
So you want to build a 
dark matter model to 
explain something? 



Historical Perspective



There’s something funny 
afoot!

Increasing evidence for things going on that 
aren’t easily explained by ordinary physics

Some seem to be qualitatively reasonable as 
arising from dark matter, but seem to have 
incurable quantitative issues, or conflicts with 
other experiments

These provide the basis of new models of 
DM

These models are often compatible with 
other scenarios (SUSY, RS...)



Some funny parametric 
things about dark matter

Number density is related to cross section

Direct detection should see any “dark 
matter”

Indirect detection only sees The Dark 
Matter
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Anomalies and anomalies

High Energy Electrons/Positrons: PAMELA 
(HEAT,AMS-01), ATIC, EGRET, WMAP

Low energy positrons: INTEGRAL

Direct detection: DAMA/LIBRA
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multiple indications



seasonal variation

WIMP “wind”
in the summer, 

moving against wind

in the winter, 
moving against wind

expect an annual 
modulation in signal!

Drukier, Freese, Spergel Phys.Rev.D33:3495-3508,1986



The Grandaddy of DM 
anomalies: DAMA

• 8.3 sigma signal for modulation

• only in “single hit” events

• proper phase

• only in low energy bins

Bernabei et al., Eur.Phys.J.C56:333-355,2008

Dark matter?



XENON

• Distinguish events by ratio of scintillation 
light compared with ionization



XENON

• Distinguish events by ratio of scintillation 
light compared with ionization

Angle et al, Phys.Rev.Lett.100:021303,2008





Ideas for DAMA
Scatters only off electrons (vetoed at other 
experiments)

Bad fit to exp (Cui, Morrissey, Poland, Randall, 09)

Light DM (Bottino, Donato, Fornengo, Scopel ’03; Gelmini & Gondolo, ’04; Petriello 
& Zurek ‘08)

Spin dependent DM (Ulio, Kamionkowski, Vogel, ’00; Savage, Gondolo, 
Freese ’04)

inelastic DM (David Tucker-Smith, NW ’01)



Light WIMPs

Spectrum seems off, 
but maybe uncertain 

efficiencies?

Savage, Gelmini, Gondolo, Freese, ’08; see also Chang, 
Pierce, NW ’08; Fairbain & Schwetz ‘08

Big cross 
section - don’t 
worry about 
neutrinos



Spin-dependent WIMPs
Model? Need 

neutron coupling 
to be very small

also, PICASSO, 
COUPP?



“Inelastic” dark matter
• DM-nucleus scattering must be inelastic

• If dark matter can only scatter off of a nucleus 
by transitioning to an excited state (100 keV), the 
kinematics are changed dramatically

D.Tucker-Smith, NW, Phys.Rev.D64:043502,2001;Phys.Rev.D72:063509,2005
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Favors heavier targets

visible to DAMA

visible to DAMA
 and CDMS

Disfavors CDMS

n(v): 
velocity

distribution 
of WIMPs

WIMP velocity in km/s



Enhanced modulation

Favors modulation experiments



Energy

Rate

Spectrum of a nuclear recoils for a 
normal WIMP



Modified spectrum



Modified spectrum



Excess events at higher energies
Strong limits from low energies





Summarizing, such a scenario

Favors heavy targets (Iodine) over light 
ones (Germanium)

Enhances modulation (typically 30%, but 
up to 100%)

Depletes low energy events



Summarizing, such a scenario

Favors heavy targets (Iodine) over light 
ones (Germanium)

Enhances modulation (typically 30%, but 
up to 100%)

Depletes low energy events

Together these effects allow a positive 
DAMA signal consistent with other results 
(CDMS, XENON10, ZEPLIN, CRESST, KIMS)



INTEGRAL/ SPI: (spectrometer) 
Energy range: 20 keV - 8 MeV 
Field of view: 16 deg
Angular resolution: 2.5 deg FWHM 
Launched: 2002 Oct 17 
Still operating...

The step-child of dark matter anomalies: 
INTEGRAL



The step-child of dark matter 
anomalies: INTEGRAL1018 G. Weidenspointner et al.: The sky distribution of positronium continuum emission
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Fig. 2. A fit of the SPI result for the di!use emission from the GC re-
gion (|l|, |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.

has been applied to spectroscopy of an extended sky source ob-
served with the SPI instrument. As an aside note, we wish to
warn the interested reader that we found the original Ps contin-
uum model in XSPEC, POSM, to be incorrectly implemented.
We developed and tested a new implementation of the Ore &
Powell (1949) spectral shape of Ps continuum emission, which
will be included in subsequent releases of XSPEC.

The data selected for this portion of our analysis comprise
a subset of the total data presented in this paper. Observations
were selected for inclusion in our spectral fitting when the
SPI telescope axis was aligned with the GC to within an an-
gular o!set of 16" (the extent of the nominal fully-coded SPI
field-of-view). This resulted in a total of about 750 spacecraft
pointings (Science Windows), totalling #1.7 Ms of live time,
being used in this analysis.

The full SPI instrument response, including diagonal plus
o!-diagonal matrix elements, was then computed, according
to the methodologies described in Sturner et al. (2003), for
each SPI detector for each selected instrument pointing for
each of our grid points spatially sampling the bulge region.
Specifically, we computed the response for a 21-point raster
at (l, b) = (0", 0"), (±4", 0"), (0",±4"), (±8", 0"), (0",±8"),
(±4",±4"), (±8",±4"), (±4",±8").

The data were then simultaneously fitted to the physical
model described above – 511 keV line, Ps continuum, and
power law – and the 3-component background model described
in Sect. 2. The background model in this case was parame-
terized so that small (±10%) variations were allowed for the
normalization terms of each component in each energy inter-
val, using the results of model fits (as decribed in Sect. 3.2)
to initialize the background model parameters. In practice we
found that the background modelling worked quite well, with
the best fit solutions typically corresponding to normalization
terms within ±1% of unity.

We then made the assumption that the net flux consists of
additive contributions from the two spatial models discussed

in Sect. 3.3.1, i.e. the Gaussian and CO distributions of spa-
tial model G8CO. The spectral model was then applied to the
SPI instrument response function twice at each spatial raster,
with a normalized, relative, weighting factor based on both the
Gaussian and the CO distributions. This leads to a data space
which scales as: (number of SPI pointings) $ (number of de-
tectors) $ (number of spectral channels). This number is then
multiplied by (number of spatial rasters) $ (2 spatial distribu-
tion models) to give the number of individual response matrices
applied to the spectral model for the !2 minimization problem.
This leads to #750$ 19$ 6 $ 21$ 2 # 3.6$ 106 folded-model
calculations per iteration step of the !2 minimization proce-
dure. Specifically, we used the XSPEC “FLUX” command and
the best fit parameters of each individual model component to
integrate over the covered energy range.

The parameter space was constrained as follows. The cen-
troid and width of the positron annihilation line were fixed
at 511 keV and 2.5 keV FWHM, respectively, as in our first
analysis (see Sect. 3.3.1). We fixed the power-law photon in-
dex " to a value of 1.75, but allowed the amplitude to vary by
about a factor of 4 relative to that obtained in our first analysis
described above. Otherwise, the model parameters – specifi-
cally the Ps continuum and Gaussian line normalization terms
– were allowed to vary freely in the !2 minimization. These
two normalization terms were varied separately with respect to
the two spatial distributions, but linked from grid point to grid
point within a given spatial model. This leads to 6 free physical
model parameters (3 normalizations for each of the 2 spatial
models), in addition to the 18 background model parameters
(3 parameters in each of the 6 energy intervals) for the over-
all fit.

We obtained a Ps continuum normalization of (3.11 ±
0.56) $ 10%3 ph cm%2 s%1. Combined with the inferred
Gaussian line component normalization of (9.35 ± 0.54) $
10%4 ph cm%2 s%1 we obtain a Ps fraction of fPs = 0.92 ± 0.09.
The normalization of the power-law component, rescaling the
XSPEC result to the power-law function defined in footnote 6,
is (3.79+1.66

%1.25) $ 10%6 ph cm%2 s%1 keV%1. Thus over the range
of our data, the power-law component contributes approxi-
mately 6% (and possibly as much as 14%) of the continuum
flux based on our model fitting. If we allow the power-law in-
dex to vary freely, the resulting power-law flux remains within
the confidence interval above; hence our conclusion regarding
the flux contribution of the power-law component is robust. The
background normalization terms, as noted, were within 1% of
unity. The !2

# value obtained was of order unity; specifically,
using the full 1.65 Ms of the data selected for this analysis,
a !2 per degree of freedom of 99065.1/86289 & 1.15 was
achieved. The uncertainties for a given parameter, specifically
the line and Ps continuum fluxes and the power-law normaliza-
tion, were derived by varying the parameter within its allowed
range. At each step, the other free parameters are allowed to
vary until the fit statistic is minimized, determining the 1$ con-
fidence region for each parameter (specifically, this is accom-
plished using the “ERROR” procedure of XSPEC v12). We
note that the uncertainty in the Ps fraction includes both the
variances and the covariances of the 511 keV line and Ps con-
tinuum fluxes in the variance-covariance matrix of the fit.

Must be 
injected with 
low energies 

to give 
narrow line 

shape



distribution of the INTEGRAL 511 keV line



Light (MeV) DM

Want an MeV WIMP to annihilate to e+e-

How does such a stable particle interact with 
us?

Need MeV mass boson (precision g-2? tough, 
but OK)

Boehm & Fayet ’03; Boehm, Hooper, Silk, Casse, Paul ‘03  



eXciting DM (XDM)
Suppose TeV mass dark matter has an 
excited state ~ MeV above the ground state 
and can scatter off itself into the excited 
state, then decay back by emitting e+e-

D.Finkbeiner, NW, 
Phys.Rev.D76:083519,2007
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ē



Need cross section near the 
geometric cross section, i.e.

! ! 1/q2

Only possible if new force with mass 
less than q^2~ GeV^2 is in the theory



The NKOTB of dark matter 
anomalies: PAMELA
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The NKOTB of dark matter 
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PAMELA



Fermi, HESS, ATIC, PPB-BETS

Harder spectrum than expected - no break 
until ~ TeV



WIMP annihilations? Not 
so fast!
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Dark Matter of 
Astrophysics?

• Look in the galactic center



WMAP





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



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



Synchrotron at 408 MHz  (Haslam et al. 1982) 
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Fig. 1.— The WMAP foreground grid; see detailed discussion in §2.7.

The same energies of e+/e- (5 GeV+) that show up
at PAMELA synchrotron radiate in the WMAP 

frequencies



pulsars dark 
matter

WMAP Haze (Finkbeiner 2004; 
Dobler&Finkbeiner 2008)

plots courtesy G. Dobler



Natural interpretation is of new source of 
10+ GeV e+e-in galactic center, but with larger 

amplitude than locally

good fit for DM explanation
pulsars dark 

matter

WMAP Haze (Finkbeiner 2004; 
Dobler&Finkbeiner 2008)

plots courtesy G. Dobler



WMAP “Haze”

“Hard” spectrum of microwave radiation

Consistent with high energy (10-100 GeV) 
electrons and positrons synchrotron radiating 
in galactic magnetic field

PLANCK will extend the frequency range and 
definitively test this interpretation

Finkbeiner, ‘99



EGRET
Actually three EGRET “anomalies”

1) Diffuse extragalactic (not an anomaly)

2) Diffuse galactic

3) Galactic center



inner 5 degree
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ICS gamma rays should 
show change in index at 
high energies (possibly 

bump/shoulder)

Galactic 
Center

(ISRF) Porter et al, ApJ 682 08; 
(Connections to PAMELA) Cholis et al, 0811.3641; Zhang 
et al, arXiv:0812.0522; Borriello, Cuoco, Miele, arXiv:
0903.1852; Regis, Ulio arXiv:0904.4645 ; Cirelli, Panci 

arXiv:0904.3830

Borriello, Cuoco, Miele, arXiv:0903.1852



Explanations? (from DM)
Issues to address

(1) Size of signal

(2) Hard positrons

(3) No antiprotons

Dark matter could be produced non-thermally (gets 1, 
model build for 2/3)

Dark matter could decay (gets 1, model build 2/3)

Dark matter could interact through new, GeV scale 
force (gets 1,2,3, model build GeV scale)



Non-thermal Winos
(Grajek, Kane, Phalen, Pierce, Watson, ’08; Kane, Lu, Watson ‘09 ) 



Decaying DM
Why is lifetime 10^27 s?

Why is dominantly going to leptons?

Some SUSY ideas, or decaying into light 
bosons

Eichler ’89; Chen, Takahashi, Yanagida ’08; Yin, Yuan, Liu, Zhang, Bi, Zhu ’08; Ibarra, Tran ’09; Arvanitaki, Dimopoulos, 
Dubovsky, Graham, Harnik, Rajendran ’09... 

TeV 5

M4
GUT

! (1026s)!1

Arvanitaki, et al ‘09



New Dark Forces

Revisit XDM setup: theory has light mediator  Φ

Mass must be below ~ GeV, what are 
consequences?



New forces = new annihilation modes

Arkani-Hamed, Finkbeiner, Slatyer, NW, ‘08
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New forces = new annihilation modes

“WIMP Miracle” works as before (sigma ~ 1/M2)

No antiprotons comes from kinematics

Hard positrons come from highly boosted  ’s !
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New forces = new annihilation modes

“WIMP Miracle” works as before (sigma ~ 1/M2)

No antiprotons comes from kinematics

Hard positrons come from highly boosted  ’s !

Cholis, Goodenough, NW, arxiv:0802.2922

Pre-PAMELA Post-PAMELA
Cholis, et al, arxiv:0810.5344

Arkani-Hamed, Finkbeiner, Slatyer, NW, ‘08



Sommerfeld Enhancement
High velocity

Arkani-Hamed, Finkbeiner, Slatyer, NW, ’08; Pospelov, Ritz ‘08
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Sommerfeld Enhancement
High velocity

Low velocity

If particles interact via a “long range” force, cross sections 
can be much larger than the perturbative cross section

If these signals arise from thermal dark matter, 
dark matter must have a long range force

m!1
!

>! (!MDM )!1

Arkani-Hamed, Finkbeiner, Slatyer, NW, ’08; Pospelov, Ritz ‘08





Nice because same GeV mediator gives all 
aspects of the anomalies (size, leptons, no 
antiprotons)

Non-Abelian or multi-state models give 
natural explanation for all anomalies 
(INTEGRAL, DAMA, and e+e-)



Mr. Dark Matter



The future of high 
energy physics?

Standard model

New physics 
(SUSY, etc)

energy frontier

luminosity frontier

Dark sector



There are many anomalies out there, and 
maybe some have something to do with DM

Maybe not

Regardless, the range of DM models reminds 
us how little we really know about these 
things

Experimental question: Fermi/GLAST, Planck, 
PAMELA, LHC, future DM detection 
experiments will answer all of these 



Rethinking dark matter
There are many anomalies out there, and 
maybe some have something to do with DM

Maybe not

Regardless, the range of DM models reminds 
us how little we really know about these 
things

Experimental question: Fermi/GLAST, Planck, 
PAMELA, LHC, future DM detection 
experiments will answer all of these 



Thank you 
very much!


