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COSMIC FRONTIER
CONVENERS: JONATHAN FENG AND STEVE RITZ

CF1: WIMP DARK MATTER DIRECT DETECTION (PRISCILLA CUSHMAN, 
CRISTIAN GALBIATI, DAN MCKINSEY, HAMISH ROBERTSON, TIM TAIT) 

CF2: WIMP DARK MATTER INDIRECT DETECTION (JIM BUCKLEY, DOUG 
COWEN, STEFANO PROFUMO) 

CF3: NON-WIMP DARK MATTER (ALEX KUSENKO, LESLIE 
ROSENBERG)

CF4: DARK MATTER COMPLEMENTARITY (DAN HOOPER, MANOJ 
KAPLINGHAT, KONSTANTIN MATCHEV)

CF5: DARK ENERGY AND CMB (SARAH CHURCH, SCOTT DODELSON, 
KLAUS HONSCHEID) 

CF6: COSMIC PARTICLES AND FUNDAMENTAL PHYSICS (JIM BEATTY, 
ANN NELSON, ANGELA OLINTO, GUS SINNIS)

CF1-4 ARE DIRECTLY RELEVANT FOR DARK MATTER. 

Monday, July 1, 13



SHORT VERSION OF COMPLEMENTARITY 
DOCUMENT HTTP://ARXIV.ORG/ABS/1305.1605

COSMIC FRONTIER HAD ITS MAIN PRE-SNOWMASS 
MEETING AT SLAC MARCH 6-8. 

HTTP://WWW-CONF.SLAC.STANFORD.EDU/COSMIC-
FRONTIER/2013/. 

SHORTER DOCUMENT AS A RESULT OF WORK 
LEADING UP TO THIS MEETING.

THE LONGER DOCUMENT (TO BE READY BY THE 
END OF THE SNOWMASS MEETING) WILL FLESH 
OUT THE DETAILS AND ADD MORE EXAMPLES OF 
COMPLEMENTARITY.
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SHORT VERSION OF COMPLEMENTARITY 
DOCUMENT HTTP://ARXIV.ORG/ABS/1305.1605

COMPLEMENTARITY BETWEEN AND WITHIN THE FOUR PILLARS OF 
DARK MATTER DETECTION

DIRECT DETECTION EXPERIMENTS THAT LOOK FOR DARK 
MATTER INTERACTING IN THE LAB 

INDIRECT DETECTION EXPERIMENTS THAT CONNECT LAB 
SIGNALS TO DARK MATTER IN OUR OWN AND OTHER GALAXIES

COLLIDER EXPERIMENTS THAT ELUCIDATE THE PARTICLE 
PROPERTIES OF DARK MATTER

ASTROPHYSICAL PROBES SENSITIVE TO NON-GRAVITATIONAL 
INTERACTIONS OF DARK MATTER
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NEXT: EVIDENCE FOR DARK MATTER.

HOW MAY ASTROPHYSICS SAY SOMETHING ABOUT THE 
PARTICLE NATURE OF DARK MATTER? WE WILL PICK ONE 
PARTICULAR EXAMPLE.

CAUTION! 

(1) I AM GOING TO START FAR AFIELD AND THEN GET 
CLOSER TO THE ENERGY FRONTIER TOPICS.

(2) I AM GOING TO FOCUS ON SOMETHING THAT 
INTERESTS ME CURRENTLY BUT THAT IS OK 
BECAUSE IT SERVES AS A WELL-MOTIVATED 
EXAMPLE AND THE POINT IS NOT TO BE EXHAUSTIVE
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FORNAX MILKY WAY 
SATELLITE (DSS 

IMAGE)

GALAXY CLUSTER 
ABELL 0024

COLLEY, TYSON, TURNER

ROTATION SPEED

ANDROMEDA 
(R. GENDLER)

WMAP

ALL EVIDENCE FOR DARK MATTER IS GRAVITATIONAL
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ROTATION SPEED AND DARK MATTER IN GALAXIES
THE PLATEAU IN SPEED AS THE DISTANCE FROM THE 
CENTER INCREASES IS THE EVIDENCE FOR GALACTIC DM
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ALL GALAXIES CLOSE-BY AND FAINT
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ROTATION SPEED AND DARK MATTER IN GALAXIES

NOTE THE LINEAR RISE IN ROTATION SPEED CLOSE TO THE CENTER. 
THIS COULD BE A HINT THAT THE DOMINANT COMPONENT OF DARK 
MATTER IS NOT A WIMP. BUT WE STILL NEED TO SORT OUT HOW STAR 
FORMATION AFFECTS PREDICTIONS FOR DARK MATTER DENSITIES.

THE PLATEAU IN SPEED AS THE DISTANCE FROM THE 
CENTER INCREASES IS THE EVIDENCE FOR GALACTIC DM
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ROTATION SPEED AND DARK MATTER IN GALAXIES
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ROTATION SPEED AND DARK MATTER IN GALAXIES

LINEAR RISE IN ROTATION SPEED 
=> SQRT[M/R] ~ R OR M~R3 
=>DENSITY IS CONSTANT
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ROTATION SPEED AND DARK MATTER IN GALAXIES

LINEAR RISE IN ROTATION SPEED 
=> SQRT[M/R] ~ R OR M~R3 
=>DENSITY IS CONSTANT
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BLACK: COLD NON-
INTERACTING DM
BLUE: COLD SELF-
INTERACTING DM

ROCHA ET AL
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EVEN CLOSER TO HOME
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MILKY WAY

IMAGE COPYRIGHT
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MILKY WAY

MILKY WAY 
SATELLITES

IMAGE COPYRIGHT
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EVEN CLOSER TO HOME
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MILKY WAY

MILKY WAY 
SATELLITES ANDROMEDA
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MILKY WAY

MILKY WAY 
SATELLITES ANDROMEDA

IMAGE COPYRIGHT
2005 CETIN BAL

EVEN CLOSER TO HOME

SATELLITES ALSO SEEM TO BE 
UNDER-DENSE COMPARED TO 
COLD NON-INTERACTING DARK 
MATTER EXPECTATIONS.
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LARGER SCALES: DARK MATTER IN CLUSTERS OF 
GALAXIES

BULLET CLUSTER

Composite Credit: X-ray: NASA/
CXC/CfA/ M.Markevitch et al.; 
Lensing Map: NASA/STScI; ESO WFI; 
Magellan/U.Arizona/ D.Clowe et al. 
Optical: NASA/STScI; Magellan/
U.Arizona/D.Clowe et al.;

BLUE: MATTER FROM “WEAK” 
GRAVITATIONAL LENSING
RED: GAS IN X-RAYS
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LARGER SCALES: DARK MATTER IN CLUSTERS OF 
GALAXIES

BULLET CLUSTER

Composite Credit: X-ray: NASA/
CXC/CfA/ M.Markevitch et al.; 
Lensing Map: NASA/STScI; ESO WFI; 
Magellan/U.Arizona/ D.Clowe et al. 
Optical: NASA/STScI; Magellan/
U.Arizona/D.Clowe et al.;

BLUE: MATTER FROM “WEAK” 
GRAVITATIONAL LENSING
RED: GAS IN X-RAYS

• Visceral evidence for dark 
matter. 
• DM self-interactions strength 

σ/m < ~1 barn/GeV.
• If cross section close to this 
value, then the “small-scale 
problems” with cold (WIMP) 
dark matter can be solved.
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LARGER SCALES: DARK MATTER IN CLUSTERS OF 
GALAXIES

BULLET CLUSTER

Composite Credit: X-ray: NASA/
CXC/CfA/ M.Markevitch et al.; 
Lensing Map: NASA/STScI; ESO WFI; 
Magellan/U.Arizona/ D.Clowe et al. 
Optical: NASA/STScI; Magellan/
U.Arizona/D.Clowe et al.;

BLUE: MATTER FROM “WEAK” 
GRAVITATIONAL LENSING
RED: GAS IN X-RAYS

• Visceral evidence for dark 
matter. 
• DM self-interactions strength 

σ/m < ~1 barn/GeV.
• If cross section close to this 
value, then the “small-scale 
problems” with cold (WIMP) 
dark matter can be solved.

ABOUT 10 MORE MERGING 
CLUSTERS HAVE BEEN FOUND!
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DARK MATTER ON EVEN LARGER SCALES
COLD NON-INTERACTING 

DARK MATTER
COLD SELF-INTERACTING 

DARK MATTER
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DARK MATTER ON EVEN LARGER SCALES
COLD NON-INTERACTING 

DARK MATTER
COLD SELF-INTERACTING 
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BOTH ARE AMAZINGLY 
GOOD MATCH TO DATA.
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DARK MATTER ON EVEN LARGER SCALES
COLD NON-INTERACTING 

DARK MATTER
COLD SELF-INTERACTING 

DARK MATTER

 PREVIOUS SLIDES PROVIDE 
(A) MOTIVATION TO THINK ABOUT NON-
WIMP CANDIDATES AND 
(B) EXAMPLE OF HOW ASTROPHYSICS 
COULD GUIDE MODEL BUILDING
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BOTH ARE AMAZINGLY 
GOOD MATCH TO DATA.
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NEXT: SEARCHING FOR THE NON-GRAVITATIONAL 
INTERACTIONS OF DARK MATTER

DUE TO LACK OF TIME, WILL FOCUS ON WIMPS HERE
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SPREADING THE NET WIDE

Dark Matter 

Nuclear Matter 
quarks, gluons 

Leptons 
electrons, muons, 

taus, neutrinos 

Photons, 
W, Z, h bosons 

Other dark 
particles 

Astrophysical  
Probes 

DM DM 

DM DM 

Particle 
Colliders 

SM DM 

SM DM 

Indirect 
Detection 

DM SM 

DM SM 

Direct 
Detection 

DM DM 

SM SM 

THE CONNECTIONS SHOWN ARE 
REPRESENTATIVE AND NOT EXHAUSTIVE
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HOW DO YOU SEARCH FOR DARK MATTER? 
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DEPENDS ON WHAT YOU THINK 
DARK MATTER IS. SEEMS LIKE A 

TRIVIAL STATEMENT BUT IT INTRODUCES A 
GREAT DEAL OF SUBJECTIVITY. 

IT IS USEFUL TO KEEP REMINDING OURSELVES 
THAT ALL EVIDENCE FOR THE “DARK SECTOR” 
STEMS FROM GRAVITATIONAL INTERACTIONS. 

IS THE DARK SECTOR AS SIMPLE AS ONE 
WIMP + COSMOLOGICAL CONSTANT?

NEED TO SPREAD THE NET AS WIDE AS 
POSSIBLE TO AVOID “LOOKING UNDER THE 
LAMPPOST.”
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IS DARK MATTER MADE UP OF ONE OR MORE 
PARTICLES?
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DIFFERENT SEARCHES COULD BE 
SENSITIVE TO DIFFERENT 
PARTICLES. 

ALL SEARCHES DON’T ALL HAVE 
TO POINT TO THE SAME REGION OF 
SOME PARAMETER SPACE.

THEIR ABUNDANCES SHOULD ADD 
UP TO THE WMAP/PLANCK 
MEASURED VALUE.
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CORRELATION BETWEEN ABUNDANCE AND 
INDIRECT SEARCHES

DM

anti-q, 
anti-e

q, e

DM

INDIRECT SEARCHES 
RELY ON THE SAME 
ANNIHILATION THAT 
TOOK PLACE IN THE 
EARLY UNIVERSE TO 
SET THE WIMP 
ABUNDANCE
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CORRELATION BETWEEN ABUNDANCE AND 
INDIRECT SEARCHES

S-WAVE OR P-WAVE PIECE OF 
ANNIHILATION CROSS SECTION 
COULD DOMINATE IN THE EARLY 
UNIVERSE
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CORRELATION BETWEEN ABUNDANCE AND 
INDIRECT SEARCHES

S-WAVE OR P-WAVE PIECE OF 
ANNIHILATION CROSS SECTION 
COULD DOMINATE IN THE EARLY 
UNIVERSE

P-WAVE CROSS SECTION 
PROPORTIONAL TO V2. IN THE EARLY 
UNIVERSE V2 ~ 0.2. EXAMPLE:  DM 
COUPLING TO QUARKS THROUGH 
AXIAL VECTOR CURRENT

DM
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DM

INDIRECT SEARCHES 
RELY ON THE SAME 
ANNIHILATION THAT 
TOOK PLACE IN THE 
EARLY UNIVERSE TO 
SET THE WIMP 
ABUNDANCE
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CORRELATION BETWEEN ABUNDANCE AND 
INDIRECT SEARCHES

S-WAVE OR P-WAVE PIECE OF 
ANNIHILATION CROSS SECTION 
COULD DOMINATE IN THE EARLY 
UNIVERSE

P-WAVE CROSS SECTION 
PROPORTIONAL TO V2. IN THE EARLY 
UNIVERSE V2 ~ 0.2. EXAMPLE:  DM 
COUPLING TO QUARKS THROUGH 
AXIAL VECTOR CURRENT

S-WAVE IS THE ONLY PIECE 
RELEVANT FOR INDIRECT SEARCHES 
SINCE V2~10-6 LOCALLY

DM

anti-q, 
anti-e

q, e

DM

INDIRECT SEARCHES 
RELY ON THE SAME 
ANNIHILATION THAT 
TOOK PLACE IN THE 
EARLY UNIVERSE TO 
SET THE WIMP 
ABUNDANCE
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NEXT: INDIRECT SEARCHES

SEARCHES FOR PRODUCTS OF DARK MATTER 
ANNIHILATION OR DECAY
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INDIRECT SEARCH EXAMPLES

Fermi (gamma-rays)

DM

anti-q, 
anti-e

q, e

DM

hadrons
leptons
photons

AMS-02 shown 
circled in red, also 
PAMELA in space 
(antimatter)
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SOURCES FOR GAMMA-RAY SEARCHES
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SOURCES FOR GAMMA-RAY SEARCHES

Milky Way
stars
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SOURCES FOR GAMMA-RAY SEARCHES

Milky Way
starsGALACTIC 

CENTER
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SOURCES FOR GAMMA-RAY SEARCHES

Milky Way
starsGALACTIC 

CENTER NOT ALL THESE 
CLUMPS LIGHT UP 
(FORM STARS)! 
BUT SOME HAVE 
AND WE CAN 
LOOK TOWARDS 
THEM
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SOURCES FOR GAMMA-RAY SEARCHES

Milky Way
stars

HALO AWAY 
FROM THE 
GALACTIC 
CENTER

GALACTIC 
CENTER NOT ALL THESE 

CLUMPS LIGHT UP 
(FORM STARS)! 
BUT SOME HAVE 
AND WE CAN 
LOOK TOWARDS 
THEM
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SOURCES FOR GAMMA-RAY SEARCHES

Satellites of the Milky Way

BULLOCK/GEHA
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SOURCES FOR GAMMA-RAY SEARCHES

The inner halo of the Milky Way and the satellites of the 
Milky Way both have large concentrations of dark matter 
and hence good sources for indirect searches.

STRIGARI ET AL 
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SUN AS THE SOURCE FOR NEUTRINO SEARCHES 

DM

anti-ν

ν

DM

IN EQUILIBRIUM, 
ANNIHILATION RATE IS 
RELATED TO CAPTURE RATE 
AND HENCE TO THE 
SCATTERING OF DM OFF 
BARYONS

γ γ

1

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

JIM BUCKLEY, CF2
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INDIRECT SEARCHES: EXAMPLE DM-LIKE SIGNALS

Fermi (gamma-rays)
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INDIRECT SEARCHES: EXAMPLE DM-LIKE SIGNALS

ENLARGE IMAGE

Leftovers. Researchers began with a
map of the gamma-ray emissions from
near the galactic center (left) and
subtracted the contributions from known
sources (white circles) and other
backgrounds to produce a map of
emissions that could come from dark
matter.

Credit: Kevork Abazajian/University of
California, Irvine

The coming decade will be the decade of dark matter, some scientists say,
as efforts to detect the mysterious stuff will either pay off or rule out the
most promising hypothesis about what it is. But astronomers may have
already detected signs of dark matter in the heart of our own Milky Way
galaxy, a pair of astrophysicists now says.

Data from NASA's space-borne Fermi Gamma-ray Space Telescope
reveal an excess of gamma-rays coming from the galactic center that
could be produced as particles of dark matter annihilate one another,
Kevork Abazajian and Manoj Kaplinghat of the University of California,
Irvine, report in a paper posted to the arXiv preprint server. "There's
definitely some source there, and it fits with the dark matter interpretation,"
Abazajian says. But other researchers say the excess could be an artifact
of the way Abazajian and Kaplinghat model the gamma-ray flux, or it could
originate from more-mundane sources.

Astronomers have ample evidence that dark matter provides most of the gravity that keeps stars from flying out of
the galaxies. And cosmologists have shown that it makes up 85% of all matter in the universe. But physicists don't
know what dark matter is.

The leading hypothesis is that dark matter could be made up of weakly interacting massive particles, or WIMPs,
which are predicted by some theories. WIMPs would be massive enough to produce lots of gravity but would
otherwise interact with ordinary matter only very weakly. Each galaxy would form within a vast cloud of WIMPs.

A Weekly Chat on the Hottest Topics in Science Thursdays 3 p.m. EDT

Physicists are searching for WIMPs in several ways. Some are trying to spot them using exquisitely sensitive
underground detectors. Others hope to produce WIMPs at the world's largest atom smasher, the Large Hadron
Collider in Switzerland. WIMPs might also annihilate one another when they collide to produce ordinary particles
such as gamma rays, and astrophysicists are combing the heavens for signs of such annihilations.

Abazajian and Kaplinghat say that the more than 400 researchers working with the Fermi satellite may have already
found that evidence. The two theorists analyzed data collected between August 2008 to June 2012, focusing on a 7-
degree-by-7-degree patch of sky around the galactic center. For each of four energy ranges, they mapped the
emission across the sky. They fit each map with a "baseline model" that included 17 point-like sources of gamma
rays that Fermi had already found in that area, a "diffuse" background that accounts for the general emission from
the galactic center, and a spatially uniform background.

They then fit the data with another model that included a contribution from dark matter annihilations, including
theoretical estimates of the dark matter's distribution and how the particle annihilations produce gamma rays. Adding

ScienceNOW. ISSN 1947-8062

Gamma-Ray Glow Hints at Dark Matter in the Center of
Our Galaxy
by Adrian Cho on 27 July 2012, 5:55 PM |  14 Comments

Email Print | 6 More PREVIOUS ARTICLE  NEXT ARTICLE

Home > News > ScienceNOW > July 2012 > Gamma-Ray Glow Hints at Dark Matter in the Center of Our Galaxy
ADVERTISEMENT

ADVERTISEMENT

AAAS.ORG  FEEDBACK  HELP  LIBRARIANS  Enter Search Term   ADVANCED

ALERTS  ACCESS RIGHTS  MY ACCOUNT  SIGN IN

News Home ScienceNOW ScienceInsider Premium Content from Science About Science News

Leftovers. Researchers began with a map of the gamma-ray emissions from near the galactic center (left) and subtracted the
contributions from known sources (white circles) and other backgrounds to produce a map of emissions that could come from
dark matter.
Credit: Kevork Abazajian/University of California, Irvine

Hooper, Goodenough
Hooper, Linden
Abazajian, Kaplinghat

Fermi (gamma-rays)
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NEXT: DIRECT SEARCHES FOR WIMPS

AXIONS NOT COVERED IN THIS TALK

COMPLEMENTARITY OF DIRECT, INDIRECT AND 
COLLIDER SEARCHES
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DIRECT SEARCHES: EXCLUSIONS AND DM-LIKE 
SIGNALS

WIMP Mass [GeV/c2]
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XENON 1T Projected (2017) 
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BayesFITS (Fowlie et al.), 2012, 68% C.L.
SuperCDMS - 100 kg at SNOLAB
XENON 100 Results from 225 live days of data presented at IDM
SuperCDMS - 15 kg at Soudan
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CDMS: Soudan 2004-2009 Ge
Edelweiss II Final result (March 25 2011)
CRESST-II 2-sigma Allowed Region part 1, 730kg-days data
Edelweiss II Low Threshold Result (5 Sept 2012)
CRESST-II upper limit (2009) on coherent WIMP-nucleon cross 
CRESST-II 1-Sigma Allowed Region, 730kg-days data
Xenon10, S2 only (2011)
CDMS-II (Soudan Silicon SI Result, R123-128 combined upper l
CDMS-II (Soudan Silicon SI Result, R125-128, contour 90% C.L
CDMS-II (Soudan Silicon SI Result, R125-128 upper limit)
CDMS-II (Soudan Silicon SI Result, R125-128, contour, 68% C.L
CDMS II (Soudan) Low Threshold Result, Spin Independent Ge 
CoGeNT Annual Modulation Search, PRL 107 (2011), Region of
DAMA region, 90% C.L., Hooper PRD 2010
DATA listed top to bottom on plot

LARGE REGIONS 
STILL TO BE 
TESTED AFTER 
FIRST LHC 
RESULTS

Monday, July 1, 13



QUANTITATIVE COMPLEMENTARITY: EFT 
APPROACH

7

is learned from each approach is highly scenario-dependent.
At a qualitative level, the complementarity may be illustrated by the following observations

that follow from basic features of each approach:

• Direct Detection is perhaps the most straightforward detection method, with excellent
prospects for improved sensitivity in the coming decade and for discovering WIMPs. The
approach requires careful control of low-energy backgrounds, and is relatively insensitive to
dark matter that couples to leptons only, or to WIMP-like dark matter with mass ⇠ 1 GeV
or below.

• Indirect Detection is sensitive to dark matter interactions with all standard model particles,
directly probes the annihilation process suggested by the WIMP miracle, and experimental
sensitivities are expected to improve greatly on several fronts in the coming decade. Discovery
through indirect detection requires understanding astrophysical backgrounds and the signal
strength is typically subject to uncertainties in halo profiles. Indirect detection signals
are absent 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 labora-
tory 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 ⇠ 100 ns 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 measure the e↵ects of dark
matter properties on structure formation in the Universe. Astrophysical probes are typi-
cally unable to distinguish various forms of CDM from each other or make other precision
measurements of the particle properties of dark matter.

B. Quantitative Complementarity

1. E↵ective Operator Description

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.
These contact interactions are expected to work well to describe theories in which the exchanged
particle mass is considerably larger than the momentum transfer of the physical process of interest.

To do this, we may choose representative, generation-independent, couplings of a spin-1/2 dark
matter particle � with quarks q, gluons g, and leptons ` (including neutrinos) 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 standard model particle, and in this representative example
should be chosen such that the combined 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 define this theory and allow one to predict the
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gZ0 . The g0 expected limits can be compared to the curve with gZ0 = MZ0
M⇤

; the cross-section limits can be compared69

to the predicted cross section assuming gZ0 = MZ0
M⇤

.70

Similar results for other facilities are shown in Figures 8, 9, and 10.71
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is learned from each approach is highly scenario-dependent.
At a qualitative level, the complementarity may be illustrated by the following observations

that follow from basic features of each approach:

• Direct Detection is perhaps the most straightforward detection method, with excellent
prospects for improved sensitivity in the coming decade and for discovering WIMPs. The
approach requires careful control of low-energy backgrounds, and is relatively insensitive to
dark matter that couples to leptons only, or to WIMP-like dark matter with mass ⇠ 1 GeV
or below.

• Indirect Detection is sensitive to dark matter interactions with all standard model particles,
directly probes the annihilation process suggested by the WIMP miracle, and experimental
sensitivities are expected to improve greatly on several fronts in the coming decade. Discovery
through indirect detection requires understanding astrophysical backgrounds and the signal
strength is typically subject to uncertainties in halo profiles. Indirect detection signals
are absent 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 labora-
tory 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 ⇠ 100 ns 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 measure the e↵ects of dark
matter properties on structure formation in the Universe. Astrophysical probes are typi-
cally unable to distinguish various forms of CDM from each other or make other precision
measurements of the particle properties of dark matter.

B. Quantitative Complementarity

1. E↵ective Operator Description

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.
These contact interactions are expected to work well to describe theories in which the exchanged
particle mass is considerably larger than the momentum transfer of the physical process of interest.

To do this, we may choose representative, generation-independent, couplings of a spin-1/2 dark
matter particle � with quarks q, gluons g, and leptons ` (including neutrinos) 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 standard model particle, and in this representative example
should be chosen such that the combined 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 define this theory and allow one to predict the
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2

well as missing energy signals associated with invisible decays of the Higgs boson. Where available,
we will use existing LHC data to set limits on the dark matter–quark and dark matter–gluon
couplings in an e↵ective field theory framework, and we will demonstrate the complementarity of
these limits to those obtained from direct and indirect dark matter searches. We will also compare
several mono-jet analyses that have been carried out by ATLAS and CMS, and we will outline a
strategy for discovering dark matter or improving bounds in the future.

Dark matter searches using mono-jet signatures have been discussed previously in the context
of both Tevatron and LHC searches [1–7], and have been shown to be very competitive with
direct searches, especially at low dark matter mass and for dark matter with spin-dependent
interactions. In a related work, SSC constraints on missing energy signatures due to quark and
lepton compositeness have been discussed in [8]. The mono-photon channel has so far mostly
been considered as a search channel at lepton colliders [9–11], but sensitivity studies exist also
for the LHC [12, 13], and they suggest that mono-photons can provide very good sensitivity to
dark matter production at hadron colliders. Combined analyses of Tevatron mono-jet searches and
LEP mono-photon searches have been presented in [14, 15]. The mono-photon channel su↵ers from
di↵erent systematic uncertainties than the mono-jet channel, and probes a di↵erent set of DM–SM
couplings, it can thus provide an important confirmation in case a signal is observed in mono-jets.

The outline of this paper is as follows: After introducing the e↵ective field theory formalism
of dark matter interactions in section 2, we will first discuss the mono-jet channel in section 3.
We will describe our analysis procedure and then apply it to ATLAS and CMS data in order to
set limits on the e↵ective dark matter couplings to quarks and gluons. We also re-interpret these
limits as bounds on the scattering and annihilation cross sections measured at direct and indirect
detection experiments. We then go on, in section 4, to discuss how our limits are modified in
models in which dark matter interactions are mediated by a light . O(few TeV) particle, so that
the e↵ective field theory formalism is not applicable. In section 5, we will perform an analysis
similar to that from section 3 in the mono-photon channel. A special example of dark matter
coupling through a light mediator is DM interacting through the Standard Model Higgs boson,
and we will argue in section 6 that in this case, invisible Higgs decay channels provide the best
sensitivity. We will summarize and conclude in section 7.

2. AN EFFECTIVE THEORY FOR DARK MATTER INTERACTIONS

If interactions between dark matter and Standard Model particles involve very heavy (&
few TeV) mediator particles—an assumption we are going to make in most of this paper—we
can describe them in the framework of e↵ective field theory. (We will investigate how departing
from the e↵ective field theory framework changes our results in sections 4 as well as 6.) Since our
goal is not to do a full survey of all possible e↵ective operators, but rather to illustrate a wide
variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion
� and consider the following e↵ective operators1

OV =
(�̄�µ�)(q̄�µq)

⇤2

, (vector, s-channel) (1)

OA =
(�̄�µ�5�)(q̄�µ�5q)

⇤2

, (axial vector, s-channel) (2)

Ot =
(�̄PRq)(q̄PL�)

⇤2

+ (L $ R) , (scalar, t-channel) (3)

1 Other recent studies that have used a similar formalism to describe dark matter interactions include [1–5, 7, 11, 16–
20].
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QUANTITATIVE COMPLEMENTARITY: PMSSM
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PMSSM BENCHMARKS HTTP://ARXIV.ORG/ABS/1305.6921
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A POST-DISCOVERY SCENARIO HIGHLIGHTING 
COMPLEMENTARITY

DIRECT SEARCHES AND LHC FIND A 60 GEV NEUTRALINO.

FURTHER LHC+ILC STUDIES REVEAL IT ONLY 
CONTRIBUTES ABOUT HALF OF THE RELIC DENSITY

IN TIME, AXION DETECTORS MAKE A DISCOVERY 
CONSISTENT WITH AXIONS BEING THE OTHER HALF OF 
DARK MATTER

COSMOLOGICAL SIMULATIONS AND OBSERVATIONS 
PROGRESS SUFFICIENTLY THAT THEY ASCERTAIN DARK 
MATTER IS COLD AND NON-INTERACTING

THIS WOULD EXTEND OUR UNDERSTANDING OF THE 
UNIVERSE BACK TO NANO-SECONDS. 
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SUMMARY: COMPLEMENTARITY IS ESSENTIAL TO 
UNDERSTANDING DARK MATTER FULLY

Dark Matter 

Nuclear Matter 
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