Radio Constraints on Galaxy Cluster (A2199)
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e Electrons up-scatter CMB photons, producing a measurable X-ray WIMP Mass [GeV]

qignal and DM constraints
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terile Neutrinos
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(SLAC CF Workshop talk
by P. von Doetinchem)
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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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LAPPD psec timing, 8” square
photodetector (K. Byrum)

iil‘i\l‘l nlnlflflfiflnlhllflflTuflfl

SiPMs, (N. Otte) . Analbg pipeline ASICs (K. Nishimura)
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e Detailed theoretical studies with PMSSM, contact operators, realistic halo models are resulting in quantitative estimates of
sensitivity, showing the complementary reach of different techniques.

e 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.

e Future neutrino experiments like the PINGU enhancement to IceCube/DeepCore offer the possibility of a smoking-gun signal
(high energy neutrinos from the sun), and may provide some of the best constraints on spin dependent cross sections.

e Other astrophysical constraints such as low-frequency radio (synchrotron from electrons) or X-rays (inverse Compton
scattering by electrons, sterile neutrino decay) can provide very powerful tests for DM annihilation for certain annihilation
channels and provide constraints on decaying dark matter.
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e

nowmass 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.

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¢

DPF 2013
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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!).
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Neutrinos from DM annihilation in the sun
would be a smoking gun signature.

Wouldn’t a hint of a signal of, say 20 TeV
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neutralinos provide important guidance for
the Energy Frontier, and motivate a new 100
TeV accelerator?
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Boosts

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 X — g

can produce a Yukawa like potential i

that boosts cross section at low w2 K

velocities compared with higher- |

velocity interactions in early universe X’ T ot
DPF 2013 CF2: Indire RTIRELRH 1T FRU 79, U83523 James Buckley
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mass Tough Questions f=~<

“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?”
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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
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“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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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.
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Xenon-100 Direct Detection Data
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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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H Gamma-400 and CALET

Space-based instruments

Ff;‘;“ AMS-2 GA:/(')%A' CALET Gamma-400 is a pair-
P conversion telescope with a
rn:rgy 0.02- 10- 0.1- 10- deep (25 Xo) calorimeter

NS 300 | 1000 | 3,000 | 10,000

G-eV CALET is an imaging
F}eld-of- 2 4 0.4 1.2 calorimeter with ~0.12 m? sr
view, sr
Effective 0.8 0.2 ~0.4 ~0.1 Good energy resolution for
area, m? ' ' ' ' lines
Angular
resolution . . ; . Angular resolution helps
(E>100 0.2 1.0 Sl Lol with removal of point source
GeV) backgrounds
Energy ! )
resolution Hard to compete with Fermi-
(E>100 10% 2% ~1% 2% LAT and AMS on exposure
GeV)
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* 10 mCrab sensitivity - 50 detection at 1%
Crab 2x10 "3 ergcm? s @ 1 TeV) in 28 hrs.

e fffective area 10° m? above 500 GeV

e Angular resolution <0.1 deg

e fnergy range 150 GeV -30TeV, 15%
resolution (for spectral measurements)
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9\ VERITAS Array ~ .}™
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* 10 mCrab sensitivity - 50 detection at 1%
Crab 2x10 "3 ergcm? s @ 1 TeV) in 28 hrs.
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* 10 mCrab sensitivity - 50 detection at 1%
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* 10 mCrab sensitivity - 50 detection at 1%
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* 10 mCrab sensitivity - 50 detection at 1%
Crab 2x10 "3 ergcm? s @ 1 TeV) in 28 hrs.

e fffective area 10° m? above 500 GeV
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¢ Switched Cap
Photodetector — — — — — — -
Signal Preamp O Ol 0O O+ |O Ol O 0 |-O 0+ |00+ |0 O
- - - - - ADCs
TN TN TN TN T
g N ‘4; N N N N
Write Pointer T Read Pointer
stop
Timing and Read/Write Control <
Discriminator
l\ Camera Subfield Array
= Pattern Trigger
i I/ e Trigger (L2) (L3)
e
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0.1-2.0 keV

— V=-0,+7,

upstream . downstream

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 colliding beams!
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The sun or earth is
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sometimes the fixed 32 94 938936
target! 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.
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e Particles are deflected by magnetic
fields, causing them to gyrate in

circles.
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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
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S

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

e Circular motion implies N
acceleration giving radiation

e The emitted “synchrotron radiation” 1.
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.

SLAC SSI13 Instrumentation at the CF James Buckley



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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Annihilation Channels

Text

Annihilation Channel | Secondary Processes Signals | Notes
XX — 44, 99 p,p, T, T P, eV,
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 — VvV 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,

SLAC SSI13
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Annihilation Channel | Secondary Processes Signals | Notes

XX — qq, g9 D, D, 7T:|:77T0 b, €, ’Y

X — WTW- W+ — Fy, W* —ud — | pe

7+, w0
yx — 2°Z° Z° — I, v, q@ — pions D, e@/
XX — Ti Ti — I/Teil/e, T — e U
v, W* — p, p, pions P&

XX — phpT e,@ Rapid energy loss of
(s in sun before
decay results in
sub-threshold vs

XX — VY @ Loop suppressed

XX — 2% Z° decay v _ Loop suppressed

XX — ete” e,@ Helicity suppressed

XX — vv v Helicity suppressed
(important for
non-Majorana
WIMPs?)

XX — 9@ ¢ — ete” et New scalar field with
m, < mg, to explain

internal /final state hremms | Jarge electron signal
inverse Compton ~’s and avoid

overproduction of
D,
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Annihilation Channels

RS

Annihilation Channel | Secondary Processes Signals | Notes

XX — 99, 99 p,p, 7, T p, e, 4 7)

xx — WTW- W+ - *y, W - ud — D, e, Y

nt, 7Y
xx — 2°Z° 7Y — l, vv, q@ — pions D, e@/
XX — T+ ™ = vety, T — o
v.W* — p, p, pions P&

XX — phpT e,@ Rapid energy loss of
(s in sun before
decay results in
sub-threshold vs

XX — 7Y @ Loop suppressed

xx — 2% Z° decay v Loop suppressed

XX — ete” 6,@) Helicity suppressed

XX — VvV v Helicity suppressed
(important for
non-Majorana
WIMPs?)

XX — 9@ ¢ — ete” et New scalar field with
m, < mg, to explain

internal /final state hremms | Jarge electron signal
inverse Compton ~’s and avoid

overproduction of
D,
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