What can Fermi teach us about
Dark Matter?

Doug Finkbeiner, Harvard Neal Weiner, NYU

Greg Dobler llias Cholis
Tracy Slatyer Lisa Goodenough
Tongyan Lin

Lauren WVeiss

. B s F o . i b am }
K g L T, Wota ekt e h Rk bl - el ! ¥ St L o 5 L}
i P R g s e el LIt s L Sl e R o o oy o L L S BT © oot Lo Y S S
i O H T Bl :ifd AT S Clt MR L St o e N e R S SN e S G e s e ot ol R S U, i b Mt L Y R
BN TR RO B T il 1o Sasim i gm p b s b e e in b SR N R T e e R S-S R R el B el S T e SR B




Concise answetr...




Concise answetr...




Concise answetr...







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

We can start with “deep” problems, e.g. hierarchy
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Because signals (gamma rays, particles, and
microwaves) have been found above the level
expected for a weak-scale thermal relic WIMP,

either

|. These signals are already from dark matter and

we need to understand why they are so blg, or
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WIMP detection, near and far:




WIMP detection, near and far:

Holer| PAMELA
(near Earth) positrons

ATIC/
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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 and Fermi electrons

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




HESS Systematic EI'I'l;}I' Band
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Do the excess PAMELA positrons and the
excess ATIC/Fermi e*e™ have anything to do
with each other?

What could make excess high energy
electrons?! (above and beyond SNe)




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)



So we need a large cross section
and
a high branching ratio to light leptons.

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
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WIMP detection, near and far:
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WIMP detection, near and far:
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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 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
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For particle physics that happens on larger spatial
scales and long time scales, the Galaxy is not a
bad detector. (Not optimal, but big. We’'ll take

what we can get).
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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 big. We’'ll take
what we can get).

CRs produce synchrctron |on|zed gas produces
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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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Digression - latest evidence for spinning dust from
ARCADE:




Digression - latest evidence for spinning dust from
ARCADE:




Digression - latest evidence for spinning dust from
ARCADE (Kogut et al. 2009):

model. As the spinning dust amplitude Increases,
synchrotron contribution at 22 GHz dec

synchrotron spectral index steepens. T nbination
of lower synchrotron amplitude and falling dust spec
trum combine to lower the total model emission across

the ARCADE frequency bands. The ARCADE data lie
below the model prediction for no spinning dust, and are
consistent with spinning dust contributing 0.4 = 0.1 of
the total K-band Galactic plane emission.




Digression - latest evidence for spinning dust from
ARCADE (Kogut et al. 2009):

model. As the .L;pinnim_{ -:1'.15'[ amplitude i

and the
i _:mtr nation

trum o nl 0N BCTOSE
the ARC llL]_JL i'rr S Uency 1.1.1:11.1&. Ihr -‘Ll %L’IE data lie
e ]u1.= the model pn'nl ["[11 h§) inr no spinning dust, and are

stent w:th :;1:-'.111 - s mnhutmg 0.4 =0.1 of

rises sharply to 14 GHz {and ignr_:-rin,g, all other components such as tree-free) one can make
the conservative statemer 1t hard synchrotron s s than 2/3 of thn 14 GGHz intensity,
and less than 1/2 at 23 I=H: Ihﬂwr'n on the ni.it A In l-1t'-': 1}.

synchrotron pushes these l'I]'L:lH down iurth{!r. We theretore conclude i
hard synchrotron provides 2 the intensity in the WMAP bands, and possibly
much less,




Subtracting all known Galactic foregrounds from the

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




Bottom line

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

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

Galactic longitude
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How to test the WMAP haze idea?




How to test the WMAP haze idea?

|) Can we see the |ICS gammas expected if the
WMAP haze is synchrotron?
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How to test the WMAP haze idea?

|) Can we see the ICS gammas expected if the
WMAP haze is synchrotron?
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Fermi results (brand new):

Fermi has released 15,878,650 “class 3” events
useful for mapping diffuse emission. Available for
download from the Fermi Science Support
Center.

} T
- Fermi performance has been




Fermi performance:
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Fermi performance:
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Fermi performance:

Energy resolution Pé_V3_DIFFUSE for normal incidence
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Fermi performance:




Fermi sky map (point source subtracted):
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WMAP haze (for comparison)
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Fermi spectra - pi 0 gammas?

1.3 GeV template

Cross-correlation x° spectrum
GALPROP n” model -.-.—--.-
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Regress against dust instead...
SFD template

Cross-correlation spgctrum
GALPROP 7° model -.-.---.- 7
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Fermi spectrum in the ‘“‘haze’ region
P g
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Fermi (very preliminary) conclusions:

- There is a signal in the “haze” region in excess of
that expected.

- The spectrum is harder than the 7° spectrum.




Other signals: INTEGRAL




Other signals: INTEGRAL

Too many 51| keV photons from center of
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ther signals: INTEGRAL

Too many 51| keV photons from center of
Galaxy.




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)
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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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XENON100, LUX will provide much better results
in the next few years.

XENONI0O is already running
LUX begins in February, 2010.




WIMP detection, near and far:

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




Strategy:

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




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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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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Inelastic dark matter:
Many possible mechanisms, including
composite WIMPs (analog: nuclei - messy)
new force in the dark sector (simple, clean, big leap)

How big is the leap!?

1/6 of the matter in the Universe interacts via a very
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What is the simplest WIMP you can have!

Majorana fermion or a real scalar.
Particle is its own anti-particle.
No conserved quantum numbers.

Suppose the new force is a U(l) gauge force, mediated
by a vector boson. (analogy: electromagnetism)

New boson couples to the “dark charge” but in the
- Majorana basis they have no charge.
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What is the simplest WIMP you can have!
Majorana fermion or a real scalar.
Particle is its own anti-particle.

No conserved quantum numbers.

Suppose the new force is a U(1) gauge force, mediated

by a vector boson. (analogy: electromagnetism)
New boson couples to the “dark charge” but in the
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Said another way, the WIMP is part of a doublet under
the dark U(I) symmetry.

(A spin-1 boson cannot have a coupling to a single
neutral state. )

If the symmetry is perfect, the two members of the
doublet are degenerate.

Broken symmetry leads to a mass dlfference
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Example from Electromagnetism:

An electron is a doublet (right-handed and left-handed)

The force is mediated by a spin-| boson (photon) which
couples off-diagonally, so the vertex joins a RH electron,
LH electron, and photon. The RH and LH electron have
the same mass, so we “sweep this under the rug.”

E/M is a good symmetry, but in general our new




Summary: if we assume
new force in the dark sector (simplest gauge force),
simple WIMP (no conserved quantum numbers), and
imperfect symmetry for new force (generic),

we arrive at the startling conclusion that inelastic
scattering between the two mass eigenstates is the

generic behavior, and elastic scattering is the special
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CMB digression

CMB Constraints on WIMP Annihilation: Energy Absorption During the
Recombination Epoch

Tracy R, Slatver.!** Nikhil Padmanabhan.® 7 and Douglas P. Finkbeiner!:®-3

' Physics Department, Harvard University, Cambridge, MA 02138, USA
*Physics Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Rd., Berkeley, CA 94720, USA
" Harvard-Smithsoman Center for Astrophysics, 60 Garden S, Cambridge, MA 02155, USA

We compute in detail the rate at which energy injected by dark matter annihilation heats and 1on-
izes the photon-barvon plasma at z ~ 1000, and provide accurate fitting funections over the relevant
redszhift range for a broad array of annihilation channels and DM masses. The resulting pertur-
bations to the ionization history can be constrained by measurements of the CLME temperature
and polarization angular power spectra. We show that models which fit recently measured excesses
in 10-1000 GeV electron and positron cosmic rays are already close to the 85% confidence limits
fromm WHMATFP. The recently launched Planck satellite will be capable of ruling out a wide range of
DM explanations for these exeesses. In models of dark matter with Sommerfeld-enhanced annihi-
lation, where (ov) rises with decreasing WIMP velocity until some saturation point, the WMAPS
constraints Imply that the enhancement must be close to saturation in the neighborhood of the
Earth.




CMB digression
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CMB digression

XDM electrons M = 1000 GeV
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The Slatyer-Padmanabhan-Finkbeiner (SPF) factor.
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The Slatyer-Padmanabhan-Finkbeiner (SPF) factor.

Higgs 200 GeV

1000 GeV

Light quarks 200 CeV
1000 Gev

W 200 GeV

1000 GeV

£ 200 CeV

1000 Gav

100
redshift (1+z)




The Slatyer-Padmanabhan-Finkbeiner (SPF) factor.
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These fits are accurate to within 1% between =z = 300 — 1200 for all channels. These fits remain accurate
between z = 170 and =z = 1470, but outside this range they may perform very poorly.
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CMB digression
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Ruled out by WMAPS
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1 XDM p*j 2500 GeV, BF = 2300
2 u"p 1500 Gev, BF = 1100

3 XDM p*p 2500 GeV, BF = 1000
4 XDM g*e 1000 GeV, BF = 300
5 XDM 4:4:1 1000 Gev, BF = 420
& &8 OO GeV, BF = 220

7wy 1500 Gev, BF = 560

8 XDM 1:1:2 1500 Gev, BF - 400
2 XDM p*y 400 GaV, BF = 110
10 'y’ 250 GeV, BF = 81

11 WW 200 GeV, BF = 66

12 XDM &8’ 150 Gav, BF = 18

13 &% 100 GeV, BF = 10
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CMB Conclusions:

* For models that can explain PAMELA, the
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Overall Conclusions:
Fermi sees the YWMAP haze electrons!

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,

. SO the scatterlngs can be melastlc
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The Future: Origin of the WMAP / Fermi haze
* Model compact sources better (e.g. pulsar
spectrum from first principles?)
- Tie these models to radio/Xray observations
* Model propagation better

- Global topology of the B field
- New |mproved GALPROP
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