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The Cosmic Frontier

• CF1 - Direct detection of  (WIMP) dark matter
• CF2 - Indirect detection of  (WIMP) dark matter
• CF3 - Non-WIMP dark matter
• CF4 - Dark Matter complementarity
• CF5 - Dark Energy and CMB
• CF6 - Cosmic Particles and Fundamental Physics
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WIMP Detection
• Low-radioactivity materials + shielding
• Discrimination of  electron-recoil backgrounds

— Nuclear tracks much denser
— Nuclear recoils create heat (Linhdardt)
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Figure 6.3: Example nuclear recoil tracks at 2, 5, 10, 20, 50, and 100 keVr, simulated using RIVAL.
Each blue dot is one xenon ion, and the red X marks the location of the initial recoil. All of these
tracks are much smaller than the box sizes found in Section 6.4.

We then take the initial condition

N0 =
Ni
∑

k=1

{

1
8a3 |x − xk|, |y − yk|, |z − zk| < a

0 otherwise
, (6.19)

where {xk, yk, zk} are the locations of the ions in the track as given by the recoil simulations. Note

that in the original Thomas-Imel condition a determines the total size of the track, but for us the

track geometry is given in the spatial distribution of ions and a is the smearing applied at each

ion. This construction is the simplest way to include the Monte Carlo tracks in the recombination
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Figure 6.3: Example nuclear recoil tracks at 2, 5, 10, 20, 50, and 100 keVr, simulated using RIVAL.
Each blue dot is one xenon ion, and the red X marks the location of the initial recoil. All of these
tracks are much smaller than the box sizes found in Section 6.4.

We then take the initial condition

N0 =
Ni∑

k=1

{

1
8a3 |x − xk|, |y − yk|, |z − zk| < a

0 otherwise
, (6.19)

where {xk, yk, zk} are the locations of the ions in the track as given by the recoil simulations. Note

that in the original Thomas-Imel condition a determines the total size of the track, but for us the

track geometry is given in the spatial distribution of ions and a is the smearing applied at each

ion. This construction is the simplest way to include the Monte Carlo tracks in the recombination
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Spin independent limits

• Limits
— Lowest limits from XENON100:

2x10-45 cm2 at 50 GeV. 
— CDMS II, Edelweiss II, Zeplin III 

limits are around 2×10-44 cm2. 

• 25 years of  extraordinary 
advances in technology and 
backgrounds
— First results 1987: ~1x10-40 cm2

• “Ovals” are claimed WIMP 
detections (DAMA), or signals 
above known backgrounds 
(Cogent, CRESST)

4

DURA Meeting 3/5/2013

Spin-Independent results
Limits
• The lowest limits at most masses 

come from XENON100:           
2x10-45 cm2 at 50 GeV. 

• CDMS II, Edelweiss II, Zeplin III 
limits are around 2×10-44 cm2. 

• Shaded is allowed region for 
neutralino dark matter as 
calculated by Cheung, Hall, Pinner, 
and Ruderman.

Evidence interpreted as SI WIMP:
• DAMA: 10-40 cm2@ 10 GeV   or 10-41 

cm2 @ 50 GeV.
• COGENT:     5×10-41 cm2 @  7-10 GeV.
• CRESST: 3x10-41 cm2 @ 10 GeV or 

10-42 cm2 @ 30 GeV.

                   DAMA
          Cogent
                      
     CDMS    
                            
                                 CRESST
                ZEPLIN                           
                                 
                                                                 EDW

          XENON100                                               

5

Thanks to Gaitskell, Mandic, Filippini 
for all dmtools.brown.edu plots!

Text

http://dmtools.brown.edu  Gaitskell,Mandic,Fillipini

shaded predictions
Cheung, et al.
arxiv:1211.4873
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XENON100 / 1T

• 225 live days x 34 kg fiducial mass
• Good position reconstruction leads to clean fiducialization
• 2 events, expected background of  1±0.2

5

Alexander Kish,
University of Zürich

Background studies for the XENON100 
dark matter search experiment

UCLA DM 2010,
Feb.26, Marina del ReyLNGS
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blinding cut. The ellipsoidal shape was optimized on ER
calibration data, also taking into account event leakage
into the signal region. A benchmark WIMP search re-
gion to quantify the background expectation and to be
used for the maximum gap analysis was defined from 6.6-
30.5 keVnr (3-20PE) in energy, by an upper 99.75% ER
rejection line in the discrimination parameter space, and
by the lines corresponding to S2>150 PE and a lower line
at ⇠97% acceptance from neutron calibration data (see
lines in Fig. 2, top).
Both NR and ER interactions contribute to the ex-

pected background for the WIMP search. The first is de-
termined from Monte Carlo simulations, using the mea-
sured intrinsic radioactive contamination of all detector
and shield materials [8] to calculate the neutron back-
ground from (↵, n) and spontaneous fission reactions, as
well as from muons, taking into account the muon energy
and angular dependence at LNGS. The expectation from
these neutron sources is (0.17+0.12

�0.07 ) events for the given
exposure and NR acceptance in the benchmark region.
About 70% of the neutron background is muon-induced.
ER background events originate from radioactivity of

the detector components and from � and � activity of
intrinsic radioactivity in the LXe target, such as 222Rn
and 85Kr. The latter background is most critical since it
cannot be reduced by fiducialization. Hence, for the dark
matter search reported here, a major e↵ort was made to
reduce the 85Kr contamination which a↵ected the sensi-
tivity of the previous search [6]. To estimate the total ER
background from all sources, the 60Co and 232Th calibra-
tion data is used, with >35 times more statistics in the
relevant energy range than in the dark matter data. The
calibration data is scaled to the dark matter exposure by
normalizing it to the number of events seen above the
blinding cut in the energy region of interest. The ma-
jority of ER background events is Gaussian distributed
in the discrimination parameter space, with a few events
leaking anomalously into the NR band. These anoma-
lous events can be due to double scatters with one energy
deposition inside the TPC and another one in a charge
insensitive region, such that the prompt S1 signal from
the two scatters is combined with only one charge signal
S2. Following the observed distribution in the calibration
data, the anomalous leakage events were parametrized by
a constant (exponential) function in the discrimination
parameter (S1 space). The ER background estimate in-
cluding Gaussian and anomalous events is (0.79 ± 0.16)
in the benchmark region, leading to a total background
expectation of (1.0± 0.2) events.
The background model used in the PL analysis em-

ploys the same assumptions and input spectra from MC
and calibration data. Its validity has been confirmed
prior to unblinding on the high-energy sideband and on
the vetoed data from 6.6-43.3 keVnr.
After unblinding, two events were observed in the

benchmark WIMP search region, see Fig. 2. With en-

ergies of 7.1 keVnr (3.3 PE) and 7.8 keVnr (3.8 PE) both
fall into the lowest PE bin used for this analysis. The
waveforms for both events are of high quality and their
S2/S1 value is at the lower edge of the NR band from
neutron calibration. There are no leakage events below
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FIG. 2: (Top) Event distribution in the discrimination param-
eter space log10(S2b/S1), flattened by subtracting the distri-
bution’s mean, as observed after unblinding using all analysis
cuts and a 34 kg fiducial volume (black squares). A lower
analysis threshold of 6.6 keVnr (NR equivalent energy scale) is
employed. The PL analysis uses an upper energy threshold of
43.3 keVnr (3-30 PE) and the benchmark WIMP search region
is limited to 30.5 keVnr (3-20PE). The negligible impact of the
S2>150PE threshold cut is indicated by the dashed-dotted
blue line and the signal region is restricted by a lower bor-
der running along the 97% NR quantile. An additional hard
S2b/S1 discrimination cut at 99.75% ER rejection defines the
benchmark WIMP search region from above (dotted green)
but is only used to cross check the PL inference. The his-
togram in red/gray indicates the NR band from the neutron
calibration. Two events fall into the benchmark region where
(1.0 ± 0.2) are expected from background. (Bottom) Spatial
event distribution inside the TPC using a 6.6-43.3 keVnr en-
ergy window. The 34 kg fiducial volume is indicated by the
red dashed line. Gray points are above the 99.75% rejection
line, black circles fall below.
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LUX / LZ

6

• Largest Xe TPC: 300 kg fully 
active

• High light yield
— 8 pe/keV light yield (zero field, 662 keV).

• Science run 2013

!

• 7 ton total, 6 ton fiducial
— Existing Davis Campus water shield
— SDSTA commitment to procure Xe.

• Outer detector: veto + measure background
• Dominant backgrounds: astrophysical 

neutrinos

LUX

LZ
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Blas Cabrera - Stanford UniversitySuperCDMS Present & Future Page  

G2 SuperCDMS SNOLAB Detectors

20

Ge crystal - 1.4 kg each
100mm dia X 33.3 mm thick

CDMS /  SuperCDMS

• Streamlined production - 
several locations

• New, interdigitated charge 
readout: no dead-layer

• Studying very low 
threshold designs: light 
WIMPS

7
• New,fridge,and,shield,design,work,in,progress,at,FNAL.
• Detector,fabrica6on,at,Stanford/SLAC/Texas,A&M
• Direct,readout,of,all,electrical,channels,,similar,to,CDMS,II
• R&D,being,performed,on,internal,neutron,shielding

SuperCDMS,SNOLAB,(200,kg,Ge,in,400,kg,Cryostat)

CDMS: The Big Picture
Cryogenically,cooled,Ge,detectors,with,photo,
lithographically,pa4erned,Transi6on,Edge,
Sensors,for,good,energy,and,posi6on,

resolu6on

•Passive Shielding (Pb, poly, depth)
• Active Shielding (muon veto shield)X<Y<Z,Posi6on,from,Phonon,Pulse,Timing

Phonon

Io
ni
za
)o

n

40mK.
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Liquid Argon - DEAP3600
• Liquid Ar

— Similar to Xe - less sensitive/mass, but cheaper
— 39Ar: beta decay, ~1 Bq/kg.   107 times pp neutrino 

background
— Pulse shape discrimination: at 108 level or better, at high 

energy.

• DEAP 3600 - 3.6 tons of  liquid Ar, 1 ton fiducial.
• SNOLAB.  Begins running 2014
• In-situ refinishing of  surface to remove Rn 

daughters

813-2-27 M. Kuźniak 
(Snowmass Cosmic Frontier Workshop)

14

Steel shell

13-2-27 M. Kuźniak 
(Snowmass Cosmic Frontier Workshop)

16

Underground 

 bonding and machining

13-2-27 M. Kuźniak 
(Snowmass Cosmic Frontier Workshop)

9

3600 kg argon target  (1000 kg 

fiducial) in sealed ultraclean Acrylic 

Vessel

Vessel is “resurfaced” in-situ to 

remove deposited Rn daughters after 

construction

255 Hamamatsu  R5912 HQE PMTs 

8-inch  (32% QE, 75% coverage)

50 cm light guides +   PE shielding 

provide neutron moderation

Detector in 8 m water shield at 

SNOLAB

DEAP-3600

13-2-27 M. Kuźniak 
(Snowmass Cosmic Frontier Workshop)

7

In DEAP-3600 surface background better 
discriminated with fiducialization 

DEAP-1 prototype (4 pe/keVee)

With position reconstruction surface contamination of 100 µBq/m2 

leads to 0.03 events in 3-year run
KeVee

Pulse shape discrimination - DEAP1
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DarkSide

• TPC: S2/S1 and PSD 
discrimination

• DarkSide50: 50 kg target
• B-loaded scintillator shield
• Reduced 39Ar content

9

DS-50 TPC in cryostat

DS-50 Cryostat in 4-m Neutron Veto in 11-m Water Tank 

P. Meyers, Princeton

DS-50 commissioning 
underground begins 
Spring 2013

DS-50 TPC in cryostat

DS-50 Cryostat in 4-m Neutron Veto in 11-m Water Tank 

P. Meyers, Princeton

DS-50 commissioning 
underground begins 
Spring 2013

DS-50 Cryostat in 4-m Neutron Veto and 
11-m Water Tank
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Low mass WIMPs
• WIMP particle physics paradigm is mass at 

the electroweak scale. 
— LHC rules out mass below about 80 GeV  (with 

caveats)

• But still useful to search as low in mass as 
possible.
— Signal hints in 10 GeV region. 
— New CDMS events

• Experiments are pushing thresholds lower. 
—S2-only TPC, cryodetectors
—Robust neutron calibrations needed
—Electron recoil channel - MeV mass, but 

poor sensitivity

10

DURA Meeting 3/5/2013

Low-mass WIMPS (~10 GeV)
• The primary particle physics 

paradigm for DM is that the mass 
is at electroweak scale.
– LHC searches rule out a 

neutralino with mass less than 
about 80 GeV.

• But one should search as 
sensitively as possible  for WIMP 
masses in the 10 GeV region.

• Experiments are pushing 
thresholds lower. 
– lower noise
– higher light yield for noble 

liquids
• All experiments realize they need 

robust neutron calibrations that 
extend down to threshold.

          DAMA
   
                               
                                Cogent
                             
                                      CRESST
         
                            
    
                                 
                                                
     XENON100         
                                                 CDMS                                                                                                                                                                         

19
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• DAMA/LIBRA: 250 kg of  NaI.  
— few % modulation at threshold, right phase 

for DM

• Possible modulation in COGENT
• DM-ICE: NaI at South Pole

11

Snowmass  - March 2013DM-Ice

1. Experiment Status and Target Mass

2

Currently in Operation: DM-Ice17

17 kg of NaI(Tl), operation since 2011
Funding: NSF-Polar Programs & 

NSF-CAREER for R&D
First results expected in Spring

250 kg of ultra-pure NaI(Tl)
Proposed deployment: Dec. 2015

Proposed Full-Scale: DM-Ice

Wednesday, March 6, 13

Snowmass  - March 2013DM-Ice

7. Experimental Challenges

• Development of Ultra-pure NaI powder 
and crystals by ANAIS, Princeton, KIMS, 
DM-Ice... (see also F. Calaprice’s talk)
• ultra-pure developed
• crystals grown w/ ~40 ppb potassium
• currently tracking down 210Pb

• Maintaining the capability to drill 70cm 
dia. 2500 m deep holes at the South Pole
• 86 holes, up to 20 holes, in one 

season demonstrated by IceCube
• Most of the equipment still at S. Pole 

but slowly being reassigned
• Key personnel still available

10

Drill & Deployment Towers
IceCube Drill - 3/4/2013  Blaise Kuo Tiong

Wednesday, March 6, 13

8) CoGeNT Annual Modulation 
" Phys. Rev. Lett. 107 (2011) 141301 

" 15 months of data 

" Now have ~3 years of data yet to analyze 
11 

C
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0.5-3.0 keVee 

Days since Dec 3 2009 

Variation from flat: 2.8σ$

DM ICE

CoGeNT: dedicated search for light-mass WIMPs
• Annual modulation of unknown origin, measured with 0.4 

kg PPC germanium crystal at Soudan, in possible 
agreement with DAMA/LIBRA & (now) CRESST. 
Compatible with a light WIMP interpretation.

• C-4 expansion to start 2013 in Soudan (x12 present 
target mass, significant reduction in bckg and threshold 
expected). First detector arriving Jan 2013.

• C-4 detectors to feature measures against parallel-f 
electronic noise (i.e., lower threshold). 

• Three years of continuous data-taking from detector at 
Soudan to be released very soon.

water tanks

HDPE
below

HDPE above

12-f
oot

C-4 design

Phys..Rev..LeG..107.(2011).141301

arXiv:1106.4667

CoGeNT
DAMA/LIBRA

+
CRESST M2 centroid

COGENT

• WIMP wind modulates over day
• Track image: unambiguous galactic origin
• Low pressure gas: expand 50 tracks
• Challenge: Cost prior to WIMP signal
• Dark horse: recombination signal (Nygren)

Annual modulation + directionality

FourShooter

��´

307

&&'����RI���

)LHOG�FDJH

9DFXXP�
V\VWHP

DMTPC
Drift

NEWAGE-0.3a detector
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• 4 kg chamber taking data again at SNOLAB 
after removal of (α,n) sources.

• World’s best spin-dependent (SD) WIMP-nucleus 
coupling sensitivity, and very near CDMS’ spin-
independent (SI) sensitivity.

• 60 kg chamber to be commissioned at SNOLAB 
January 2013. We expect world’s best 
sensitivity for both SD & SI couplings from this 
device. 

•  500 kg design in progress (NSF funded, DOE 
pending). Planned start of construction 2013, 
installation at SNOlab during 2015.

COUPP-4kg (SNOLAB)

COUPP: A Bubble Chamber search for Dark Matter

COUPP-60kg (SNOLAB)

COUPP-500kg

J..Collar,.Chicago
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The future
• Part rapid progress in 

detector sensitivity will 
continue

• Experiments with 10-48 cm2 
sensitivity now being 
planned

13

(Strigari, arXiv:0903.3630v2)

~1 bkg event at 10-48 
cm-2 WIMP 
sensitivity
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DURA Meeting 3/5/2013

Future projections are uncertain, 
and the uncertainty grows with time.

22

M. Witherell

• Nuclear recoil background around the corner: 
Coherent neutrino scattering of  astrophysical 
neutrinos. 

— Neutrino / WIMP rate mostly target independent
— Spectrum similar to dark matter
— Low masses more severely limited by 8B signal
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CF2: Indirect Detection Summary

Jim Buckley 

for CF2: Doug Cowen, Stefano Profumo, JB conveners

Washington University in St. Louis

( ρ2 for N-body sims of MW-like halo, Kuhlen)

!"#

•���������������������������������������
�����	������
��������
��������	�����	��
������������������������
����
�����
��������
��������
������������������������

(pMSSM scans, Cotta, Cahill-Rowley, Drlica-Wagner, 
Funk, Hewett, Ismail,  Rizzo, Wood)
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γ γ

1

γ γ γ γ

SLAC CF 2013                                                CF2: Indirect Detection                                      James Buckley 

Annihilation Channels
Annihilation Channel Secondary Processes Signals Notes

⌃⌃! qq̄, gg p, p̄, ⇤±, ⇤0 p, e, ⇥, �
⌃⌃! W+W� W± ! l±⇥l, W± ! ud̄!

⇤±, ⇤0
p, e, ⇥, �

⌃⌃! Z0Z0 Z0 ! ll̄, ⇥⇥̄, qq̄ ! pions p, e, �, ⇥
⌃⌃! ⌅± ⌅± ! ⇥�e±⇥e, ⌅ !

⇥�W± ! p, p̄, pions
e, �, ⇥

⌃⌃! µ+µ� e, � Rapid energy loss of
µs in sun before
decay results in
sub-threshold ⇥s

⌃⌃! �� � Loop suppressed
⌃⌃! Z0� Z0 decay � Loop suppressed
⌃⌃! e+e� e, � Helicity suppressed
⌃⌃! ⇥⇥̄ ⇥ Helicity suppressed

(important for
non-Majorana
WIMPs?)

⌃⌃! ⇧⇧̄ ⇧! e+e� e± New scalar field with
m⇥ < mq to explain
large electron signal
and avoid
overproduction of
p, �

1

χ0 q

χ0

p

π0

K

q̄

π+

γ

γ

1

χ0

H+

χ+

χ0

χ+

γ

χ+

γ

1
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Galactic Contribution Over All-sky

Springel et al 2008

Dwarf Galaxies

Galactic Center

Diffuse
“Extragalactic”

(Kevork Abazajian)



T. Shutt, Case.   CPAD - April 17, 2013 17

The Observed Fermi-LAT Gamma-Ray Sky

(Kevork Abazajian)
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The Best Current Constraints: 
Fermi-LAT Dwarf Stacking & HESS GC

(Kevork Abazajian)
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γ γ

1

γ γ γ γ

SLAC CF 2013                                                CF2: Indirect Detection                                      James Buckley 

CTApMSSM Model Exclusion!

3/7/13 SLAC Cosmic Fronter Workshop 14 

Constraints 
ΩDMh2 > 0.1 
XENON100 (2011) 
CMS+ATLAS (2012) 

tau channel 

bb channel 

(M.Wood and A. Drlica-Wagner)
(JB)
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γ γ

1

γ γ γ γ

SLAC CF 2013                                                CF2: Indirect Detection                                      James Buckley 

Neutrino Capture by Sun 

• The sun is a big proton target that can accumulate WIMPs as they scatter off of the 
nuclei, are captured, and annihilate giving high energy neutrinos that can be 
detected at the earth
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γ γ

1

γ γ γ γ

SLAC CF 2013                                                CF2: Indirect Detection                                      James Buckley 

Neutrino SD Limits

• Super-K and IceCube updated using contained events - lower threshold.

Recent results

T. Tanaka et al.  Astrophys. J. 742, 78 (2011)
R. Abbasi et al.  Phys. Rev. D 85, 042002 (2012)

Preliminary IceCube/DeepCore Limit IDM 2012 / arXiv:1212.4097  
Preliminary Super-K Limit Neutrino 2012 / arXiv:1210.4161

Prelim Super-K 2012 (bb)

Prelim Super-K 2012 (ττ)

Kims 2012

Prelim. Ice
Cube 2012

Preliminary
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γ γ

1

γ γ γ γ

SLAC CF 2013                                                CF2: Indirect Detection                                      James Buckley 

Future Neutrino Detectors

Darren R. Grant - University of AlbertaMarch 6-8, 2013

DeepCore Atmospheric Muon Veto

250 m

35
0 

m Deep 
Core

extra
veto cap

AMANDA

IceCube

• The cosmic ray muon background 
(around 106 times the atmospheric 
neutrino rate)

• Overburden of 2.1 km water-equivalent 
is substantial, but not as large as at 
deep underground labs

• However, top and outer layers of 
IceCube provide an active veto shield 
for DeepCore

• ~40 horizontal layers of modules 
above; 3 rings of strings on all sides

• Effective !-free depth much greater

• Can use to distinguish atmospheric ! 
from atmospheric or cosmological " 
(access to the Southern Hemisphere 
sky!)

• Vetoing algorithms surpass the required 
106 level of background rejection

Darren R. Grant - University of AlbertaMarch 6-8, 2013

MICA Conceptual Detector
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Preliminary 

see: Rott, Siegal-Gaskins, Beacom arXiv1208.0827

• Up to a few hundred strings of “linear” detectors 
within DeepCore fiducial volume

• Goals: ~5 MTon scale with energy sensitivity of: 

• O(10 MeV) for bursts

• O(50MeV) for single events

• Physics extraction from Cherenkov ring imaging in 
the ice

• Annual supernovae neutrinos to 10 MPc; New MeV 
detection channels for Solar WIMPs become 
available; potential proton decay sensitivity 

• IceCube and DeepCore provide the active veto

• No excavation necessary: detection medium is the 
support structure  (melting ice is more cost 
effective than moving rock)

“Anything worth doing is worth overdoing” M. Jagger

Darren R. Grant - University of AlbertaMarch 6-8, 2013
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• O(10 MeV) for bursts

• O(50MeV) for single events

• Physics extraction from Cherenkov ring imaging in 
the ice

• Annual supernovae neutrinos to 10 MPc; New MeV 
detection channels for Solar WIMPs become 
available; potential proton decay sensitivity 

• IceCube and DeepCore provide the active veto

• No excavation necessary: detection medium is the 
support structure  (melting ice is more cost 
effective than moving rock)

“Anything worth doing is worth overdoing” M. Jagger
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Positron Results
!"#$%&"'(%"()*+,%&"'(-&.,%$"'

Preliminary

Mirko Boezio, SLAC, 2013/03/06

Secondary production
Moskalenko & Strong 98

• Refinements in Pamela results, confirmation by Fermi using geomagnetic 
field, AMS results coming soon!
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Technical Developments

• Analog pipeline ASICs (K. Nishimura)
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Development of 
Large Aperture

Hybrid Photodetector

Masashi Yokoyama
Department of Physics, University of Tokyo

Cosmic Frontier workshop Mar. 6-7 2013 SLAC

Large-Area HPMT (Masahi Yokoyama) LAPPD psec timing, 8” square 
photodetector, (K. Byrum)
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Key Findings

• CTA, with the U.S. enhancement would provide a powerful new tool for searching 
for WIMP dark matter, and would complement other methods

• 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.

• Other astrophysical constraints such as low-frequency radio (synchrotron from 
electrons) or X-rays (inverse Compton scattering by electrons) can provide very 
powerful tests for Dark matter annihilation for certain annihilation channels, 
competitive with existing bounds.

• Detailed theoretical studies with PMSSM, contact operators, realistic halo models 
are resulting in quantitative estimates of sensitivity

• Key technology developments overlap with Direct Detection and Collider 
experiments.

Disclaimer: Not an exhaustive list of key Indirect DM science initiatives!
(10 minutes can’t do justice to amazing breadth of work)
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CF3$Summary$
Non.WIMP$Dark$Ma5er$

$
Alex$Kusenko$

Leslie$Rosenberg$

Cosmic$FronBer$MeeBng,$SLAC$06.08$March$2013$
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Gray$Rybka:$ADMX$RF.Cavity$Axion$
Search$

Able$to$detect$the$QCD$axion$or$
reject$the$hypothesis$at$high$confidence.$

14

  

Microwave

cavity (axions

go in here)

8 Telsa Magnet

Change frequency/

mass sensitivity with

tuning rods

Dump liquid helium

in here

Multiple Antennas

100 mK SQUID
package

Amplify, mix signal

from ~1 GHz to 

~10.7 MHz, then

digitize

Look for excess

power in power

spectrum

How ADMX Gen 2 Works In Pictures

Multiple Channels

Dilution Refrigerator
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Experimental Axion (and ALPs) Search

Axion-photon vertex

from I. G. Irastorza et al., 
Latest results and prospects of 
the CERN Axion Solar 
Telescope, 
Journal of Physics: Conference 
Series 309 (2011) 012001

HB-bound, g10=1.
Raffelt and Dearborn (1987)

Among the major axion experiments is the Cern
Axion Solar Telescope (CAST), which is looking for
axions from the sun. The Next Generation Axion
Helioscopes (NGAH) are expected to improve the
bounds by over an order of magnitude.
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Carosi:$RF.Cavity$R&D$
CaviBes$for$RF.cavity$axion$searches:$High$Q,$
tunable,$good$“form$factor”.$

11 

-  Simulation of Electric field of the 
TM010 mode of a 96 metallic post array. !

-  Frequency 5 times empty cylinder !
-  Form Factor C ~ 0.5!

*C. Hagmann simulation!

HMC Clinic– prototype multipost cavity systems 

-  Analog of photonic bandgap resonator!
-  Various posts can be translated as 

group to adjust frequency.!
-  Can maintain reasonably large volume 

and form factor!

Prototype multipost cavity!
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Pivovarov:$IAXO$

InternaBonal$Axion$Observatory:4th$GeneraBon$
Helioscope.$Powerfully$explores$region$of$
astrophysical$hints$of$axions$plus$...$

Lawrence Livermore National Laboratory 10/20  Cosmic Frontier Workshop March LLNL-PRES-566177                                                    

Conceptual design for magnet 
 

Shilon et al. arXiv:1212.4633v1 
 IEEE Trans Appl Superc 23 (2013)  
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Wide.Ranging,$Lively$Discussion$

Wednesday:$
$
Pierre$Sikivie$“An$Argument$that$the$Dark.Ma5er$is$Axions”$
Maurizio$GionnoR$“Astrophysical$Constraints$on$Axion.Photon$Coupling”$
Kyu$Junk$Bae$“Cosmology$of$SUSY$Axion$Models”$
Gray$Rybka$“ADMX$Current$Status”$
Karl$van$Bibber$“ADMX.HF”$
Gianpaolo$Carosi$“Microwave$Cavity$R&D$for$Axion$Cavity$Searches”$
Michael$Pivovarov$“IAXO:$InternaBonal$Axion$Observatory”$
Ariel$Zhitnitsky$“Dark$Ma5er$&$Baryogenesis$as$Two$Sides$of$the$Same$Coin”$
Kyle$Lawson$“Ground.Based$Quark$Nugget$Search”$
Javier$Redondo$“IAXO$and$the$Science$Case”$
Agnieszka$Ciepiak$“Contraining$Primordial$Black$Hole$Dark$Ma5er$Using$Microlensing”$
Jeremy$Mardon$“Direct$DetecBon$Beyond$the$WINP$Paradigm”$
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Wide.Ranging$Discussion$(conBnued)$
Thursday:$
$
Takeo$Moroi$“Non.WIMP$Dark$Ma5er$in$SUSY$Models$
Yasunori$Nomura$“A$TheoreBcal$PerspecBve$on$Dark$Ma5er”$
Clifford$Cheung$“Non.WIMP$Zoology”$
Jiji$“Double.Disk$Dark$Ma5er”$(joint$CF6)$
Kris$Sigurdson$“Dark$Ma5er$AnBbaryons$and$Induced$Nucleon$Decay”$(joint$CF6)$
George$Fuller$“Dark$Ma5er$and$Supernovae”$
Kevork$Abazajian$“The$Status$of$Sterile$Neutrino$Dark$Ma5er”$
Oleg$Ruchaiskiy$“Sterile$Neutrinos$as$Dark$Ma5er”$$
David$Cline$“The$Search$for$Low.Mass$WIMPs”$
Leonidas$Moustakis$“Shedding$Light”$
Jenniver$Seigel.Gaskins$“Constraints$on$Sterile$Neutrinos$DM$From$Fermi$…”$
$
Friday$(with$CF4):$
$
Louis$Strigari$“Is$there$observed$tension$between$small.scale$structure$and$CDM?”$
Hector$de$Vega$“Fermionic$WDM$Reproduces$Galaxy$ObservaBons$because$of$Q.M.”$
Dodelson$“Current$and$Future$Cosmological$Constraints$on$Neutrinos”$



CF5:%Dark%Energy,%Infla2on%and%

Neutrinos

Dark%Energy%Summary% % % % % % K.%Honscheid

Part%II:%Projects

Dark%Energy%and%the%CMB

(Sarah%Church,%SD,%Klaus%Honscheid)
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primary CMB anisotropy

Detection of secondary anisotropy
(SZ effects) in multi-frequency data

(J. Carlstrom)

CMB - J. Carlstrom
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"mν = 0

"mν = 1.5 eV

BBlensing
BBIGW

TT

Expected polarized foregrounds 
over best 3% of southern sky. to 
survey 24/7/52
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Figure 5: Left: A prediction of the level of polarized foreground emission over the full sky at 150 GHz obtained by

combining the WMAP3 K-band polarization maps (extrapolated using an index of �3) and the FDS model 8 (Finkbeiner
et al., 1999) dust map with an assumed polarization fraction of 5%. The outlined region is the selected 600 deg2 field. Right:

Cumulative distributions of power spectra of 600 deg2 regions sampled over the the full sky from the synchrotron and dust

maps mentioned above, with dots marking the location in this distribution of the outlined region at left. Since the power

spectra are found to be rather flat the exact � at which one evaluates this distribution is unimportant. However, parts of the
sky are below the WMAP noise floor artificially compressing the bottom end of the synchrotron distribution.

is a distinct advantage of SPT’s small beamsize, relative to other ongoing CMB polarization efforts. The

beam dipole requirement, for example, requires that differenced detectors be co-located to within about 2⇥⇥.
This will easily be verified given the high precision of the relative pointing reconstruction of those detectors,

which will be much better than the SPT’s absolute pointing accuracy of 1.5⇥⇥ rms.
The high angular resolution of SPT-POL will also give excellent characterization of the B-mode lensing

signal. In addition to its intrinsic scientific interest, this measurement will allow the lensing to be “cleaned”

from the gravitational-wave B-mode signal which is important at the r = 0.01 level.
Pointing errors confuse B-modes with the much larger E-modes (E � B leakage). To safely disregard

possible contamination of the B-mode signal at its lowest detectable limit, the pointing error must be less

than the larger of 10�2 of the Gaussian beamwidth, or 1.5⇥⇥ absolute (Hu et al., 2003). As mentioned above,
SPT’s 1.5⇥⇥ rms pointing accuracy meets this specification.
4.3.2 Half-wave Plate Polarization Modulation In SPT-POL, the Q and U Stokes parameters are

measured by simultaneously differencing the signals from two bolometers that are sensitive to orthogonal

polarizations in each pixel. This technique gives strong common mode rejection of focal plane temperature

variations, and excellent rejection of the (almost completely unpolarized) atmospheric emission. Pair dif-

ferencing has been proven by the BOOMERANG experiment and more recently with the QUAD and BICEP

experiments.

SPT-POL will add another layer of polarization modulation with a cold stepped half-wave plate located

close to the focal plane. The half-wave plate will be stepped by 22.5 deg after every raster map, so that

four steps give a complete rotation of polarization. The half-wave plate periodically trades the role of the

two bolometers which averages down spurious signals generated by gain or bandpass mismatch between the

two bolometers (including variations on time scales longer than the step time), and the effect of any beam

pattern differences between the two orthogonal antennas in a pixel.

4.3.3 Simple, Well-shielded Optical Design The SPT telescope is a very simple design consisting

of just two mirrors and one low-power lens. This simple design minimizes spurious polarization generation

and distortion. The design obeys the Dragone condition giving zero polarization rotation (crosspol) at the

center of the field. The two mirrors and lens give 0.03% T � P leakage, which can be accounted for with

proper calibration (Sec. 4.5), and optics thermal stability (Sec. 4.3.4).

The SPT-POL telescope is designed to give high rejection of any emission outside the main beam. This

15

CMB polarization

(J. Carlstrom)

Inflationary,gravitation,waves

EE
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• 2009: r < 0.7 (BICEP) Chiang et al, 0906.1181

• 2012: no detections of inflationary or lensing B-modes

• 2013:  r ≲ 0.1 from Inflationary B-modes (BICEP II) ?
• 2013:  Stage II experiments detect lensing B-modes 
• 2013+ Stage II experiments σ(r)≲0.03 

            and σ(Σmν)~0.1 eV from lensing B-modes
• 2016+: Stage III achieve σ(r)≲0.01 & σ(Σmν)~0.05 eV;

  measure lensing B-modes to L ~ 800 with s/n >1;
  allow “delensing” of inflation B-modes

• 2020+:  Stage IV goal to reach r ~ 0.001 (or better?)
            and σ(Σmν) ~ 0.01 eV 

B-modes timeline

(J. Carlstrom)



CMB%Instrumenta2on%I

• Stage%II%(~1000%elements)%already%observing

• Stage%III%(>%10K%detector%elements,%e.g.%TES)

–10x%increase%in%mapping%speed

–Preparing%for%deployment

• Stage%IV
–10x%increase%in%mapping%speed%over%stage%III

–Deploy%~2020?

See%Clarence%Chang,%ChaoULin%Kuo%talks,%SLAC%Cosmic%Fron2er%Workshop,%March%2013

Stage&IV)CMB
Duplicate%(>10x)

Focal%planes

(physical%size%limited%by

IR%loading,%size%of

vacuum%window,%lenses)

(S. Church)
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Summary
CMB measurements are at the heart of 
cosmology and fundamental physics.

Stage IV CMB experiment is needed. 
It will be extremely challenging, but 
achievable, with 100x or more increase in 
detectors from current Stage II, incredible 
attention to systematics, and 
commensurate increase in computing. 

It is a HEP multilab-scale project!
(J. Carlstrom)



DES%Weak%Lensing%Mass%Map

% Cluster%observed%during%SV

%

Dark%Energy%Survey%–%First%Light%September%12,%2012



SDSSUII

BOSS

D=2.1%Gpc

153%Mpc

θ

Θ=

D=1.4%Gpc

SDSS/BOSS%has%established%BAO%and%RSD%techniques

Measure%angle%θ,%do%trigonometry%to%get%D(z).%

41

12/7/12

153%

Mpc

Michael%Levi



MS#DESI'Will'Discriminate'Between'
Dark'Energy'Models

42

MSUDESI

Michael%Levi



2tle

21 cm Intensity Mapping for BAO and 
CHIME

G.%Hinschaw



(Eisenstein et al., ApJ, 2005)
G.%Hinschaw

Simulated%at%21%cm



CHFT%Residuals

Simula2on

Weak%Lensing%Shear%Systema2cs

Steve%Kahn



LSST%Photon%Simulator%%%%%%%%%%%%A.%Connolly



Space%Missions%(J.%Rhodes,%N.%Gehrels)



Dark%Energy%Technology

• MSUDESI%(near%future),%LSST%(a%liile%further%out)

• Desirable%development%for%future%experiments

–Pixels%with%spectral%sensi2vity%–%spectroscopic%informa2on%

for%each%object%significantly%enhanced%figure%of%merit%of%

DE%experiments

–2ming%capability%–%can%correct%for%atmospheric%effects

• Examples%of%new%technologies

–MKIDs%(kine2c%inductance%detectors)

–SiPMs%(Silicon%Photomul2pliers)

–50,000%fiber%spectrograph

See%talk%by%Juan%Estrada,%SLAC%Cosmic%Fron2er%Workshop,%March%2013

%



Looking%Ahead%–%New%Ideas%%(J.%Estrada)



Quintessence:%New%dynamical%field%with%small%mass

What%is%driving%the%accelera2on%of%the%Universe?

Test%this%by%measuring%the%equa2on%of%state%of%dark%energy%

(w,w’)%with%four%probes:

Supernovae
Baryon%

Acous2c%

Oscilla2ons

Galaxy%

Clusters

Gravita2onal%

Lensing

(Dodelson)



Test%early%dark%energy%by%combining%CMB%Lensing%

and%Galaxy%Lensing

(Dodelson)
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Distinguishing Features in the Power Spectrum

k →

P(
k)

 →

Σmνi
= 0.14 eV

Σmνi
= 1.4 eV

1. Shape Information:  
Galaxy Surveys (Future:  Weak Lensing Surveys)

2. Relative Amplitude Information:  
CMB plus Lyman-alpha Forest, Galaxy Bias

Galaxy Surveys

Lesgourgues & Pastor (2006)Relative Amplitude:CMB+Lya

�P (k)

P (k)
= �8

⌦⌫

⌦m

Neutrino mass from Cosmology  (K. Abazajian)
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Forecast Sensitivities

(Kevork Abazajian)
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• Please visit the Cosmic Frontier Workshop website:
— http://www-conf.slac.stanford.edu/cosmic-frontier/2013/

54
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1

CF4 Summary                                     

Konstantin Matchev

Cosmic Frontier Workshop
March 8, 2013

Dark Matter complementarity
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Model-independent examples
• In the short Complementarity Document:

– Be agnostic about the underlying theory model

• Parameterize our ignorance about
– the origin of SUSY breaking

•  pMSSM talks (Ismail, Cotta, Cahill-Rowley, Drlica-Wagner) 

– the type of DM-SM interactions and their mediators
• effective operators (Shepherd)

• The longer CF4 summary document will also 
consider specific theory models:
– CMSSM (Sanford)
– NUSUGRA (Baer)
– UED (Kong)
– NMSSM (McCaskey, Shaughnessy) 6
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II. The pMSSM approach
(SUSY without prejudice)

• Sequentially apply projected constraints from
– direct detection (red versus black)
– indirect detection (red->green; black->blue)
– LHC 

8

talks by: M. Cahill-Rowley, R. Cotta, A. Drlica-Wagner, A. Ismail, T. Rizzo, M. Wood 
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I. Effective operator approach

7

DRAFT

PRELIMINARY DRAFT VERSION 13 7

if dark matter annihilation is insignificant now, for example, as in the case of asymmetric
dark matter.

• Particle Colliders provide the opportunity to study dark matter in a highly-controlled labo-
ratory environment, may be used to precisely constrain many dark matter particle properties,
and are sensitive to the broad range of masses favored for WIMPs. Hadron colliders are rel-
atively insensitive to dark matter that interacts only with leptons, and colliders are unable
to distinguish missing momentum signals produced by a particle with lifetime � 10�7 s from
one with lifetime >� 1017 s, as required for dark matter.

• Astrophysical Probes are unique probes of the “warmth” of dark matter and hidden dark
matter properties, such as its self-interaction strength, and they directly measure the e⇥ects
of dark matter properties on large-scale structure in the Universe. Astrophysical probes are
typically unable to distinguish various forms of CDM from each other or make other precision
measurements of the particle properties of dark matter.

B. Model-Independent Examples

The qualitative features outlined above may be illustrated in a simple and fairly model-
independent setting by considering dark matter that interacts with standard model particles
through four-particle contact interactions, which represent the exchange of very heavy particles.

To do this, we may choose representative couplings of a spin-1/2 dark matter particle ⌅ with
quarks q, gluons g, and leptons ⇧ given by

1
M2

q
⌅̄⇥µ⇥5⌅

X

q

q̄⇥µ⇥5q +
�S

M3
g

⌅̄⌅Gaµ�Ga
µ� +

1
M2

⇤

⌅̄⇥µ⌅
X

⇤

⇧̄⇥µ⇧ . (1)

The interactions with quarks mediate spin-dependent direct signals, whereas those with gluons
mediate spin-independent direct signals. The coe⇤cients Mq, Mg, and M⇤ characterize the strength
of the interaction with the respective SM particle, and in this representative example should be
chosen such that the annihilation cross section into all three channels provides the correct relic
density of dark matter. The values of the three interaction strengths together with the mass of the
dark matter particle m⇥ completely defines this theory and allows one to predict the rate of both
spin-dependent and spin-independent direct scattering, the annihilation cross section into quarks,
gluons, and leptons, and the production rate of dark matter at colliders.

Each class of dark matter search outlined in Sec. III is sensitive to some range of the interaction
strengths for a given dark matter mass. Therefore, they are all implicitly putting a bound on the
annihilation cross section into a particular channel. Since the annihilation cross section predicts
the dark matter relic density, the reach of any experiment is thus equivalent to a fraction of the
observed dark matter density. This connection can be seen in the plots in Fig. 2, where the left
(right) vertical axis shows the annihilation cross-section normalized to ⇤th (the relic density �⇥

normalized to �DM ). If the discovery potential for an experiment with respect to one of the
interaction types maps on to one times the observed dark matter density (the horizontal dashed
lines in Fig. 2), that experiment will be able to discover dark matter which interacts only with that
SM particle. If an experiment were to observe an interaction consistent with a DM fraction larger
than one (yellow-shaded regions in Fig. 2), it would have discovered dark matter but we would
infer that there were still important annihilation channels still waiting to be observed. Finally, if
an experiment were to observe an interaction consistent with a fraction less than one (green-shaded
regions in Fig. 2), it would have discovered one species of dark matter, which, however, could not
account for all of the dark matter, and there are still important other DM species still waiting to
be discovered.

D11D8 D5

• Effective theory of SM+DM.
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CF6:%Cosmic%Par.cles%&%
Fundamental%Physics%

CF6.A%Cosmic%Rays,%Gamma%Rays%and%Neutrinos%(conveners:%
Gus%Sinnis,%Tom%Weiler)%
CF6.B%The%Ma>er%of%the%Cosmological%Asymmetry%(convener:%
Ann%Nelson)%
CF6.C%Exploring%the%Basic%Nature%of%Space%and%Time%%
(conveners:%Aaron%Chou,%Craig%Hogan)%
%
Overlaps%with%%
CF1,2,3,4,5%+%
Intensity%FronPer:%IF3:%Neutrinos;%%

% % %(Nu6)%Astrophysical%and%Cosmological%Neutrinos%
InstrumentaPon%FronPer%%

J.%Bea;y,%A.%Nelson,%A.%Olinto,%G.%Sinnis%%
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Fundamental'Physics'from'Cosmic'

Messengers'

•  Neutrino'mass'hierarchy'
–  Supernova'burst'neutrinos'(LBNE'underground)'
– Atmospheric'neutrinos'(PINGU'at'South'Pole)'

•  Probing'physics'at'the'Plank'scale'
–  Sensi+vity'to'viola+ons'of'Lorentz'invariance'(Fermi,'
HESS,'VERITAS,'CTA,'HAWC)'

•  Probing'scale'of'extra'dimensions'
– Neutrino'cross'sec+ons'at'high'energies'(IceCube,'
ARA,'ARIANNA,'EVA,'JEM.EUSO)'

•  Measure'par+cle'interac+ons'at'60'(300)'TeV'
Auger'(JEM.EUSO)'

4'

CF6A:'Cosmic'Rays,'Gamma'Rays'and'Neutrinos
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Neutrino'Proper+es'from'Astrophysics'
•  Supernova'burst'neutrinos'

–  Neutrino'mass'hierarchy'(G.'Fuller)'
–  Supernova'physics'(JJ'Cherry)'

•  Collec+ve'oscilla+ons'of'νx'leads'to'a'“spectral'swap”'
–  Normal'hierarchy'νx'oscillate'to'other'flavor'states'below'~10'MeV'
–  Inverted'hierarchy'νx'oscillate'to'other'flavor'states'above'~10'MeV'

•  A'large'(~10'kT)'liquid'Argon'detector'sensi+ve'mostly'to'νx'could'detect'
swap'(need'to'go'underground!)'

Normal'hierarchy'
Inverted'hierarchy'

G.'Fuller'

Prob(ν
x )→

ν
x'

5'
MeV'MeV'
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Baryogenesis and dark matter

• Sigurdson: dark matter carries anti baryon 
number and catalyzes unusual “proton decay” 
events

• Zhitnitsky: semi-Exotic quark and antiquark 
nugget dark matter

• Fan: some dark matter is asymmetric, self 
interacting via a dark photon, and collapsed 
into a dark disk parallel (?) to ours

7

7Friday, March 8, 2013 9

Mu-Chun Chen

9Friday, March 8, 2013

Leptogenesis
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Basic&Nature&of&Space&and&Time&

•  Lenny&Susskind:&Field&theory&and&&string&theory&
do&not&predict&detectable&Planck&scale&effects&
on&laboratory&scales&

•  Craig&Hogan:&&In&some&forms&of&quantum&
geometry,&Planckian&informaDon&density&is&
detectable&as&transverse&posiDon&uncertainty&

•  Aaron&Chou:&&The&Fermilab&Holometer&is&in&
commissioning,&and&will&achieve&Planck&
spectral&density&sensiDvity&within&~2&years&
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• Please visit the Cosmic Frontier Workshop website:
— http://www-conf.slac.stanford.edu/cosmic-frontier/2013/
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Extra Slides
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Dark Matter Intro

�� � 0.1
h2

�
3� 10�26cm3sec�1

��v�

�

Gravitational effect of DM is visible in 
many astrophysical settings.

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 stars, weakly interacting 
particles

From WMAP : �DMh2 = 0.1123± 0.0035

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�m�/kT before freeze-out.

* Gamma-ray production by annihilation in the present universe is closely correlated to 
decoupling cross section in the early universe
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Gamma-rays from DM
E���(�) � 10�10

�
E�,TeV

dN

dE�,TeV

� �
�⇥v�

10�26cm�3s�1

� �
100 GeV

M⇥

�2

� �� �
particle physics

J(�)���� erg cm�2s�1sr�1

Particle Physics Input

χ0 q

χ0

p

π0

K

q̄

π+

γ

γ

1

χ0

H+

χ+

χ0

χ+

γ

χ+

γ

1

J(�) =
1

8.5 kpc

�
1

0.3 GeV/cm3

�2 �

line of sight
⇥2(l)dl(�)

� �� �
astrophysics

Line-of-sight integral of �2 for a
Milky-Way-like halo in the VL Lactea II
�CDM N-body simulations (Kuhlen et al.)

Astrophysics/Cosmology Input
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Baryonic Feedback

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

• But jury is out on effects on Milky Way-like 
(or Dwarf) halos.

!"#$%&'()*+$&,#(-.+/#&0(#1)%(2&".&345' !"#6&7&89:;

!"#$%&'(')"*#%"+%,-#.-(-&",'(%/0((12-)%345%#".0('6"-+#%7"68%9+:-

!"#$%&'()*+$&,#(-.+/#&0(#1)%(2&".&345' !"#6&7&89:;

!"#$%&'()*$%+#,'-%.+/&-%0'123#$%-.'45#6-.6

!"#$%$&#'(')*&+$'&#)*(,&--.-*,(
&/-(01(.+)2#3-($*"(-%.3"26"6'
."%732+'()'&"%6-7-"64

56.73,#8-(,7.-+*)8$(9)+(!:;<(
2--"%$'=(3"8$9"6'()':3$8'75"'
."%7"3($*"(23$&&-*,(&/-(01('7,.4
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Top 10 Myths
• Astrophysical backgrounds make indirect detection impossible

• At very high energies, fewer backgrounds 

• Uncertainties in Halo profiles mean that gamma-ray limits are wildly 
uncertain!

• For GC this is worse than for Dwarfs, but may only amount to an 
order of magnitude uncertainty (see talk by Alex Drlica Wagner, 
Ferrer)

• Gamma-ray, Neutrino and Cosmic-Ray antimatter do other 
Astrophysics besides Dark Matter

• So do big, wide-field optical telescopes.

• We can live with that! Supermassive black holes, pulsars, 
supernova remnants, EBL and LIV probes, numerous papers and 
theses

How bad are astrophysical backgrounds? Total �-ray flux (1-3 GeV) within
1� � 1� 10�7cm �2 s �1 � �⇥v� = 1.6� 10�25 cm 3s�1 (Tim Linden’s talk)

GC Limits!

3/7/13 12 

Cored Isothermal 
NFW 
Einasto 
Einasto (CU10) 

SLAC Cosmic Fronter Workshop 

Cored Isothermal 
NFW 
Einasto 
Einasto (CU10) 

bb Channel tau Channel 

500 hour exposure and 3 sigma detection threshold 

Cosmic Frontier Workshop | CF2 | SLAC | March 6, 2013J. Siegal-Gaskins

The multiwavelength inner galaxy

16

Aharonian et al. 2006 

©!2006!Nature Publishing Group!

!

model for point-like emission at the position of these excesses yields
the map shown in Fig. 1b. Two significant features are apparent after
subtraction: extended emission spatially coincident with the un-
identified EGRETsource 3EG J174423011 (discussed in ref. 10) and
emission extending along the Galactic plane for roughly 28. The latter
emission is not only very clearly extended in longitude l, but also
significantly extended in latitude b (beyond the angular resolution of
HESS) with a characteristic root-mean-square (r.m.s.) width of 0.28,
as can be seen in the Galactic latitude slices shown in Fig. 2. The
reconstructed g-ray spectrum for the region jlj , 0.88, jbj ,0.38
(with point-source emission subtracted) is well described by a power
law with photon index G ¼ 2.29 ^ 0.07stat ^ 0.20sys (Fig. 3; see the
Supplementary Information for a discussion of systematic errors).
Given the plausible assumption that the g-ray emission takes place

near the centre of the Galaxy, at a distance of about 8.5 kpc, the
observed r.m.s. extension in latitude of 0.28 corresponds to a scale of
,30 pc. This value is similar to that of interstellar material in giant

molecular clouds in this region, as traced by their CO emission and in
particular by their CS emission11. CS line emission does not suffer
from the problem of ‘standard’ CO lines12: that clouds are optically
thick for these lines and hence the total mass of clouds may be
underestimated. The CS data suggest that the central region of the
Galaxy, jlj ,1.58 and jbj ,0.258, contains about 3–8 £ 107 solar
masses of interstellar gas, structured in a number of overlapping
clouds, which provide an efficient target for the nucleonic cosmic
rays permeating these clouds. The region over which the g-ray
spectrum is integrated contains 55% of the CS emission correspond-
ing to a mass of 1.7–4.4 £ 107 solar masses. At least for jlj ,18, we
find a close match between the distribution of the VHE g-ray
emission and the density of dense interstellar gas as traced by CS
emission (Fig. 1b and Fig. 2).
The close correlation between g-ray emission and available target

material in the central 200 pc of our galaxy is a strong indication for
an origin of this emission in the interactions of cosmic rays.
Following this interpretation, the similarity in the distributions of
CS line and VHE g-ray emission implies a rather uniform CR density
in the region. In the case of a power-law energy distribution the
spectral index of the g-rays closely traces the spectral index of the
cosmic rays themselves (corrections due to scaling violations in the
cosmic-ray interactions are small, DG ,0.1; see Supplementary
Information), so the measured g-ray spectrum implies a cosmic-
ray spectrum near the Galactic Centre with a spectral index close to
2.3, significantly harder than in the solar neighbourhood (where an
index of 2.75 is measured). Given the probable proximity of particle
accelerators, propagation effects are likely to be less pronounced than
in the Galaxy as a whole, providing a natural explanation for the
harder spectrum which is closer to the intrinsic cosmic-ray-source
spectra. The main uncertainty in estimating the flux of cosmic rays in
the Galactic Centre is the uncertainty in the amount of target
material. Following ref. 3 and using the mass estimate of ref. 11 we
can estimate the expected g-ray flux from the region, assuming for
the moment that the Galactic Centre cosmic-ray flux and spectrum
are identical to those measured in the solar neighbourhood. Figure 3
shows the expected g-ray flux as a grey band, together with the
observed spectrum. While below 500GeV there is reasonable agree-
ment with this simple prediction, there are clearly more high-energy
g-rays than expected. The g-ray flux above 1 TeV is a factor of 3–9
higher than the expected flux. The implication is that the number
density of cosmic rays with multi-TeV energies exceeds the local
density by the same factor. The size of the enhancement increases
rapidly at energies above 1 TeV.
The observation of correlation between target material and TeV

g-ray emission is unique and provides a compelling case for an origin
of the emission in the interactions of cosmic-ray nuclei. In addition,
the harder-than-expected spectrum and the higher-than-expected
TeV flux imply that there is an additional component to the Galactic
Centre cosmic-ray population above the cosmic-ray ‘sea’ that fills the
Galaxy. This is the first time that such direct evidence for recently
accelerated (hadronic) cosmic rays in any part of our Galaxy has been
found. The energy required to accelerate this additional component
is estimated to be 1049 erg in the energy range 4–40 TeVor,1050 erg
in total if the measured spectrum extends from 109–1015 eV. Given a
typical supernova explosion energy of 1051 erg, the observed cosmic
ray excess could have been produced in a single supernova remnant,
assuming a 10% efficiency for cosmic-ray acceleration. In such a
scenario, any epoch of cosmic-ray production must have occurred in
the recent enough past that the rays that were accelerated have not
yet diffused out of the Galactic Centre region. Representing the
diffusion of protons with energies of several TeV in the form
D ¼ h £ 1030 cm2 s21 (where 1030 cm2 s21 is the approximate value
of the diffusion coefficient in the Galactic disk at TeV energies), we
estimate the diffusion timescale to be t ¼ R2/2D < 3,000(v/18)2/h
years, where v is the angular distance from the Galactic Centre.
Owing to the larger magnetic field and higher turbulence in the

Figure 1 | VHE g-ray images of the Galactic Centre region. a, g-ray count
map; b, the same map after subtraction of the two dominant point sources,
showing an extended band of gamma-ray emission. Axes are Galactic
latitude (x) and Galactic longitude (y), units are degrees. The colour scale is
in ‘events’ and is dimensionless. White contour lines indicate the density of
molecular gas, traced by its CS emission. The position and size of the
composite supernova remnant G0.9þ0.1 is shown with a yellow circle. The
position of Sgr A* ismarked with a black star. The 95% confidence region for
the positions of the two unidentified EGRETsources in the region are shown
as dashed green ellipses20. These smoothed and acceptance-corrected images
are derived from 55 hours of data consisting of dedicated observations of Sgr
A*, G0.9þ0.1 and a part of the data of the HESS Galactic plane survey21. The
excess observed along the Galactic plane consists of ,3,500 g-ray photons
and has a statistical significance of 14.6 standard deviations. The absence of
any residual emission at the position of the point-like g-ray source G0.9þ0.1
demonstrates the validity of the subtraction technique. The energy
threshold of the maps is 380GeV, owing to the tight g-ray selection cuts
applied here to improve signal/noise and angular resolution. We note that
the ability of HESS to map extended g-ray emission has been demonstrated
for the shell-type supernova remnants RXJ1713.7–3946 (ref. 22) and RX
J0852.024622 (ref. 23). The white contours are evenly spaced and show
velocity integrated CS line emission from ref. 11, and have been smoothed to
match the angular resolution of HESS.

LETTERS NATURE|Vol 439|9 February 2006

696

VLA @ 330 MHz HESS > 380 GeV 
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GAPS

• 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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(talk by P. von Doetinchem) 
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Recurring$scienBfic$themes$in$CF3$
Axionic$dark$ma5er$structure$formaBon:$Is$this$a$unique$signature,$it$this$observable$
(e.g.,$via$strong.lensing$halo$structure)?$
$
SUSY:$Friendly$with$WIMPs,$but$not$married$to$WIMPs.$Other$candidates$include$
graviBnos,$axinos,$Q.balls,$etc.$
$
Sterile$neutrinos.$Many$discussions$on$searches$and$phenomenology.$
$
Asymmetric$dark$ma5er.$
$
Reconsider$quark.nuggets$and$black$holes.$Review$observaBonal$constraints.$Consider$
WIMP.like$parBcles$with$pure$electron$couplings.$
$
Axion$and$ALP$searches:$Now$sensiBve$and$moving$into$the$realm$of$“definiBve$
searches”$
$
Astrophysics:$Improve$observaBons$and$theory.$How$to$turn$hints$into$detecBons.$
$
A$closer$look$at$warm.dark$ma5er$and$self.interacBng$dark$ma5er.$
$
Etc.,$etc.,$etc.$
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Some$themes$in$non.WIMP$dark$
ma5er$sessions$

Discovery$involves$guessing$the$answer.$
Guesses$include$a$very$broad$range$of$dark.ma5er$candidates.$
$
The$guesses$incorporate$compelling$theoreBcal$Ideas$and$astrophysical$hints.$
$
The$guesses$also$account$for$available$technology.$There’s$nothing$wrong$
with$searching$under$the$lamppost$If$you$don’t$know$where$you$lost$your$keys.$
$
$
There’s$a$scienBfic$ideology$at$play$in$the$sessions:$
1.$Balanced$approach:$Input$taken$from$everybody.$The$body$didn’t$think$
any$one$path$is$necessarily$the$answer.$
2.$Comprehensive:$Broad$set$of$theory$and$observaBonal$strategies.$
3.$“HolisBc”:$Take$what$nature’s$telling$us.$Take$various$constraints$in#toto.$
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Zoom in on an SPT map
50 deg2 from 
2500 deg2 survey CMB Anisotropy

 Primary and secondary
 CMB anisotropy
 & foregrounds, i.e., CIB

Galaxies 
AGN & high-redshift 
lensed dusty star 
forming galaxies

Clusters - High signal to 
noise SZ galaxy cluster 
detections as “shadows” 
against the CMB

Bullet Cluster
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Cosmic'Par+cle'Accelera+on'

•  Par+cle'accelera+on'to'extreme'energies'is'of'fundamental'
interest'
–  How'does'nature'create'par+cles'with'1020'eV?'

•  Gamma.Ray'Bursts'provide'a'short'pulse'(~1sec)'of'gamma'
rays'that'light'up'the'universe'
–  Use'to'probe'Lorentz'Invariance'viola+on'

Γ'�1000'
β=0.9999995'

N.'Omodei'

9'
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Isotropic'Diffuse'Gamma.Ray'Backgrounds'

•  What'is'the'origin'of'the'diffuse'excess?'
•  Examine'angular'power'spectrum'
•  AGN'account'for'all'of'the'observed'angular'power'but'
only'20%'of'the'required'intensity'

•  Dark'maAer?'Star'forming'galaxies?'
J.'Siegal.Gaskins' 10'
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Stefano Profumo

3

3Friday, March 8, 2013
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Chris Lee

5
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