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What am | doing here!

Michigan undergrad: BNL, [UCF experiments

Berkeley grad student: SSC got killed. “Particle
physics is dead... if you're smart you'll do astro.”

Cosmology... large-scale structure of galaxies...
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What is an “astrophysicist?”

Someone who tries to learn about physics by
studying celestial phenomena.

Instrumentation is modest compared to LHC,
but still ambitious, e.g.
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Questions to ponder this morning:

What is dark matter? WIMPs? Axions!?

If WIMPs, could it be other than a simple
particle? Excited states?! Internal structure!
~ Weakly broken symmetry?
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These questions appear to be intractable. VWhy?

There are so many options, and we have very
little information. How can we proceed!?

We can start with “deep” problems, e.g. hierarchy

problem and invent new theorles that solve
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Strategy:

There are many astrophysical signals
(microwaves, gamma-rays, cosmic rays) to search
for, both near Earth and in the Galactic center.
Some anomalies have been found.

Direct detection experiments also constrain
.(DAM s’




WIMP detection, near and far:




WIMP detection, near and far:

Holer| PAMELA
(near Earth) positrons

ATIC/

F [
s et e- g
1 v " L o tae b, TR e Tt et e
; e e R e S R

B T T
et Lyt

Dark
Matter?




Trigger, ToF, dE/dx

Electron energy,

courtesy Mirko Boezio
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PAMELA positron fraction spectrum, Adriani et al. (2008)




ATIC and Fermi electrons

ATIC = Advanced thin ionization calorimeter:
Balloon experiment to observe e+ and e-
(cannot tell the difference) up to ~ | TeV




Fermi LAT (large area telescope)
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Do the excess PAMELA positrons

[ ]
and the excess ermi ete- have
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add a power law component,
half electrons & half positrons /

10
Energy (GeV)

Cholis et al. (2008)
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...and extrapolate to ATIC
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Cholis et al. (2008)



But both ATIC &
PAMELA require a large
Cross section.

Sommerfeld
enhancement:

QM analog of
gravitational focusing.

Depends on WIMP mass
ratio, coupling to phi, o= 150 kmis
and velocity

Arkani-Hamed et al. (2008) see also Nomura et al (2009)



Editorial comment:

Yes, theorists can explain anything. But sometimes
observations push theory in surprising directions.

If we want the high cross section needed for
PAMELA/ATIC, we have left MSSM-land.

i.e.there must be some new structure in the
~dark sector, beyond what you expect from m|n|mal
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WIMP detection, near and far:

Holer| PAMELA
(near Earth) positrons

Fermi
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WIMP detection, near and far:

Holer| PAMELA
(near Earth) positrons
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The Interstellar Medium:

Gas and dust between the stars.

Mostly H and He, density is ~ | cm™3.
(That’s | atom, not | gram!)
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The Galaxy as a detector

For particle physics that happens on larger spatial
scales and long time scales, the Galaxy is not a
bad detector. (Not optimal, but we use what we
have).

CRs produce synchrotron
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Interstellar Dust from IRAS, DIRBE (Finkbeiner et al. 1999)
Map extrapolated from 3 THz (100 micron) with FIRAS.




lonized Gas from WHAM, SHASSA,VTSS (Finkbeiner 2003)
H-alpha emission measure goes as thermal bremsstrahlung.




Synchrotron at 408 MHz (Haslam et al. 1982)




Vlicrowave Foregrounds
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There is also “spinning dust” emission,
i.e. electric dipole emission from rapidly
rotating small dust grains.

This emission is spatially similar to the thermal
ly different.
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Subtracting all known Galactic foregrounds from the

WMAP maps we a re5|dual |n the |nner ~ 25 deg
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Bottom line

The Galaxy is complicated, but we understand it
pretty well.

____._____There seems to be a mlcrowave excess |n the
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Galactic latitude

Galactic longitude
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INTEGRAL

Too many 51| keV photons from center of
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Weidenspointner et al. (2008) Integral signal (top) and LMXBs (bottom)



Weidenspointner (2006)
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Fig. 2. A fit of the SPI result for the diffuse emission from the GC re-
gion (|/[,|b| < 16°) obtained with a spatial model consisting of an 8°
FWHM Gaussian bulge and a CO disk. In the fit a diagonal response
was assumed. The spectral components are: 511 keV line (dotted),
Ps continuum (dashes), and power-law continuum (dash-dots). The
summed models are indicated by the solid line. Details of the fitting
procedure are given in the text.




WIMP detection, near and far:

Local PAMELA DAMA Na | scintillation;

exposure:

(near Earth) positrons  annual mod. 700,000 kg day.
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Bernabei et al. (DAMA/LIBRA, 2008)

2-4 keV

DAMA/Nal (0.29 tonxyr) <DAMA/LIBRA (0.53 tonxyr)>
(target mass = 87.3 kg) (target mass = 232.8 kg)
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DAMA sees a convincing signal (8.2 sigma) but
other experiments rule out elastic nuclear scattering

at this level (by large factors).

Conclusion: DAMA is not seeing elastic nuclear
scattering.
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ldea: DAMA is seeing inelastic nuclear scattering
of ~ 200 GeV WIMPs with 100 keV mass splitting.

Why does inelastic scattering help!?

|. On tail of velocity distribution: annual modulation
signal can be much larger than expected (30%)

2. Bigger nuclei better (I better than Ge, worse than W)

Mg B i e el N e s o a5 e (i o e o b o L S g SE R S e L i R e n s s e P B e S R e B L R T s R R et R R e Bl
¥ T P SN e R s e (e Dl p R e b R I R R T SR N B S ey | [ e T B T e G| S R e P SR S e e A
: V- N 2 P : 2




Channeling is also possible, but forces us to a mass
of <5 GeV. Energy dependence of events looks wrong.

So, DAMA (most likely) implies inelastic scattering.

m % = 150 GeV

Smith & Weiner (2001), Chang et al. (2008)



Channeling is also possible, but forces us to a mass
of <5 GeV. Energy dependence of events looks wrong.

So, DAMA (most likely) implies inelastic scattering.
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XENON-100, LUX will provide much better results
in the next few years.




WIMP detection, near and far:

Local PAMELA DAMA
(near Earth) positrons  annual mod. Physics
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Strategy:

Lots of signals; some may be wrong; some may
have nothing to do with dark matter.

Let’s take claimed signals seriously, and build
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arXiv.org > hep-ph > arXiv:0810.0713

High Energy Physics - Phenomenology

A Theory of Dark Matter

Nima Arkani-Hamed, Douglas P. Finkbeiner, Tracy R. Slatyer, Neal Weiner
(Submitted on & Oct 2008 (v1), fast revised 31 Oct 2008 (this version, v2))

We propose a comprehensive theory of dark matter that explains the recent proliferation of unexpected
observations in high-energy astrophysics. Cosmic ray spectra from ATIC and PAMELA require a WIMP
with mass M_chi ~ 500 - 800 GeV that annihilates into leptons at a level well above that expected from
a thermal relic. Signals from WMAP and EGRET reinforce this interpretation. Taken together, we argue
these facts imply the presence of a GeV-scale new force in the dark sector. The long range allows a
sommerfeld enhancement to boost the annihilation cross section as required, without altering the weak
scale annihilation cross section during dark matter freezeout in the early universe. If the dark matter
annihilates into the new force carrier, phi, its low mass can force it to decay dominantly into leptons. If
the force carrier is a non-Abelian gauge boson, the dark matter is part of a multiplet of states, and
splittings between these states are naturally generated with size alpha m_phi ~ MeV, leading to the
exciting dark matter (XDM) scenario previously proposed to explain the positron annihilation in the
galactic center observed by the INTEGRAL satellite. Somewhat smaller splittings would also be
expected, providing a natural source for the parameters of the inelastic dark matter (iDM) explanation
for the DAMA annual modulation signal. Since the Sommerfeld enhancement is most significant at low
velocities, early dark matter halos at redshift ~10 potentially produce observable effects on the
ionization history of the universe, and substructure is more detectable than with a conventional WIMP.
Moreover, the low velocity dispersion of dwarf galaxies and Milky Way subhalos can greatly increase the
substructure annihilation signal.




Summary of “Theory of DM” paper:

A new force in the dark sector, mediated by a
new gauge boson, @, has these appealing features:

e |t can mediate scatterings.
e The ¢ vev can generate mass splittings,

e ...so the scatterings can be inelastic.

e The WIMP annihilates through the ¢ so if the
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m. = 1000 GeV, BF = 440
m. = 400 GeV, BF =72
m.= 150 GeV. BF = 14
I Background
—e— PAMELA Data

XDM e* e  Channel
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Cholis et al. (2008)
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WIMP detection, near and far:

Local PAMELA DAMA
(near Earth) positrons  annual mod. Physics
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WIMP detection, near and far:

Local PAMELA DAMA
(near Earth) positrons  annual mod. Physics
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WIMP detection, near and far:

Local PAMELA DAMA
(near Earth) positrons  annual mod. Physics
large Xsec
Fermilarge Xsec
et e- Dark
e  Matter?
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WIMP detection, near and far:

Local PAMELA DAMA
(near Earth) positrons  annual mod. Physics
large Xsec inelastic
Fermilarge Xsec
et e- Dark
e  Matter?
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WIMP detection, near and far:

to leptons

Local PAMELA DAMA
(near Earth) positrons  annual mod. Physics
large Xsec inelastic
Fermilarge Xsec

e+ e- to leptons Dark
800 GeV Matter?
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WIMP detection, near and far:

to leptons photon mixing

Local PAMELA DAMA
(near Earth) positrons  annual mod. Physics
large Xsec inelastic

Fermilarge Xsec
e+ e- to leptons Dark
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Why is the claim of a new light gauge boson robust!?

*If you only had PAMELA
=> high cross section => Sommerfeld
=> goes to leptons => annihilate through light state

*If you believe DAMA
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So we are led to a new light state (most easily a
non-Abelian vector boson) that couples to DM and
very weakly to electric charge via a kinetic mixing.

Because this does everything | have talked about
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Summary:

A new force in the dark sector, mediated by a
new gauge boson, @, has these appealing features:

e |t can mediate scatterings.
e The ¢ vev can generate mass splittings,

e ...so the scatterings can be inelastic.

ik P A ] (B T L SO [ [

T ras, 3 e e S e | iy NI NMTL ) fas i e e 4 G &L BE k e L e e 5 1) 3

k) R T N SN i XAUAAN | 1 4 Y al a VNE | 27N . = ) Yo TAY |

e rThe vviiir anninlates t nhrousen thed) soiMtne
o v S T ke il e ot AR | el G I | 11 sd - A < SN 1B W .




