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neutralino
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• In gauge-mediated SUSY, the LSP can’t be the DM
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WHY HIDDEN SYMMETRIES?
• It’s what we see in the Standard Model

• Proton stability (Baryon number)

• Matter density in the universe (baryon chemical potential)

• Multiple states of matter 

• Composite (atomic states, excited nuclear states)

• Fundamental symmetries (SU(3)-flavor)

• Forces

• Composite (rho, pions)

• Fundamental (gauge forces)



Figure 1: The integrated mass of the Milky Way dwarf satellites, in units of solar masses, within
their inner 0.3 kpc as a function of their total luminosity, in units of solar luminosities. The circle
(red) points on the left refer to the newly-discovered SDSS satellites, while the square (blue) points
refer to the classical dwarf satellites discovered pre-SDSS. The error bars reflect the points where
the likelihood function falls off to 60.6% of its peak value.
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WHY HIDDEN SYMMETRIES?
1016 G. Weidenspointner et al.: The sky distribution of positronium continuum emission
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Fig. 1. A Richardson-Lucy sky map of extended emission in the summed Ps analysis intervals (the combination of the intervals 410–430,
447−465, and 490–500 keV). The contour levels indicate intensity levels of 10−2, 10−3, and 10−4 ph cm−2 s−1 sr−1. Details are given in the text.

above about 300 keV, and since we are analyzing rather nar-
row energy intervals above 400 keV the fact that we do not
yet detect them is not surprising. We therefore conclude that
the point sources found by us using SPIROS are all spurious,
resulting from SPIROS’ attempt to account for intrinsically dif-
fuse emission with a set of point sources.

3.2. Model fitting

A more quantitative approach for studying the Galactic dis-
tribution of the observed extended emission is model fit-
ting, which we performed using a maximum likelihood multi-
component fitting algorithm (Knödlseder et al. 2005) outlined
in Sect. 2.

We first modelled the emission in the three summed
Ps analysis intervals4 by an ellipsoidal distribution with a
Gaussian radial profile and determined the best-fit centroid
location (l0, b0) and extent in Galactic longitude and latitude
(FWHMl, FWHMb). We then combined this Galactic bulge
model with one of two models for emission from the Galactic
disk: both HI (Dickey & Lockman 1990) and CO (Dame et al.
1987) distributions are tracers of Galactic matter and are be-
lieved to correlate with diffuse emission (cf. Harris et al. 1990;
Kinzer et al. 1999; Strong et al. 2004). The results of these fits
are summarized in Table 1. In each of these fits, the Crab and
Cygnus X-1 were included as steady point sources whose in-
tensities were fitted. When including the four highest-energy
sources reported by Bouchet et al. (2005) the quality of the fits
is only slightly improved and the fit results do not change sig-
nificantly; therefore these point sources were excluded from the
final analysis.

As can be seen from Table 1, the centroid of the bulge
emission is the same within errors for all three models. There
is marginal evidence for a slight offset of the centroid from
the GC, but it is of a magnitude that could easily result from

4 Results for the individual energy intervals are consistent within
statistical uncertainties.

the combined effects of statistical and systematic biases in the
background model (indeed, there is a similarly marginal, but
opposite, offset of the centroid in the 511 keV line emission;
Knödlseder et al. 2005). The extent of the bulge emission, and
its flux, do depend on the sky model. If the extended emission
is modelled by a bulge component only, then there is marginal
evidence for the bulge emission to be more extended in lon-
gitude than in latitude (the ellipticity ε ≡ FWHMb/FWHMl

deviates by about 1.5σ from unity). However, inclusion of a
Galactic disk component improves the fits, with the signifi-
cances of the HI distribution and of the CO distribution being
about 2.8σ and 4.0σ, respectively, favouring the latter. Another
reason to adopt the CO distribution as the better disk model
of the two is the fact that the resulting total sky flux of about
(2.8±0.5)×10−3 ph cm−2 s−1 agrees well with the value of about
2.5 × 10−3 ph cm−2 s−1 determined with SMM5 in the Ps anal-
ysis intervals, whereas the total bulge and HI disk model flux
of (5.4 ± 1.5) × 10−3 ph cm−2 s−1 is only marginally consistent
with the SMM spectrum of Harris et al. (1990).

Inclusion of a Galactic disk component in the fits also ren-
ders evidence for ellipticity of the bulge component insignif-
icant. The bulge shape is consistent with circular symmetry,
with a FWHM of about 8◦, in agreement with our results for the
511 keV line (Knödlseder et al. 2005). As is the case for the an-
nihilation line, the extent of the Ps continuum bulge emission
is slightly larger than that derived by Kinzer et al. (2001) from
OSSE observations. However, the difference is not very signif-
icant, and it is possible that there is bias in the OSSE analysis
favouring a smaller bulge extent (Kinzer et al. 2001).

The fluxes that are attributed to the disk components exceed
the bulge flux by factors of 2−4 (see Table 1). However, since
the disk flux is distributed over a much larger sky region, the
corresponding surface brightness is much lower. The model fits
therefore confirm the mapping result: the intensity of extented

5 The Gamma Ray Spectrometer on board the Solar Maximum
Mission (Forrest et al. 1980).
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Anomalies!
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CONSEQUENCES OF HIDDEN 
SYMMETRIES

• Stability (e.g., R-parity)

• Relic abundance (chemical potential)

• New/excited states of DM (implications for direct, indirect 
searches)

• New forces of DM (implications for direct, indirect, and DM 
structure)



THE PARITY
• Why is DM stable?

• Need at least a parity to forbid

DM

SM

SM

SM
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In general, new physics at the weak scale should 
have shown up in these precision studies
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T-PARITY (CHENG AND LOW)

• The problem arises from diagrams 

SM

SM

SM

SM

~
BSM

SM

SM

SM

SM

Need to forbid these diagrams somehow

Problem is presence of single BSM field in diagram
If only even numbers of BSM fields were allowed, this 

term is forbidden!



Then process occurs via loop

  loops smaller by ~ 1/16π2 
   enough to solve problem

SM

SM

SM

SM

BSM

BSM



Then process occurs via loop

  loops smaller by ~ 1/16π2 
   enough to solve problem

Introduce parity at weak scale => stable DM 
candidates

SM

SM

SM

SM

BSM

BSM

Parities in new physics should be generic 
=> a stable particle



ANOMALIES 1: LIGHT WIMPS
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Is such a big cross 
section at these 
masses possible?



FREEZEOUT?

χ

χ

f

f̄
←− time −→

Without a large cross section for annihilation, 
there would be too much DM

Reasonable for such a light WIMP?
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INTERACTIONS THROUGH A 
LIGHT SECTOR

σ ≈ α2
d
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χ

χ
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�
N N

Significant parametric differences - can avoid 
overclosure and have large cross section

σ ≈ αdαEM �2

m4
φ
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DARK MATTER?

• Cross section is very big

• Cannot be hadronic as 
no antiproton excess 
seen (cannot annihilate 
into quarks or W 
bosons)
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Figure 6: Direct DM annihilation. We compare the region favored by PAMELA (green

bands) and by PAMELA, FERMI and HESS observations (red ellipeses) with HESS observations

of the Galatic Center [19] (blue continuous line), Galactic Ridge [20] (blue dot-dashed), and

spherical dwarfes [21, 22] (blue dashed), FERMI observations in the ‘10
◦ ÷ 20

◦
’ region and of

observations of the Galactic Center at radio-frequencies ν = 408GHz [44] (dashed red lines)

and at ν ∼ 10
14
Hz by VLT [45] (upper purple lines, when present, for equipartition and constant

magnetic field). See discussion in the text for remarks regarding the validity of the constraints.

We considered DM annihilations into e+e− (left column), µ+µ−
(middle), τ+τ− (right), unity

boost and Sommerfeld factors and the NFW (upper row), Einasto (middle), isothermal (lower)

DM density profiles in the Milky Way.
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A NEW FORCE = HARD 
LEPTONS

�FµνF
µν
d

φ

γ

1

f+

f -

if mφ< 2 GeV, no antiprotons



ENHANCED ANNIHILATION
Sommerfeld Enhancement

High velocity



ENHANCED ANNIHILATION
Sommerfeld Enhancement

High velocity

Low velocity



ENHANCED ANNIHILATION
Sommerfeld Enhancement

High velocity

Low velocity
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CAN IT WORK?

•yes!
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FIG. 3: Benchmark models fitting the PAMELA (first and third rows) and Fermi (second and fourth rows) cosmic-ray excesses,
obtained using the GALPROP program.

• A decay mode of φ → µ+µ− was assumed by [33], which is natural for models where φ is a scalar, but does not
occur in models where φ is a vector, and the force arises from a conventional gauge group. In these cases, φ
couples to charge, and there is always a sizeable hard φ → e+e− component, unless φ is very degenerate with
the ρ meson. The presence of an electron component hardens the final e+e− spectrum, increases the power in
e+e− as opposed to neutrinos (by a factor of up to ∼ 3, depending on the branching ratio), and lowers the
preferred mass scale for the DM to around 1 TeV, since the electron component dominates the high-energy

12

FIG. 1: Left: Allowed ranges of parameter space for fits within the 1σ, 90% confidence, and 2σ error bars to PAMELA only (in
decreasing intensity of red), Fermi only (in decreasing intensity of gray), and for simultaneous fits to both PAMELA and Fermi
(in decreasing intensity of purple). Yellow crosses indicate benchmark points. Right: As in left, with curves showing the boost
factors for a range of mass splittings δ such that Ωh2 = 0.1120 (dashed). The CMB constraints are met for the solid portions
of the curves. Results are shown for 800 GeV ≤ mχ ≤ 3 TeV only. All preferred regions shown here assume ρ0 = 0.4 GeV/cm3

and no contribution to the signal from DM substructure; any substructure correction (e.g. [80]) will shift the preferred regions
to lower boost factors.

15

 0.01

 0.1

 1

 10  100  1000

! e
+  /

 (!
e+  +

 !
e- )

Energy (GeV)

XDM e+ e-, µ+ µ-, "+ "- (1:1:2)

m# = 1.68 TeV

m! = 900 MeV

BF = 300

PAMELA Data

 0.01

 0.1

 1

 10  100  1000

! e
+  /

 (!
e+  +

 !
e- )

Energy (GeV)

XDM e+ e-, µ+ µ-, "+ "- (1:1:2)

m# = 1.52 TeV

m! = 900 MeV

BF = 260

PAMELA Data

 0.01

 0.1

 1

 10  100  1000

! e
+  /

 (!
e+  +

 !
e- )

Energy (GeV)

XDM e+ e-, µ+ µ-, "+ "- (1:1:1)

m# = 1.55 TeV

m! = 580 MeV

BF = 250

PAMELA Data

 100

 10  100  1000

E3  d
N

/d
E 

(G
eV

2  m
-2

 s
-1

 s
r-1

)

Energy (GeV)

XDM e+ e-, µ+ µ-, "+ "- (1:1:2)

m# = 1.68 TeV

m! = 900 MeV

BF = 300

HESS Systematic Error Band (8% energy shift)
HESS Data (8% energy shift)
Fermi High Energy Data
Fermi Low Energy Data

 100

 10  100  1000

E3  d
N

/d
E 

(G
eV

2  m
-2

 s
-1

 s
r-1

)

Energy (GeV)

XDM e+ e-, µ+ µ-, "+ "- (1:1:2)

m# = 1.52 TeV

m! = 900 MeV

BF = 260

HESS Systematic Error Band (8% energy shift)
HESS Data (8% energy shift)
Fermi High Energy Data
Fermi Low Energy Data

 100

 10  100  1000

E3  d
N

/d
E 

(G
eV

2  m
-2

 s
-1

 s
r-1

)

Energy (GeV)

XDM e+ e-, µ+ µ-, "+ "- (1:1:1)

m# = 1.55 TeV

m! = 580 MeV

BF = 250

HESS Systematic Error Band (8% energy shift)
HESS Data (8% energy shift)
Fermi High Energy Data
Fermi Low Energy Data

 0.01

 0.1

 1

 10  100  1000

! e
+  /

 (!
e+  +

 !
e- )

Energy (GeV)

XDM e+ e-, µ+ µ-, "+ "- (1:1:1)

m# = 1.2 TeV

m! = 580 MeV

BF = 244

PAMELA Data

 0.01

 0.1

 1

 10  100  1000

! e
+  /

 (!
e+  +

 !
e- )

Energy (GeV)

XDM e+ e-, µ+ µ- (1:1)

m# = 1.33 TeV

m! = 350 MeV

BF = 156

PAMELA Data

 0.01

 0.1

 1

 10  100  1000

! e
+  /

 (!
e+  +

 !
e- )

Energy (GeV)

XDM e+ e-

m# = 1.0 TeV

m! = 200 MeV

BF = 67

PAMELA Data

 100

 10  100  1000

E3  d
N

/d
E 

(G
eV

2  m
-2

 s
-1

 s
r-1

)

Energy (GeV)

XDM e+ e-, µ+ µ-, "+ "- (1:1:1)

m# = 1.2 TeV

m! = 580 MeV

BF = 244

HESS Systematic Error Band (8% energy shift)
HESS Data (8% energy shift)
Fermi High Energy Data
Fermi Low Energy Data

 100

 10  100  1000

E3  d
N

/d
E 

(G
eV

2  m
-2

 s
-1

 s
r-1

)

Energy (GeV)

XDM e+ e-, µ+ µ- (1:1)

m# = 1.33 TeV

m! = 350 MeV

BF = 156

HESS Systematic Error Band (8% energy shift)
HESS Data (8% energy shift)
Fermi High Energy Data
Fermi Low Energy Data

 100

 10  100  1000

E3  d
N

/d
E 

(G
eV

2  m
-2

 s
-1

 s
r-1

)

Energy (GeV)

XDM e+ e-

m# = 1.0 TeV

m! = 200 MeV

BF = 67

HESS Systematic Error Band (8% energy shift)
HESS Data (8% energy shift)
Fermi High Energy Data
Fermi Low Energy Data

FIG. 3: Benchmark models fitting the PAMELA (first and third rows) and Fermi (second and fourth rows) cosmic-ray excesses,
obtained using the GALPROP program.

• A decay mode of φ → µ+µ− was assumed by [33], which is natural for models where φ is a scalar, but does not
occur in models where φ is a vector, and the force arises from a conventional gauge group. In these cases, φ
couples to charge, and there is always a sizeable hard φ → e+e− component, unless φ is very degenerate with
the ρ meson. The presence of an electron component hardens the final e+e− spectrum, increases the power in
e+e− as opposed to neutrinos (by a factor of up to ∼ 3, depending on the branching ratio), and lowers the
preferred mass scale for the DM to around 1 TeV, since the electron component dominates the high-energy

Finkbeiner, et 
al, 2010



BUBBLES?



7

Fermi 1 < E < 5 GeV

 

180 90 0 -90 -18000
 

-90

-45

0

45

90

00 

0.5

1.0

1.5

2.0

2.5

3.0

0.5

1.0

1.5

2.0

2.5

3.0

ke
V 

cm
-2
 s

-1
 s

r-1

Fermi 1 < E < 5 GeV

 

180 90 0 -90 -18000
 

-90

-45

0

45

90

00 

0.5

1.0

1.5

2.0

2.5

3.0

0.5

1.0

1.5

2.0

2.5

3.0

keV cm
-2 s

-1 sr -1

Fermi 5 < E < 50 GeV

 

180 90 0 -90 -18000
 

-90

-45

0

45

90

00 

0.5

1.0

1.5

2.0

0.5

1.0

1.5

2.0

ke
V 

cm
-2
 s

-1
 s

r-1

Fermi 5 < E < 50 GeV

 

180 90 0 -90 -18000
 

-90

-45

0

45

90

00 

0.5

1.0

1.5

2.0

0.5

1.0

1.5

2.0

keV cm
-2 s

-1 sr -1

Fig. 4.— Full sky residual maps after subtracting the SFD dust and disk templates from the Fermi-LAT 1.6 year gamma-ray maps in
two energy bins. Point sources are subtracted, and large sources, including the inner disk (−2◦ < b < 2◦,−60◦ < ! < 60◦), have been
masked. Two large bubbles are seen (spanning −50◦ < b < 50◦) in both cases. Right panels: Apparent Fermi bubble features marked
in color lines, overplotted on the maps displayed in the left panels. Green dashed circles above and below the Galactic plane indicate the
approximate edges of the north and south Fermi bubbles respectively. Two blue dashed arcs mark the inner (dimmer) and outer (brighter)
edges of the northern arc – a feature in the northern sky outside the north bubble. The red dotted line approximately marks the edge of
Loop I. The purple dot-dashed line indicates a tentatively identified “donut” structure.

artifact of that subtraction.
Next, a simple disk model is subtracted (Figure 3, mid-

dle row). The purpose of this subtraction is to reveal the
structure deeper into the plane, and allow a harder color
stretch. The functional form is (csc |b|) − 1 in latitude
and a Gaussian (σ! = 30◦) in longitude. The disk model
mostly removes the IC gamma-rays produced by cosmic
ray electrons interacting with the ISRF including CMB,
infrared, and optical photons; as discussed previously,
such electrons are thought to be mostly injected in the
Galactic disk by supernova shock acceleration before dif-
fusing outward.
Finally, we fit a simple double-lobed geometric bub-

ble model with flat gamma-ray intensity to the data, to
remove the remaining large-scale residuals towards the
GC (Figure 3, bottom row). In this model, we identify
the approximate edges of the two bubble-like structures
towards the GC in the bottom left panel (shown with
dashed green line in right panels of Figure 4). We then
fill the identified double-lobed bubble structure with uni-
form gamma ray intensity, as a template for the “Fermi
bubbles” (bottom right panel of Figure 3). If the Fermi
bubbles constitute the projection of a three dimensional
two-bubble structure symmetric to the Galactic plane
and the minor axis of the Galactic disk, taking the dis-
tance to the GC R" = 8.5 kpc, the bubble centers are

approximately 10 kpc away from us and 5 kpc above and
below the Galactic center, extending up to roughly 10
kpc as the most distant edge from GC has |b| ∼ 50◦.
No structures like this appear in GALPROP models, and in
fact GALPROP is often run with a box-height smaller than
this. Because the structures are so well centered on the
GC, they are unlikely to be local.
In Figure 4, we show the full sky residual maps at 1−5

GeV and 5−50 GeV after subtracting the SFD dust and
the disk model to best reveal the Fermi bubble features.
Although photon Poisson noise is much greater in the
5 − 50 GeV map, we identify a Fermi bubble structure
morphologically similar to the structure in the 1−5 GeV
map, present both above and below the Galactic plane.
In Figure 5, we show the full sky maps at 1−5 GeV with

the zenithal equal area (ZEA) projection with respect to
both north pole and south pole. We found no interesting
features appear near the poles.

3.1.3. Low Energy Fermi Map as a Diffuse Galactic Model

In Figure 6, we show the 0.5− 1 GeV and 2− 50 GeV
residual maps after subtracting only the SFD dust map
as a template of foreground π0 gammas. The residual
maps should be dominated by IC emission from CR elec-
trons interacting with the ISRF. We use the 0.5− 1 GeV
maps as a template of IC emission from high energy elec-

A bubble morphology?

Anisotropic diffusion/triaxial halos 
modify DM shape

DM induced 
ICS

(preliminary 
Dobler, Cholis, 

NW)

Su, Finkbeiner & Slatyer, ’10
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GALACTIC CENTER SIGNALS
• the gamma ray signal is actually a little smaller (about x2) than 

I’ve guessed

• BUT

• Either changes in velocities, densities, magnetic fields, etc are 
causing this

• OR

• signal in GC is caused by some recent major event

• such an event would potentially blow DM-produced material 
out of the GC

• SO: either it’s an interesting DM signal or we can never set 
diffuse limits from the GC



A NEW FORCE CARRIER

• Dark matter interacting with a new force naturally 
explains the cosmic ray signatures

• Large cross section (Sommerfeld)

• Lots of leptons (too light to go into much else)

• No anti-protons (too light to make them)



• New symmetries -> new states

• New gauge symmetries -> new states

• How does this impact direct detection?

ANOMALIES III: INELASTIC 
WIMPS



“INELASTIC” DARK MATTER
• With dark forces, 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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EFFECTS ON WIMP SEARCHES
n(v): velocity

distribution of 
WIMPs visible to DAMA

visible to DAMA

 and CDMS

Enhanced modulation

heavy targets modified spectrum



IDM CONSTRAINTS
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What you don’t know about the 
halo can hurt you...



Figure 2: Velocity distribution functions: the left panels are in the host halo’s restframe, the
right panels in the restframe of the Earth on June 2nd, the peak of the Earth’s velocity relative
to Galactic DM halo. The solid red line is the distribution for all particles in a 1 kpc wide shell
centered at 8.5 kpc, the light and dark green shaded regions denote the 68% scatter around the
median and the minimum and maximum values over the 100 sample spheres, and the dotted line
represents the best-fitting Maxwell-Boltzmann distribution.

are independent of location and persistent in time and hence reflect the detailed assembly
history of the host halo, rather than individual streams or subhalos. The extrema of the
sub-sample distributions, however, exhibit numerous distinctive narrow spikes at certain
velocities, and these are due to just such discrete structures. Note that although only
a small fraction of sample spheres exhibits such spikes, they are clearly present in some
spheres in all three simulations. The Galilean transform into the Earth’s rest frame washes
out most of the broad bumps, but the spikes remain visible, especially in the high veloc-
ity tails, where they can profoundly affect the scattering rates for inelastic and light DM
models (see Section 4).

– 6 –

MB generally good near the peak, generally not near the tail
changes x2 or more

Kuhlen, et al



ANOMALIES IV: DWARFS

• Cores in isolated halos should evolve to NFW (Sawala et al 
’10)

Dark and luminous matter in THINGS dwarf galaxies 13

Fig. 6, we plot the scaled rotation curves corrected for
baryons derived from Section 4. Although the rotation
curves corrected for baryons increase less steeply than
the curves assuming a minimum disk, they are very sim-
ilar. This directly shows that using the minimum disk
assumption gives a good description of the dark mat-
ter distribution in our galaxies. In Fig. 6, the CDM ro-
tation curves with V200 less than 110 km s−1 are rep-
resented by dotted lines. Of our sample galaxies, IC
2574 has the largest maximum rotation velocity of about
80 km s−1. Therefore, the CDM rotation curve with
V200=110 km s−1 is a hard upper limit for our galaxies
assuming that Vmax ∼ V200. We also overplot the best
fits of pseudo-isothermal models (dashed lines) derived
using the minimum disk assumption and derived Υ3.6

! in
Fig. 6.
As can be seen in Fig. 6, the rotation curve shapes

of the galaxies are similar and consistent with those of
pseudo-isothermal halo models. However, they are in-
consistent with those of ΛCDM simulations. The ro-
tation curves of ΛCDM simulations rise too steeply to
match the observations. The difference in rotation curve
shapes between our galaxies and ΛCDM simulations is
particularly prominent in the inner regions of galaxies
i.e., at radii less than R0.3. This difference is further en-
hanced for the CDM rotation curves with V200 less than
110 km s−1. In conclusion, the solid body-like rotation
curves of our galaxies rise too slowly to reflect the cusp-
like dark matter distribution in CDM halos.

6.3. Dark matter density profile

Direct conversion of the galaxy rotation curve to the
mass density profile allows us to examine the radial mat-
ter distribution in the galaxy. In particular, the mea-
sured inner slope of the density profile is critical for
resolving the “cusp/core” problem at the galaxy cen-
ter. The Poisson equation (∇2Φ = 4πGρ, where Φ =
−GM/R) can be used for the conversion under the as-
sumption of a spherical mass distribution. The mass den-
sity ρ is directly derived from the rotation curve V (R),
as follows (see de Blok et al. 2001 for more details),

ρ(R) =
1

4πG

[

2
V

R

∂V

∂R
+

(

V

R

)2]

. (15)

Using Eq. 15, we directly convert the total rotation
curves into mass density profiles. Here, we use the mini-
mum disk hypothesis (i.e., ignores baryons). As already
discussed in Section 5.1, our galaxies are mostly dark
matter-dominated and this “minimum disk” assumption
is a good approximation in describing their dynamics.
Particularly useful is the fact that it gives a hard upper
limit to the dark matter density.
In this way, we derive the mass density profiles of the

7 THINGS dwarf galaxies and present them in the Ap-
pendix. We also derive the mass density profiles using
the scaled rotation curves derived assuming minimum
disk in Fig. 6, and plot them in Fig. 7. The best fits of
the NFW and pseudo-isothermal models are also over-
plotted. Despite the scatter, the derived mass density
profiles are more consistent with the pseudo-isothermal
models as shown in Fig. 7.
To quantify the degree of concentration of the dark

matter distribution towards the galaxy center, we mea-

Fig. 8.— The inner slope of the dark matter density profile plot-
ted against the radius of the innermost point. The inner density
slope α is measured by a least squares fit to the inner data point as
described in the small figure. The inner-slopes of the mass density
profiles of the 7 THINGS dwarf galaxies are overplotted with earlier
papers and they are consistent with previous measurements of LSB
galaxies. The pseudo-isothermal model is preferred over the NFW
model to explain the observational data. Gray symbols: open cir-
cles (de Blok et al. 2001); triangles (de Blok & Bosma 2002); open
stars (Swaters et al. 2003). See Section 6.3 for more discussions.

sure the logarithmic inner slope of the density profile. For
this measurement, we first need to determine a break-
radius where the slope changes most rapidly. The in-
ner density slope is then measured by performing a least
squares fit to the data points within the break-radius.
For the uncertainty, we re-measure the slope twice, in-
cluding the first data point outside the break-radius and
excluding the data point at the break radius. The mean
difference between these two slopes is adopted as the
slope uncertainty ∆α. The measured slope α and slope
uncertainty ∆α of the galaxies are shown in the Ap-
pendix. In addition, we overplot the mass density profiles
of NFW and pseudo-isothermal halo models which are
best fitted to the rotation curves of the galaxies. From
this, we find that the mean value of the inner density
slopes for the galaxies is α=−0.29± 0.07. These rather
flat slopes are in very good agreement with the value of
α = −0.2±0.2 found in the earlier work of de Blok et al.
(2001; see also de Blok & Bosma 2002) for a larger num-
ber of LSB galaxies. They are, however, in contrast with
the steep slope of ∼−0.8 predicted by ΛCDM simulations
(e.g., Stadel et al. 2009; Navarro et al. 2010) as well as
those by the classical simulations (e.g., Navarro, Frenk &
White 1996, 1997). This implies that the sample galaxies
show slightly increasing or even constant density profiles
towards their centers.
In Fig. 8, we plot the logarithmic inner density slope

α against resolution of a rotation curve. At high resolu-
tions (Rin < 1 kpc) the slopes of the NFW and pseudo-
isothermal halo models can be clearly distinguished but
at low resolutions (Rin ∼1 kpc) the slopes of the two
models are approximately equal (de Blok et al. 2001).

Figure 1: The integrated mass of the Milky Way dwarf satellites, in units of solar masses, within
their inner 0.3 kpc as a function of their total luminosity, in units of solar luminosities. The circle
(red) points on the left refer to the newly-discovered SDSS satellites, while the square (blue) points
refer to the classical dwarf satellites discovered pre-SDSS. The error bars reflect the points where
the likelihood function falls off to 60.6% of its peak value.

4
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parameters remains open. Nonetheless, the absence of

dramatic departures from CDM predictions has allowed

important constraints to be placed [24, 25].

In this Letter, we examine the possible existence of a

dark force from a different perspective. Rather than limit

its allowed range of parameters based on observations,

we show that it can ameliorate tensions in astrophysi-

cal data. In particular, we find that a Yukawa force in

dark matter scattering would naturally produce cores in

dwarf galaxies while avoiding the myriad constraints on

SIDM which arise in systems with a much larger veloc-

ity dispersion, such as clusters of galaxies. The specific

velocity dependence of the interaction cross-section, as

well as the possible exothermic nature of the interaction,

alleviate earlier concerns about the SIDM model. To dis-

tinguish from previous approaches with a constant cross

section or a simple power law velocity dependence, we

label this scenario as Yukawa-Potential Interacting Dark

Matter (YIDM).

Dark Forces. The mediator of the force φ could be

either a scalar or a vector, as magnetic-type interactions

are negligible. The force could couple to standard model

fields through kinetic mixing with the photon, or through

mass mixing with the Higgs boson. Constraints on the

presence of such a force come from a wide range of pro-

cesses [26, 27], but ample parameter space remains for

a small mixing angle, �
<∼ 10

−3
. New searches are un-

derway to find precisely such a force carrier at ∼ GeV

energy experiments [28].

Scattering through a massive mediator is equivalent to

having a Yukawa potential. The elastic scattering prob-

lem is then analogous to the screened Coulomb scatter-

ing in a plasma [29], which is well fit by a cross-section

[24, 30],

�σ� ≈






4π
m2

φ
β2

ln(1 + β−1
), β

<∼ 0.1,

8π
m2

φ
β2/(1 + 1.5β1.65

), 0.1
<∼ β

<∼ 10
3,

π
m2

φ

�
lnβ + 1− 1

2 ln
−1 β

�2
, β

>∼ 10
3,

(1)

where β = πv2σ/v
2
= 2αdmφ/(mχv2), and v is the rela-

tive velocity of the particles. We use angular brackets to

denote that this is the momentum-transfer weighted cross

section. Here, vσ is the velocity at which the momentum-

weighted scattering rate �σv� peaks at a cross section

value of σmax = 22.7/m2
φ. The above expression can be

approximately generalized to the inelastic case by sub-

stituting mφ →
�
mχδ for the characteristic minimum

momentum transfer when mφ <
�
mχδ (see discussion

in [30]). This expression is derived using classical physics,

and thus, it is important to note what quantum effects
can come into play. In cases where the de Broglie wave-

length is longer than the Compton wavelength of the

force m−1
φ , the quantum calculation should be consid-

ered for quantitative results. Nonetheless, the same qual-
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FIG. 1: Dependence of the self-interaction cross-section (σ) on
the relative velocity (v) for dark matter interacting through a
Yukawa potential. The normalizations of σ and v are set by
free parameters in the underlying Lagrangian (see Appendix),
and we show two possible curves peaking at vσ = 10 km s−1

and = 100 km s−1 (blue, solid and purple, dashed, respec-
tively).

itative features should remain: the cross section should

saturate at low velocities near σ ∼ m−2
φ , and at high

velocities, where the classical approximation is valid, it

should fall rapidly.

Figure 1 depicts the velocity dependence of the elas-

tic cross-section in Eq. (1). Interestingly, the scattering

rate is nearly constant at low velocities, peaks at a ve-

locity vσ, and declines sharply at v > vσ, allowing it to

introduce cores in dwarf galaxies where the velocity dis-

persion is low (v ∼ 10 km s
−1

) but not in clusters of

galaxies where the characteristic velocities are larger by

two orders of magnitude (v ∼ 10
3
km s

−1
). The nor-

malizations of the cross-section and velocity are deter-

mined by free parameters in the interaction Lagrangian

(see Appendix), with the Compton wavelength of the in-

teraction setting the relevant spatial scale. We show two

possible values of the peak velocity, one that would pro-

duce cores only in dwarf galaxies (vσ = 10 km s
−1

), and

another that would produce cores in more massive galax-

ies (vσ = 10
2
km s

−1
) as implied by data on low surface

brightness galaxies [31]. At any given halo mass, we ex-

pect scatter in the core properties of individual halos,

due to variations in their age and assembly history.

Having one collision per Hubble time at the character-

istic core density of dwarf galaxies ∼ 0.1M⊙ pc
−3

, trans-

lates to the condition (mχ/10GeV)(mφ/100MeV)
2 ∼ 1

(see Appendix). An order of magnitude larger cross-

sections are also allowed by the data. Figure 2 shows

the allowed parameter ranges [25] that would naturally

explain the dark matter distribution in observed astro-

physical objects. We find that even though collisions

shape the central profiles of dwarf galaxies, the standard

collisionless treatment still provides an excellent approx-

imation for the dark matter dynamics in X-ray clusters.

A. Loeb & NW 2010

Dark forces naturally induce a velocity dependence 
that remove these tensions (Loeb & NW 2010)



WHAT TO LOOK FOR?

• If Missing Energy is not the signature of the dark sector, what 
is?

• Many scenarios predict new, light states (~ GeV)



• Production of Gdark states, yield boosted, highly collimated 
leptons (“lepton jets”)
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Text

D0 Collaboration, [arXiv:0905.1478]  Phys.Rev.Lett. 
103 (2009) 081802
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APEX

Essig, Schuster, Toro, Wojtsekhowski, 
arxiv:1001.2557

See talks today by 
Kolomensky + Essig 



FINDING HIDDEN 
SYMMETRIES IN DARK MATTER

• Hidden Symmetries for dark matter are natural in many 
models

• Relevant for stability, number density (asymmetric DM), 
cosmic ray signals (annihilation modes and Sommerfeld) and 
direct detection (large cross sections and inelastic)



• Light WIMPs are MOTIVATED by current anomalies, but 
models are natural even if excluded

• Dark forces can generate cosmic ray excesses (Planck will 
definitively test)

• inelastic Dark Matter constrained, but alive (halo models, 
magnetic interactions); should be tested in 2011

• Dynamics of dwarfs galaxies can be affected by dark forces
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Any one may be pointing us to the next symmetry 
to be discovered!


