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Evidence for DM 
Overwhelming

• Hunt dates to 1933
20. Big-Bang nucleosynthesis 3
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Figure 20.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis [11] − the bands show the 95% CL range. Boxes
indicate the observed light element abundances (smaller boxes: ±2σ statistical
errors; larger boxes: ±2σ statistical and systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL). Color version at end
of book.
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Evidence for DM 
Overwhelming

All evidence points 
toward

BBN
(baryons)

CMB
(curvature)

LSS
(matter)

Supernovae
(DE)

Galaxy curves
(matter)
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What do we know about 
DM?

• Not baryonic

• Not modified 
gravity

• BBN --> not free 
baryons 

• MACHO searches 
+Lya    --> not 
bound baryons

• CMB + LSS + Bullet 
--> not neutrinos as 
DM

2

where the δ
PBH

,δp and δr are the relative overdensities
of PBHs, Poisson fluctuations and radiation, respectively.
Since δp in Eq.(1)is observable and constant, one would
conclude that the quantity

S ≡ δ
PBH

−
3

4
δr = δp (4)

is gauge-invariant and conserved. Indeed this is the en-
tropy per PBH, which should remain constant as long as
the universe expands adiabatically (e.g. see Mukhanov
et al. 1992). The associated perturbations, generated in
this way are isocurvature(or entropy) perturbations, as the
curvature at large scales is not (immediately) affected by
the formation of compact objects at small scale.

As we are assuming that PBHs are the present day Cold
Dark Matter (CDM), the overdensity of CDM is given by

δ
CDM

(k) = Tad(k)δi,ad(k) + Tiso(k)S(k), (5)

where Tad(k) and Tiso(k) are the transfer functions for
adiabatic and isocurvature perturbations respectively. For
the following analysis we will use the analytical fits quoted
in Bardeen et al. 1986 to the transfer functions. Eq. (5)
leads to the following power spectrum

P
CDM

(k) = T 2
ad(k)Pi,ad(k) + T 2

iso(k)Pp. (6)

In this expression,Pi,ad(k) = Akn with n # 1 is the adia-
batic power spectrum which is produced through inflation
(or an alternative method of generating scale-invariant adi-
abatic perturbations), while Pp is given in Eq.(2).

One can easily see that the isocurvature term on the
RHS of Eq.(2) contributes a constant to the power spec-
trum as both Pp and

Tiso(k) =
3

2
(1 + zeq) for k $ aeqHeq (7)

are independent of k (e.g. Peacock 1998). Note that this
is the simple linear growth due to gravitational cluster-
ing which is the same for adiabatic fluctuation. Since the
power spectrum of adiabatic fluctuations decays as k−3 at
small scales, one expects to see the signature of this Pois-
son noise at large k’s. Combining Eqs. (2),(6) and (7)
gives the power offset

∆P
CDM

#
9M

PBH
(1 + zeq)2

4ρ
CDM

= 4.63

(

M
PBH

103M"

)

(Ω
CDM

h5)(h−1Mpc)3 (8)

which is also a lower bound on the matter linear power
spectrum.
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Fig. 1.— Linear power spectrum for different masses of the PBHs.
σ∗

8
is σ8 for the model without the PBHs and the amplitude of the

(initially) adiabatic modes is the same for all models.

Fig.(1) shows the linear power spectrum for different

masses of the PBHs. We see the Poisson plateau (Eq.
8) at large k’s which drops with decreasing mass. The
impact of this plateau on the Ly-α forest power spectrum
is discussed in the next section.

Fig. 2.— Influence of PBHs on the Ly-α forest flux power spec-
trum, PF (k). The black, solid curve shows our prediction for PF (k)
in a standard ΛCDM model (i.e., no PBHs) in which the amplitude
of the linear power spectrum, σ∗

8
, was adjusted to match the data

points from Croft et al. (2002). The other curves show the predicted
PF (k) when white noise power due to PBHs with various masses is
added. The Ly-α forest model parameters and σ∗

8
were not adjusted

to find a best fit for each mass so the disagreement between the PBH
models and the data points does not indicate that the models are
ruled out.

3. simulations of Ly-α forest

Afshordi, McDonald, Spergel

Wednesday, October 19, 2011



What do we know about 
DM?

• Cold

• Weakly 
interacting

• CMB + LSS -- 
clustering properties

• With us -- direct 
detection

• With itself -- halo 
shape bounds

FIG. 1: Allowed regions in (mX ,αX) plane, where mX is the mass of the dark matter charged
under the unbroken hidden sector U(1)EM with fine-structure constant αX . Contours for fixed
dark matter cosmological relic density consistent with WMAP results, ΩXh2 = 0.11, are shown

for (tan θh
W , ξRH) = (

√

3/5, 0.8), (
√

3/5, 0.1), (10, 0.1) (dashed), from top to bottom, as indicated.
The shaded regions are disfavored by constraints from the Bullet Cluster observations on self-

interactions (dark red) and the observed ellipticity of galactic dark matter halos (light yellow).
The Bullet Cluster and ellipticity constraints are derived in Secs. VIII and VII, respectively.

of the parameter space of these models are excluded because the predicted minimum mass
halo is in conflict with observations.

In this section, we analyze the kinetic decoupling of hidden charged dark matter. One
notable difference between the WIMP and hidden charged dark matter is that the charged
dark matter interacts not only through weak interactions, but also through EM interactions.
For the case of τ̃h dark matter, this implies that the dark matter remains in kinetic contact
not only through the weak process τ̃hνh ↔ τ̃hνh, but also through the Compton scattering
process τ̃hγh ↔ τ̃hγh. As we will see, at low temperatures, the thermally-averaged weak cross
section is suppressed by T h 2/m2

X , but this suppression is absent for Compton scattering,
creating a large, qualitative difference between this case and the canonical WIMP scenario.
Note also that, in principle, in the case of charged dark matter, bound state formation also
impacts kinetic decoupling. As we will see in Sec. V, however, very few staus actually bind,
and so this effect is not significant and may be neglected in our analysis.

We follow Refs. [54, 55] to determine the temperature of kinetic decoupling for the dark
matter particle. In the hidden sector, the Boltzmann equation governing the evolution of
the dark matter particle’s phase space distribution is

df($p)

dt
= Γ(T h)(T hmX"!p + $p ·∇!p + 3)f($p) , (6)

6

Feng, Tu, Yu

Wednesday, October 19, 2011



Neutrinos and the Weak 
Interactions

Gravitational Interactions

Standard Model

Weak Interactions
Mwk ∼ 100 GeV

Mpl ∼ 1019 GeV

Mp ∼ 1 GeV

Inaccessibility

En
er

gy

Dark Matter

?
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Super-Weakly 
Interacting

• Gravitational Coherence 

• Helps us learn about aggregate 
properties of dark matter

• Particle properties much harder

Cosmological Scales!
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Particle Physics 
Provides Some Ideas

• Particle Physics Zoo!
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Sub-weak Interactions

Dark Matter Resides 
Here!

Mp ∼ 1 GeV
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Sub-Weakly Interacting 
Massive Particles

Standard Model
Dark Matter

?

χ

N

χ(′)

σn ∼ 10−36 cm2

Weak interactions
Z boson
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Sub-Weakly Interacting 
Massive Particles

5

]2WIMP Mass [GeV/c

6 7 8 910 20 30 40 50 100 200 300 400 1000

]
2

W
IM

P
-N

u
c
le

o
n
 C

ro
ss

 S
e
c
ti

o
n
 [

c
m

-45
10

-4410

-43
10

-4210

-4110

-40
10

-39
10

]2WIMP Mass [GeV/c

6 7 8 910 20 30 40 50 100 200 300 400 1000

]
2

W
IM

P
-N

u
c
le

o
n
 C

ro
ss

 S
e
c
ti

o
n
 [

c
m

-45
10

-4410

-43
10

-4210

-4110

-40
10

-39
10

DAMA/I

DAMA/Na

CoGeNT

CDMS

EDELWEISS

XENON100 (2010)

XENON100 (2011)
Buchmueller et al.

FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
σ as function of WIMP mass mχ. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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Sub-Weakly Interacting 
Massive Particles

Standard Model
Dark Matter

?

χ

N

χ(′)

σn ∼ 10−45−46 cm2

Mp ∼ 1 GeV

Higgs boson
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• New scale, 100’s GeV set by SM

• Abundance of new stable states set by 
interaction rates

Why the Weak Scale is 
Compelling

Γ = nσv = H

Measured by WMAP + LSS

=⇒ σ ∼
1

(100GeV)2

∼ 3× 10−26 cm3/s
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View of DM from the 
Weak Scale

• Single

• Stable

• Weakly 
Interacting

• Massive Particle 
with Weak Scale 
Mass

DM is: Successes:

• Neutral, stable 
particle appears 
naturally

• Reproduces 
correct relic 
abundance
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Challenges

• Why are the DM and 
baryon densities so 
close to each other?

• Are the dynamics of 
the two sectors really 
so different?

Standard Model Dark Matter

Mp ∼ 1 GeV
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Looking Beyond WIMP 
DM

• Experimental: A look at Recent 
anomalies

• The Lamppost problem: Beyond the 
WIMP freeze-out paradigm
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Evolution of Anomalies

PAMELA, then Fermi added to the mix

Indirect

How does Fermi tells e+ apart from e-? 

Fermi-LAT Collaboration, 1109.0521 Wednesday, October 19, 2011



Could it be due to DM 
annihilation?

DM explanation constrained
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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 ∼ 1014 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. 17

Meade, Papucci, Strumia, Volansky

Several interesting proposed scenarios, with similar 

phenomenology for indirect dark matter detection 

Large annihilation rates 
+ 

Hard charged leptons 

Easy Preys for Fermi 

gamma-ray detection! 

Final State Radiation Inverse Compton 

Several interesting proposed scenarios, with similar 

phenomenology for indirect dark matter detection 

Large annihilation rates 
+ 

Hard charged leptons 

Easy Preys for Fermi 

gamma-ray detection! 

Final State Radiation Inverse Compton 

Final State 
Radiation

Inverse 
Compton
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Could it be due to DM 
annihilation?

DM explanation constrained

102 103 104
10!26

10!24

10!22

10!20

DM mass in GeV

Σ
v
in
cm

3
!sec

DM DM # e
$
e
!, Einasto profile

GC!Γ
GR!Γ

dS!Γ

GC!radio
PAMELA and FERMI

IC

102 103 104
10!26

10!24

10!22

10!20

DM mass in GeV

Σ
v
in
cm

3
!sec

DM DM # Μ$Μ!, Einasto profile

GC!Γ
GR!Γ

dS!Γ

GC!radio
PAMELA and FERMI

Ν IC

102 103 104
10!26

10!24

10!22

10!20

DM mass in GeV

Σ
v
in
cm

3
!sec

DM DM # Τ$Τ!, Einasto profile

GC!Γ

GR!Γ

dS!Γ

GC!radioPAMELA and FERMI

Ν
IC

102 103 104
10!26

10!24

10!22

10!20

DM mass in GeV

Σ
v
in
cm

3
!sec

DM DM # e
$
e
!, isothermal profileGC!Γ

GR!Γ

dS!Γ

GC!radio

PAMELA and FERMI

IC

102 103 104
10!26

10!24

10!22

10!20

DM mass in GeV

Σ
v
in
cm

3
!sec

DM DM # Μ$Μ!, isothermal profile
GC!Γ

GR!Γ

dS!Γ

GC!radio

PAMELA and FERMI

Ν
IC

102 103 104
10!26

10!24

10!22

10!20

DM mass in GeV

Σ
v
in
cm

3
!sec

DM DM # Τ$Τ!, isothermal profile
GC!Γ

GR!Γ

dS!Γ
GC!radio

PAMELA and FERMI

Ν

IC

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 ∼ 1014 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. 17

Meade, Papucci, Strumia, Volansky

Notice non-standard 
features:

1. LARGE annihilation 
cross-section

2. Annihilation to leptons
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Evolution of Anomalies

Experiment is sensitive to lower mass 
WIMPs than thought before

Ethresh = 7 keV (Na), 22 keV (I) Ethresh = 2 keV

Petriello, KZ ‘08

Direct
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Evolution of Anomalies

CoGeNT added to the mix

Direct
3

FIG. 3: Low-energy spectrum after all cuts, prior to efficiency
corrections. Arrows indicate expected energies for all viable
cosmogenic peaks (see text). Inset: Expanded threshold re-
gion, showing the 65Zn and 68Ge L-shell EC peaks. Over-
lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling σSI = 10−4pb.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.

We employ methods identical to those in [1] to ob-
tain Weakly Interacting Massive Particle (WIMP) and
Axion-Like Particle (ALP) dark matter limits from these
spectra. The energy region employed to extract WIMP
limits is 0.4-3.2 keVee (from threshold to full range of
the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
two Gaussians to account for 65Zn and 68Ge L-shell
EC. The energy resolution is as in [1], with parameters
σn=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration

FIG. 4: Top panel: 90% C.L. WIMP exclusion limits from
CoGeNT overlaid on Fig. 1 from [6]: green shaded patches
denote the phase space favoring the DAMA/LIBRA annual
modulation (the dashed contour includes ion channeling).
Their exact position has been subject to revisions [7]. The
violet band is the region supporting the two CDMS candi-
date events. The scatter plot and the blue hatched region
represent the supersymmetric models in [8] and their uncer-
tainties, respectively. Models including WIMPs with mχ ∼7-
11 GeV/cm2 provide a good fit to CoGeNT data (red contour,
see text). The relevance of XENON10 constraints in this low-
mass region has been questioned [14]. Bottom panel: Limits
on axio-electric coupling gaēe for pseudoscalars of mass ma

composing a dark isothermal galactic halo (see text).

towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
region (their L-shell/K-shell EC ratio is ∼ 1/8 [5]). A
third possibility, quantitatively discussed below, consists
of recoils from unvetoed muon-induced neutrons.

Fig. 4 (top) displays the extracted sensitivity in spin-
independent coupling (σSI) vs. WIMP mass (mχ). For
mχ in the range ∼7-11 GeV/c2 the WIMP contribu-
tion to the model acquires a finite value with a 90%
confidence interval incompatible with zero. The bound-
aries of this interval define the red contour in Fig. 4.
However, the null hypothesis (no WIMP component in
the model) fits the data with a similar reduced chi-
square χ2/dof =20.4/20 (for example, the best fit for
mχ = 9 GeV/c2 provides χ2/dof =20.1/18 at σSI =
6.7 × 10−41cm2). It has been recently emphasized [6]
that light WIMP models [1, 8, 9] provide a common ex-

CoGeNT ’10
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Evolution of Anomalies

Then CRESST ...

Direct
3

FIG. 3: Low-energy spectrum after all cuts, prior to efficiency
corrections. Arrows indicate expected energies for all viable
cosmogenic peaks (see text). Inset: Expanded threshold re-
gion, showing the 65Zn and 68Ge L-shell EC peaks. Over-
lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling σSI = 10−4pb.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.

We employ methods identical to those in [1] to ob-
tain Weakly Interacting Massive Particle (WIMP) and
Axion-Like Particle (ALP) dark matter limits from these
spectra. The energy region employed to extract WIMP
limits is 0.4-3.2 keVee (from threshold to full range of
the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
two Gaussians to account for 65Zn and 68Ge L-shell
EC. The energy resolution is as in [1], with parameters
σn=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration

FIG. 4: Top panel: 90% C.L. WIMP exclusion limits from
CoGeNT overlaid on Fig. 1 from [6]: green shaded patches
denote the phase space favoring the DAMA/LIBRA annual
modulation (the dashed contour includes ion channeling).
Their exact position has been subject to revisions [7]. The
violet band is the region supporting the two CDMS candi-
date events. The scatter plot and the blue hatched region
represent the supersymmetric models in [8] and their uncer-
tainties, respectively. Models including WIMPs with mχ ∼7-
11 GeV/cm2 provide a good fit to CoGeNT data (red contour,
see text). The relevance of XENON10 constraints in this low-
mass region has been questioned [14]. Bottom panel: Limits
on axio-electric coupling gaēe for pseudoscalars of mass ma

composing a dark isothermal galactic halo (see text).

towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
region (their L-shell/K-shell EC ratio is ∼ 1/8 [5]). A
third possibility, quantitatively discussed below, consists
of recoils from unvetoed muon-induced neutrons.

Fig. 4 (top) displays the extracted sensitivity in spin-
independent coupling (σSI) vs. WIMP mass (mχ). For
mχ in the range ∼7-11 GeV/c2 the WIMP contribu-
tion to the model acquires a finite value with a 90%
confidence interval incompatible with zero. The bound-
aries of this interval define the red contour in Fig. 4.
However, the null hypothesis (no WIMP component in
the model) fits the data with a similar reduced chi-
square χ2/dof =20.4/20 (for example, the best fit for
mχ = 9 GeV/c2 provides χ2/dof =20.1/18 at σSI =
6.7 × 10−41cm2). It has been recently emphasized [6]
that light WIMP models [1, 8, 9] provide a common ex-
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All complicated by 
uncertainties ...

• ... of the experimental 
kind

• How doe you calibrate 
energy? (What is Leff?)

• Leff measurements 
seem to be 
converging
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FIG. 12: (Color online) Scintillation efficiency for nuclear re-
coils relative to that of 122 keV gamma rays in LXe at zero
field, comparing this work (!) to previous measurements from
Arneodo (!) [5], Akimov (!) [6], Aprile (!) [7], Chepel (") [8]
and Aprile (©)[9]. Also shown is the theoretical model (dashed
line) explained in Section V, which includes the Lindhard fac-
tor, an electronic quenching due to bi-excitonic collisions and
the effect of escaping electrons.
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FIG. 13: (Color online) Scintillation efficiency for nuclear recoils
measured in this work (!) and the theoretical model (dashed
line) compared to the scintillation efficiency found from the
neutron calibration data by the XENON10 (top shaded area)
[12] and the ZEPLIN-III (bottom shaded area) [4] collabora-
tions.

14 shows the energy dependence of the ionization yield
measured in this work for 1.0 kV/cm and 4.0 kV/cm, as
well as previous measurements [10] and the calculated
values when comparing the XENON10 nuclear recoil
data and Monte Carlo simulations [12]. The ionization
yield errors shown in Figure 14 were derived from the
width of the S2 signals from nuclear recoils and from
the 57Co calibrations. By comparing the dual phase runs
triggered by the S1 signals with the runs triggered by
the S2 signals, we determined that there is no significant
uncertainty in the S2 signals due to the trigger.
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FIG. 14: (Color online) Ionization yield as a function of re-
coil energy. Shown are the measured values in this work at
1.00 kV/cm (") and 4.00 kV/cm (!), along with previously
measured values at 0.10 kV/cm (©), 0.27 kV/cm (!), 2.00 kV/cm
(!) and 2.30 kV/cm(") from [10], error bars omitted for clarity.
Also shown are the ionization yields calculated by comparing
the XENON10 nuclear recoil data and the Monte Carlo simu-
lations [12] for single elastic recoils at 0.73 kV/cm, using two
different methods (# and !).

V. EMPIRICAL MODEL OF LEFF

The data shown above reveal a relative scintillation
efficiency that decreases with decreasing energy. A suit-
able theoretical expression for Leff in LXe can be written
as the product of at least three components:

Leff = qncl · qesc · qel (4)

First is the Lindhard factor [21], qncl, which quantifies
the larger fraction of energy dissipated into atomic mo-
tion or heat in a nuclear recoil compared to that for an
electron recoil. As a function of recoil energy, Er, the
Lindhard factor can be written as

qncl =
k · g(ε)

1 + k · g(ε)
(5)

where for a nucleus with atomic number Z and mass
number A, k = 0.133·Z2/3 ·A−1/2, g(ε) = 3.0ε0.15+0.7ε0.6+ε,
where ε is the reduced energy ε = 11.5 · Er · Z−7/3.

The second term, qesc, is the reduction of the scintil-
lation light yield due to escaping electrons. These are
electrons produced by ionization that thermalize outside
the Onsager radius and become free from recombination
even in the absence of an electric field [22]. The effect of
escaping electrons has been observed for electron recoils
[22] and has only recently been considered as a possible
additional factor governing the total scintillation reduc-
tion for nuclear recoils in LXe [23]. This is because of the
surprisingly high ionization yield from nuclear recoils
[10]. This factor can be expressed in terms of the ratio
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FIG. 1: left panel: Allowed regions (90 and 99% C.L., corresponding to purple and blue) for

standard spin-independent scattering, QNa = 0.3, QGe from Eq. (17). DAMA regions are shown

in a darker color than the CoGeNT regions. A green band shows 90% exclusion regions from

XENON10 depending on the extrapolation of Leff below threshold (central values of [15] are taken

and extrapolated to remain constant (light dashed) below threshold, or to drop linearly to zero

(dark dashed); these extrapolations correspond roughly to Case 1 and Case 2 of [32]). CDMS-Si

(red dot-dashed) and SIMPLE (short dashed) constraints are also shown. right panel: Same as left

panel, but with QNa = 0.45 and QGe from Eq. (18).

dominant form of scattering.

IV. MODELS

Though different in detail, both the anapole and magnetic dipole operators are velocity
and momentum suppressed, and thus need sufficiently large cross-sections to explain the
event rates seen at DAMA and CoGeNT. Therefore the mass of the dark photon Aµ that
mediates the interaction should be fairly light. For example, consider the mass of the
mediator necessary to generate the large cross-sections for scattering through the anapole
interaction, Eq. (1). That cross-section scales as

σ̃ =
µ2
n

4πM4
= 10−34 cm2

(
44 GeV

M

)4

, (20)

10
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All complicated by 
uncertainties ...

• ... of the experimental 
kind

• How much of 
CoGeNT’s signal is 
actually 
background?

• CoGeNT now says 
60-70%
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FIG. 2: Left: Variation in the CoGeNT-favored parameter region for elastic spin-independent dark matter–

nucleon scattering for different assumptions on the surface background in CoGeNT (see text for details).

Right: The DAMA preferred regions for the standard assumption on the sodium quenching factor, qNa =

0.3, (orange region), for the smaller energy dependent qNa obtained in [41] (light red region), and for the

hypothetical case where scattering on iodine is forbidden (dark red region). In all cases, we have assumed

a 10% overall systematic uncertainty on the DAMA quenching factors.

preferred region in the mχ–σ plane towards lower cross sections and increases its overall size.
Similar conclusions have been reached in [41].

4.3. New sodium quenching factors for DAMA?

The quenching factors in the DAMA experiment, which are required to convert the ob-
served energy deposit (in units of keVee) to the true nuclear recoil energy from a dark matter
interaction (in keVnr), have been under active discussion for some time already [70, 72, 73],
and a new facet has been added to this discussion recently, when Collar et al. carried out
an independent measurement of qNa, the quenching factor for sodium recoils in NaI(Tl) [41].
Their results, which are in tension with results from other groups [74–78], indicate that qNa

may be lower than the standard value qNa = 0.3 used by the DAMA collaboration and in
many phenomenological analysis. In particular, Collar et al. find qNa ! 0.1 at 30 keVnr
nuclear recoil energy and qNa ! 0.2 at 200 keVnr. This pronounced energy dependence of
qNa has also not been seen in previous measurements.

In fig. 2 (right), we explore the implications that Collar et al.’s results, should they
be confirmed, would have on the parameter space of elastic spin-independent DM–nucleon
scattering. The orange regions show the parameter values preferred by DAMA at the 90%
and 3σ confidence levels for the standard assumption qNa = 0.3 ± 0.03, qI = 0.09 ± 0.009.
(As before, we include a 10% systematic uncertainty on the quenching factors.) In this
parameter region, the signal in DAMA is dominated by Na recoils since only a small fraction
ofO(10 GeV) dark matter particles can transfer enough energy to an iodine nucleus to induce
an event above the experimental energy threshold. The light red contours in fig. 2 (right)
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Light DM candidates are 
not “standard”

• MSSM: out as a possibility

• Higgsino fraction limited by Z 
invisible width

• Large tan beta, light pseudo scalar 
Higgs

• Region constrained by B physics 
measurements

• Don’t obtain large enough cross-
section from neutralino
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FIG. 2: Constraints on the mA − tanβ plane from B → τν,
B → Dτν and φ → τ+τ−. In the case of the B decays, we show
a conservative bound (grey shaded region): the intersection of the 3
sigma allowed regions for both B processes. For φ → τ+τ− (the
irregular red shaded region), the region below the curve is allowed at
2 σ by the Tevatron. The B-decay region depends on the squark and
gluino masses due to loop corrections to the b mass, so we show the
region corresponding to ε0 = +εmax. The region for ε0 = −εmax

is shown in Fig. 3. The φ → τ+τ− is relatively insensitive to these
corrections. We also show in this plane contours of constant scatter-
ing cross section, assuming the bound on the invisible Z width (3.0
MeV) is saturated and ε0 = +εmax.

branching fraction and production cross section in opposite di-
rections, even extreme values of |ε0| = εmax give rise to small
modifications, ∼ 5%, to these curves. Examining these plots,
we can pick out the largest allowed scattering cross section,
σn <∼ 5 × 10−42 cm2, below the CoGeNT allowed region.
If the errors are both B experiments are inflated even further
(both experiments taken at 3.1 sigma), a fine-tuned region at
larger tanβ opens. There the charged Higgs contribution is
exactly the right size to (over)cancel the standard model con-
tribution, such that the resulting sum is again the same size as
the standard model one. If this strip were to open, the cross
allowed cross section is approximately a factor of 2 higher,
σn <∼ 1 × 10−41 cm2, and the Tevatron constraints on Higgs
production would start to be relevant.

Finally, we comment on the more model-dependent flavor
physics implications. For b → sγ, without cancellation, such
large values of tanβ would require charged Higgs masses
closer to 300 GeV [38]. In principle, there is the possibility of
large canceling contributions. However, this requires a large
contribution from squark/gaugino diagrams (e.g. with light
stops and charginos). Such a delicate cancelation would be
surprising, and might well show up elsewhere depending on
how it were implemented (e.g., non-minimal flavor violation).
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FIG. 3: Constraints on the mA − tanβ plane from B → τν,
B → Dτν and φ → τ+τ−, and t → bH+. In the case of the
B decays, we show a conservative bound (grey shaded region): the
intersection of the 3 sigma allowed regions for both B processes. For
φ → τ+τ− (the irregular red shaded region), the region below the
curve is allowed at 2 σ by the Tevatron. Since the B-decay region
depends on the squark and gluino masses due to loop corrections to
the b mass, we show lines corresponding to ε0 = −εmax. The region
for ε0 = +εmax is shown in Fig. 2. The φ → τ+τ− constraint is
relatively insensitive to these corrections. The green shaded region
indicates the constraint from t → bH+. We also show in this plane
contours of constant scattering cross section, assuming the bound on
the invisible Z width (3.0 MeV) is saturated and ε0 = −εmax.

To conclude, acquiring a large scattering cross section in
the MSSM for light WIMPs requires a very particular Higgs
boson spectrum. To achieve the largest possible cross section
consistent with constraints, we require µ very near its bound
at 108 GeV, sbottoms and gluino relatively light (around 350
GeV), a heavy right-handed stop around >∼ 1.5 TeV, and small
A-terms. To maximize scattering, the CP even Higgs boson
with tanβ–enhanced couplings should be as light as possi-
ble. At present, bounds from B decays are most constraining.
Depending on the details of the SUSY spectrum, constraints
from the rare decay t → bH+ could eventually become com-
petitive. We find that for WIMPs in the 5-15 GeV range, the
scattering cross section must be smaller than 5× 10−42 cm2.

Thus it appears a MSSM neutralino is in tension with the
data from CoGeNT. To explain the observed rates in these
detectors would require local overdensity in the DM of a
factor of 6 to hit the edge of the window. We leave for future
work a discussion of the effect of a thermal relic history on
the allowed parameter space of the low mass MSSM window,
but it is interesting to note that that region near the CoGeNT
window gives rise to approximately the correct relic density.

We thank Tim Cohen and Dan Phalen for discussions.

NMSSM changes the story Belikov, Gunion, Hooper

Kuflik, Pierce, KZ

Wednesday, October 19, 2011



What do we learn?

• A DM candidate that could generate 
such signals is not “standard”
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• Strongly constrained by XENON100 
results

• But inelastic is a theoretical idea here to 
stay

iDM for DAMA

2

tion. Another consequence of this minimum velocity is
the higher sensitivity of the recoil spectrum to the tail
of the WIMP velocity distribution, which enhances the
annual modulation effect for inelastic over elastic WIMP
scattering.

The XENON100 experiment [9] has recently reported
results from a 100.9 live days dark matter search [10]
in an energy interval between 8.4 and 44.6 keVnr (keV
nuclear recoil equivalent). The same data are used here
to constrain the iDM model. Three events fall in the pre-
defined WIMP search region for dark matter interactions,
which is compatible with the background expectation of
(1.8± 0.6) events, as described in [10].

To extract the DAMA/LIBRA allowed region in iDM
parameter space, the procedure described in [4] has been
followed, using an energy independent quenching factor
of 0.08 for iodine and not considering ion channeling. The
DAMA/LIBRA modulation amplitudes for different en-
ergies have been taken from [4], where they are extracted
from figure 9 of [2]. Data have been grouped in 17 bins,
of which the last one corresponds to the energy interval
between 10 and 20 keVee. Different values of σn, δ and
Mχ have been selected and for each of them the expected
modulation amplitude in the DAMA/LIBRA experiment
has been computed. The DAMA/LIBRA allowed region
is then defined as those parameters for which χ2(Mχ,
δ)< 24.77 for some value of σn, where 24.77 corresponds
to the value that is excluded at 90% confidence level for
a χ2 distribution with 17 degrees of freedom.

Following this procedure it is possible to compute for
every point in the allowed region the lowest cross section
which is compatible with DAMA/LIBRA at 90% confi-
dence level. The resulting cross section can be used to
predict a scatter rate in XENON100 and this can be com-
pared with the actual rate measured in XENON100. As
an example to illustrate the difference between the pre-
dictions from the DAMA/LIBRA data, figure 1 shows the
expected spectrum in XENON100, taking into account
exposure and data quality acceptance, and the 90% con-
fidence level cross section from DAMA/LIBRA, for dif-
ferent choices of Mχ and δ in the allowed region. The
WIMP velocity has been averaged over the data taking
period to account for annual modulation effects.

With this data a limit on σN can be extracted for every
pair of Mχ and δ values using both the Feldman-Cousins
method [11] and the optimum gap method [12]. We
assume a Maxwellian WIMP velocity distribution with
characteristic velocity v0 = 220 km/s and escape velocity
vesc = 544 km/s, a local WIMP density of 0.3GeV/cm3,
Earth’s velocity v⊕ = 29.8 km/s [4] and Helm form fac-
tors [13]. Figure 2 shows the extracted limit for δ =
120 keV using the Feldman-Cousins method. The 90%
confidence region explaining the DAMA/LIBRAmodula-
tion is also shown. It is excluded by the new XENON100
limit at 90% confidence level.

The systematic application of this procedure to the
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FIG. 1: Expected iDM nuclear recoil spectrum in XENON100
for 100.9 live days measured between January and June for a
WIMP with Mχ = 50 GeV, δ = 110 keV (black, solid); Mχ =
55 GeV, δ = 115 keV (blue, dotted), and Mχ = 60 GeV,
δ = 120 keV (green, dashed) and a σ corresponding to the
lower 90% confidence limit of the DAMA/LIBRA signal. The
XENON100 observed spectrum is shown in red. Vertical dot-
ted lines show the analysis energy interval.
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FIG. 2: DAMA/LIBRA 90% confidence level signal region for
δ = 120 keV (gray region). Superimposed are the 90% con-
fidence level exclusion curves for XENON100 (black, solid),
CDMS [14] (red, dashed) and ZEPLIN-III [15] (blue, dash-
dotted). The whole DAMA/LIBRA WIMP region is excluded
by XENON100.

DAMA/LIBRA data for all points in the δ-Mχ space
results in the gray area in figure 3, which shows the
allowed parameter space. To compare this result with
other experiments, for each allowed point in the δ-Mχ

space the lowest cross section in the 90% signal region
for the DAMA/LIBRA data is compared with the 90%
confidence level limit cross section predicted by the other
experiment. In case the value from DAMA/LIBRA is
higher than for the experiment compared, that point in
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FIG. 3: Allowed ranges of parameter space for dark dipole scattering with mediator mass mA′ = 70 MeV. In this plot, we
have set the dark gauge coupling αd = α. Lines are labeled as in Fig. 2. We note that the allowed DAMA parameter space for
heavy dark matter strongly depends on the dipole form factor’s behavior at high ER as discussed in Sec. III C in detail.

in [51, 68]. Specifically, we use

I : F 2
D[ER] =

(
0.5

L2d(ER)

L2d(0)
+ 0.5

√
Spp(ER)

Spp(0)

)2

(8)

Cs : F 2
D[ER] =

(
1.35

L1g(ER)

L1g(0)
− 0.35

√
Spp(ER)

Spp(0)

)2

which characterize the contributions of the proton spin
and angular momentum to the magnetic dipole moment
for iodine and cesium which are both proton-odd. The
predicted scattering rate will depend on these coefficients
in the combination, but of these the largest dependence
is in cesium due to its destructive interference. We have
chosen the more conservative result that comes from
using renormalized g factors [68]. It is worth noting
that only after using these renormalized factors, is the
magnetic dipole moment of Cs accurately predicted in
[68]. Using the unrenormalized factors would lead to a
stronger KIMS limit, especially at higher WIMP masses.
The other heavy targets we consider have dipoles dom-
inated by neutron spin, so we use the standard neutron
spin form factor for their scattering.

We should emphasize that combining the spin and an-
gular momentum contributions in this way is conserva-
tive. Softer form factors tend to give better agreement
for higher masses, and the destructive interference we
assume for Cs means that the overall magnetic dipole
form factor falls off slowly with ER, since the cancella-
tion ceases to be effective as the angular momentum con-
tribution drops off rapidly. This results in particularly
stringent limits from KIMS. Given these uncertainties,
we have employed an overall event rate constraint from
KIMS, requiring the event rate from 3−8 keVee (equiva-
lently 20− 100 keVR) to be less than the 90% confidence
level region of the observed rate .28 ± .16 cpd/kg. Note
that this energy recoil range roughly corresponds to the
2 − 8 keVee region we analyze for DAMA. On the other
hand, since signals from Xe and W are dominated by

dipole-charge scattering, their limits should be relatively
robust. We emphasize that our choice of a DAMA χ2 fit
to the 2-8 keVee bins is insensitive to the form factor at
ER ! 100 keVR. Since the spin form factor has a hard
tail, for heavy dark matter masses (and in particular at
large δ), the DAMA fit would be poorer if we included
some of the higher energy bins. For example, in Fig. 2
and 3, the DAMA region would shrink for the mχ = 300
GeV plots, while the plots for mχ = 70 GeV would be
nearly unaffected. Thus, whether or not heavy WIMPs
are allowed in this scenario is very sensitive to the high
energy behavior of the dipole form factor. Consequently,
numerical calculations of the form factor would help to
pin down this parameter space. Note that in the cases
where the WIMP is composite, additional form factors
are possible which may soften the spectrum at high en-
ergy, adding additional uncertainty beyond those of the
nuclear magnetic dipole form factor.

IV. CONCLUSIONS

The iodine target used at DAMA is set apart from
other direct detection targets by two intrinsic properties:
its large mass and nuclear magnetic moment. Therefore,
inelastic magnetic transitions which naturally utilize sig-
nificant dipole-dipole interactions in addition to dipole-
charge can explain the discrepancy between DAMA and
other searches. In this letter, we considered this pos-
sibility in detail for WIMPs with magnetic dipoles or
alternatively dark magnetic dipoles. We find that large
parts of parameter space are available where a good fit to
the DAMA modulation data is possible without violating
constraints imposed by other searches. Given this largely
untested scenario, we strongly encourage calculations of
the nuclear magnetic dipole form factor, as this remain-
ing uncertainty is important to determine the parameter
ranges of interest.
Magnetic-like interactions also change our expecta-

tions for upcoming experiments. When the scattering at

Chang, Weiner, Yavin
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Internal DM Structure

• Composite inelastic

• Form Factor DM

• Atomic DM

Lisanti, Wacker
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Kaplan, Krnjaic, Rehermann, Wells

ing the field strengths in Eq. 11 and Eq. 13 with1

Fµν
d → cos 2θP! F

µν
d + sin 2θP! F̃

µν
d . (17)

Therefore, turning on parity violation in the strong sec-
tor allows admixtures of vector and axial vector inter-
actions. The ratio of elastic to inelastic cross sections
becomes a free parameter. The next section will show
that an upper bound of θP! <∼ 0.08 is necessary to avoid
direct detection constraints assuming that all c, d ∼ O(1)
and mN ∼ mπd .

III. DIRECT DETECTION PHENOMENOLOGY

Novel features in the direct detection phenomenol-
ogy of composite models arise because the dark matter
has a finite size Λ−1

d # m−1
πd

. The cross section is sup-
pressed by an effective form factor when a neutral bound
state interacts with momentum |"q | $ Λd [26]. States
with nonzero spin have multipole interactions with the
field. These moments vanish for states with zero spin;
scalar states that can only couple through the charge-
radius and polarizability interactions are the dominant
scattering mechanisms. For the dark pion scattering off
the SM, the charge-radius interaction dominates over the
polarizability interaction, which is suppressed by an ad-
ditional factor of the mixing parameter ε2.

The charge-radius is the effective size of the πd

probed by the dark photon. In the limit of small mo-
mentum transfer |"q | $ Λd, the wavelength of the dark
photon is too long to probe the charged constituents of
the composite state and the scattering rate is suppressed.
Elastic charge-radius scattering cannot be the sole con-
tributor to the direct detection signal due to constraints
from current null experiments. However see [24, 25] for
examples on how form factors can reconcile DAMA with
the null experiments.

The dominant scattering is inelastic and there is a
subdominant elastic component that accounts for a frac-
tion of the total scattering rate. Specifically, the differ-
ential scattering cross section is

dσ

dER
=

(
θP!

2 4m2
NE2

Rκ

(mπdδm)2
+

mNER

2mπdδm

)
dσ0

dER
,

where mN is the mass of a nucleus with charge Z recoil-
ing with energy ER, ca

in, ca
el = 1 of Sec. II C and

dσ0

dER
=

8Z2αmN

v2

1
f4
eff

|FHelm(ER)|2
(
1 + 2mNER/m2

Ad

)2 . (18)

1 This only applies to the field strengths, F µν
d , not the gauge

potentials, Aµ
d , whose interactions are constrained by gauge in-

variance.

The scattering operators couple the dark matter states
coherently to the nuclear charge, and the Helm form fac-
tor accounts for loss of the coherence at large recoil

|FHelm(ER)|2 =
(

3j1(|q|r0)
|q|r0

)2

e−s2|q|2 , (19)

where s = 1 fm, r0 =
√

r2 − 5s2, and r = 1.2A1/3 fm
[27].

The differential cross section depends on the con-
finement scale Λd =

√
mπdδm/κ, the mass of the dark

photon mAd , and the couplings of the effective theory

f2
eff =

m2
Ad

κgdε
, (20)

where κ is the O(1/Nc) constant defining the mass dif-
ference from Eq. 4.

To determine the preferred region of parameter
space for CiDM models, a global χ2 analysis was per-
formed that included the results from all current direc-
tion detection experiments. This procedure is outlined
in [28, 29] and is summarized here. The differential scat-
tering rate per unit detector mass is

dR

dER
=

ρ0

mπdmN

∫
d3v f("v + "ve) v

dσ

dER
, (21)

where ρ0 = 0.3 GeV/cm3 is the local dark matter den-
sity and "ve is the velocity of the Earth in the galactic
rest frame. There are significant uncertainties in the
dark matter velocity distribution function f(v), and con-
straints on the particle physics model can vary wildly
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Asymmetric DM

In standard picture, DM abundance set by 
thermal freeze-out

What if instead set by baryon density?

Experimentally,
Find mechanism Gelmini, Hall, Lin, Barr, Kaplan, 

Kitano, Low, Farrar, Zaharijas, 
Fujii, Yanagida

nDM ≈ nb

ΩDM ≈ 5Ωb

mDM ≈ 5mp

Wednesday, October 19, 2011



Asymmetric DM
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Affleck-Dine Cogenesis
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We propose a novel framework in which the observed baryon and dark matter abundances are
simultaneously generated via the Affleck-Dine mechanism. In its simplest realization, Affleck-Dine
cogenesis is accomplished by a single superpotential operator and its A-term counterpart. These
operators explicitly break B − L and X, the dark matter number, to the diagonal B − L +X. In
the early universe these operators stabilize supersymmetric flat directions carrying non-zero B − L
and X, and impart the requisite CP violation for asymmetry generation. Because B − L + X is
preserved, the resulting B − L and X asymmetries are equal and opposite, though this precise
relation may be relaxed if B − L and X are violated separately by additional operators. Our dark
matter candidate is stabilized by R-parity and acquires an asymmetric abundance due to its non-
zero X number. For a dark matter mass of order a few GeV, one naturally obtains the observed
ratio of energy densities today, ΩDM/ΩB ∼ 5. These theories typically predict macroscopic lifetimes
for the lightest observable supersymmetric particle as it decays to the dark matter.

I. INTRODUCTION

The existence of the baryon asymmetry and dark mat-
ter (DM) are key pieces of evidence for physics beyond
the standard model (SM). In particular, the SM pro-
vides neither enough CP violation to generate the ob-
served baryon asymmetry nor a viable DM candidate.
On the other hand, supersymmetry can accommodate
both, albeit through unrelated mechanisms. The baryon
asymmetry is set by new CP violating phases and out of
equilibrium dynamics, while the DM density arises from
thermal freeze out.
In this paper we unify the production of baryon and

DM number through a simple extension of the Affleck-
Dine mechanism [1, 2] which exploits the fact that super-
symmetric flat directions can also carry DM number. In
particular, we consider a setup with the usual U(1)B−L

symmetry carried by MSSM fields and a U(1)X symme-
try carried by additional states which we refer to col-
lectively as the DM sector. Typically, there exists an
operator

OB−LOX , (1)

where OB−L and OX are gauge invariant products of
chiral superfields which carry B − L and X number, re-
spectively. In general, we are interested in operators of
the form

OB−L = LHu, LLE
c, QLDc, U cDcDc, (2)

which have charge −1 under U(1)B−L, while we choose
X charges such that OX has charge +1 under U(1)X . In
this convention, OB−LOX explicitly breaks B−L and X
number down to an exact, diagonal B − L+X number.
As in canonical AD, inflation induces supersymmetry

breaking effects proportional to the Hubble parameter
which can efficiently drive 〈B − L〉 and 〈X〉 to non-zero
values in the early universe. As the universe cools, these
operators become ineffective and the vacuum settles to

the present day B−L and X preserving minimum. Dur-
ing this transition, the A-term counterpart of the opera-
tor in Eq. (1) enters into the scalar potential and induces
a “torque” on the phases of the complex scalar fields.
This A-term provides the required CP violation needed
to generate B−L and X asymmetries. Because the the-
ory preserves B − L + X , the resulting asymmetry has
vanishing B − L+X number, so

− nB−L = nX $= 0. (3)

Since the baryon and DM asymmetries are produced si-
multaneously, we refer to this mechanism as AD “coge-
nesis.” The relation in Eq. (3) can be modified in the
presence of additional operators which separately violate
B − L and X .
As we will see, the DM sector is thermalized after infla-

tion, albeit at a low temperature, and chemical equilib-
rium distributes the initial nX asymmetry among all X
charged states which are sufficiently long-lived to freeze
out. An example of such a state is the lightestX number
charged particle (LXP), which is often meta-stable, but
will in general decay late to B − L charged SM states
via OB−LOX . In this paper, we will assume that the
lightest supersymmetric particle (LSP) carries X num-
ber and it thus attains an asymmetric relic abundance
from the initial X asymmetry. Moreover, because the
lightest observable supersymmetric particle (LOSP) and
the LXP are typically long-lived, this class of theories
accommodates an interesting collider phenomenology.
Operators of the form OB−LOX were considered more

generally in Asymmetric DM [3], which relates a present
day asymmetry in baryons and DM via similar symmetry
considerations. However, while in [3] the baryon asym-
metry was assumed initially and then shared with the
DM, in the present work the baryon and DM asym-
metries are generated dynamically and simultaneously.
Other types of mechanisms for generating or transferring
an asymmetry between sectors have been discussed in the
literature, from electroweak sphalerons [4], to out of equi-

ar
X

iv
:1

1
0

5
.4

6
1

2
v

1
  

[h
ep

-p
h

] 
 2

3
 M

ay
 2

0
1

1

Affleck-Dine Cogenesis

Clifford Cheung1, 2 and Kathryn M. Zurek3

1Berkeley Center for Theoretical Physics, University of California, Berkeley, CA 94720, USA
2Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
3Michigan Center for Theoretical Physics, University of Michigan, Ann Arbor, MI 48109, USA

We propose a novel framework in which the observed baryon and dark matter abundances are
simultaneously generated via the Affleck-Dine mechanism. In its simplest realization, Affleck-Dine
cogenesis is accomplished by a single superpotential operator and its A-term counterpart. These
operators explicitly break B − L and X, the dark matter number, to the diagonal B − L +X. In
the early universe these operators stabilize supersymmetric flat directions carrying non-zero B − L
and X, and impart the requisite CP violation for asymmetry generation. Because B − L + X is
preserved, the resulting B − L and X asymmetries are equal and opposite, though this precise
relation may be relaxed if B − L and X are violated separately by additional operators. Our dark
matter candidate is stabilized by R-parity and acquires an asymmetric abundance due to its non-
zero X number. For a dark matter mass of order a few GeV, one naturally obtains the observed
ratio of energy densities today, ΩDM/ΩB ∼ 5. These theories typically predict macroscopic lifetimes
for the lightest observable supersymmetric particle as it decays to the dark matter.

I. INTRODUCTION

The existence of the baryon asymmetry and dark mat-
ter (DM) are key pieces of evidence for physics beyond
the standard model (SM). In particular, the SM pro-
vides neither enough CP violation to generate the ob-
served baryon asymmetry nor a viable DM candidate.
On the other hand, supersymmetry can accommodate
both, albeit through unrelated mechanisms. The baryon
asymmetry is set by new CP violating phases and out of
equilibrium dynamics, while the DM density arises from
thermal freeze out.
In this paper we unify the production of baryon and

DM number through a simple extension of the Affleck-
Dine mechanism [1, 2] which exploits the fact that super-
symmetric flat directions can also carry DM number. In
particular, we consider a setup with the usual U(1)B−L

symmetry carried by MSSM fields and a U(1)X symme-
try carried by additional states which we refer to col-
lectively as the DM sector. Typically, there exists an
operator

OB−LOX , (1)

where OB−L and OX are gauge invariant products of
chiral superfields which carry B − L and X number, re-
spectively. In general, we are interested in operators of
the form

OB−L = LHu, LLE
c, QLDc, U cDcDc, (2)

which have charge −1 under U(1)B−L, while we choose
X charges such that OX has charge +1 under U(1)X . In
this convention, OB−LOX explicitly breaks B−L and X
number down to an exact, diagonal B − L+X number.
As in canonical AD, inflation induces supersymmetry

breaking effects proportional to the Hubble parameter
which can efficiently drive 〈B − L〉 and 〈X〉 to non-zero
values in the early universe. As the universe cools, these
operators become ineffective and the vacuum settles to

the present day B−L and X preserving minimum. Dur-
ing this transition, the A-term counterpart of the opera-
tor in Eq. (1) enters into the scalar potential and induces
a “torque” on the phases of the complex scalar fields.
This A-term provides the required CP violation needed
to generate B−L and X asymmetries. Because the the-
ory preserves B − L + X , the resulting asymmetry has
vanishing B − L+X number, so

− nB−L = nX $= 0. (3)

Since the baryon and DM asymmetries are produced si-
multaneously, we refer to this mechanism as AD “coge-
nesis.” The relation in Eq. (3) can be modified in the
presence of additional operators which separately violate
B − L and X .
As we will see, the DM sector is thermalized after infla-

tion, albeit at a low temperature, and chemical equilib-
rium distributes the initial nX asymmetry among all X
charged states which are sufficiently long-lived to freeze
out. An example of such a state is the lightestX number
charged particle (LXP), which is often meta-stable, but
will in general decay late to B − L charged SM states
via OB−LOX . In this paper, we will assume that the
lightest supersymmetric particle (LSP) carries X num-
ber and it thus attains an asymmetric relic abundance
from the initial X asymmetry. Moreover, because the
lightest observable supersymmetric particle (LOSP) and
the LXP are typically long-lived, this class of theories
accommodates an interesting collider phenomenology.
Operators of the form OB−LOX were considered more

generally in Asymmetric DM [3], which relates a present
day asymmetry in baryons and DM via similar symmetry
considerations. However, while in [3] the baryon asym-
metry was assumed initially and then shared with the
DM, in the present work the baryon and DM asym-
metries are generated dynamically and simultaneously.
Other types of mechanisms for generating or transferring
an asymmetry between sectors have been discussed in the
literature, from electroweak sphalerons [4], to out of equi-
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Asymmetric DM
1. Transfer lepton or baryon asymmetry to 
DM through higher dimension operator

2. Have asymmetry transferring operator 
decouple before DM becomes non-relativistic 
(Otherwise allows DM asymmetry to wash-
out)

3. Annihilate away symmetric abundance of 
DM nX − nX̄ ≈ 10−10nX
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Annihilating thermal 
abundance

nDM ∼ T 3 → 10−10T 3

Dark

Matter   Anti-Matter
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Annihilating thermal 
abundance

• Through heavy mediators

• Tight constraints!

nDM ∼ T 3 → 10−10T 3

mH′/y′ ! 200 GeV
e+ e−

H ′±

X X̄
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Annihilating Thermal 
Abundance

• Alternative: light states that the DM can 
annihilate to that rapidly decay

• Much more robust!

The fact that the X mass is somewhat larger than the näıve estimate of 5 GeV is due
to X < B, which in turn can be traced to the fact that the model contains more ba-
ryons than X particles: in relativistic equilibrium conserved charges are proportional

to the number of degrees of freedom carrying that charge.3

It is also possible that the interactions Eq. (2.1) decouple below the electroweak

phase transition. In this case, integrating out both the top and the superpartners,
we obtain

X

B
=

13

40
(2.12)

and therefore

mX ! 13 GeV. (2.13)

We now discuss the origin of the dark matter mass. This is a supersymmetric Dirac
mass arising from a superpotential term ∆W = mXX̄X. The question of why mX is

close to the weak scale is similar to the “µ problem” of supersymmetric models, which
is explaining the origin of the supersymmetric Higgs mass term ∆Weff = µHuHd.
Perhaps the simplest solution is the next-to-minimal supersymmetric standard model

(NMSSM) in which the required mass terms are given by the VEV of a singlet field
S:

∆W = λXSXX̄ + λHSHuHd +
κ

3
S3. (2.14)

This model naturally generates a VEV for S of order the electroweak scale and gives
the required mass terms for Higgs and X particles. Very importantly for dark matter
phenomenology, it also gives a direct coupling of X to the standard model, allowing

the dark matter to be directly detected.

The final ingredient is that the thermal abundance of X particles and antiparticles

must efficiently annihilate, so that the relic density of dark matter is given by the X
particle-antiparticle asymmetry. This requires 〈σannv〉 >∼ pb. In the context of the

NMSSM, a simple possibility is X̄X → aa, where a is the lightest pseudoscalar in
the Higgs sector. This is unsuppressed in the early universe as long as ma <∼ mX .
It is natural for a to be light if A terms are small, in which case a is a pseudo

Nambu-Goldstone boson of a global U(1)R symmetry. The annihiation comes from
the coupling

∆Leff = mXX̄Xeia/s + h.c., (2.15)

3We must also impose the condition that the universe has no net electric charge. Since X does
not carry charge, this condition restricts only the relative number of standard model particles, and
does not affect the scaling argument above.
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• Introduce new light forces, which are 
constrained by halo shapes

Dark Forces

8

a)

χ

χ

φ

φ

φ
...

mφ ∼ GeV

b)

χ

χ

φ

φ

FIG. 3: The annihilation diagrams χχ → φφ both with (a) and without (b) the Sommerfeld enhancements.

for ordinary WIMP annihilations, mediated by W/Z/γ exchange).

Because of the presence of a new light state, the annihilation χχ → φφ can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <∼ 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ∼ GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller π0 and p̄ signals. Consequently, an

important question is the tendency of φ to decay to leptons. This is a simple matter of how φ couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar φ can couple with a dilaton-like coupling φFµνFµν , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e− spectrum. A more promising approach would be to mix

φ with the standard model Higgs with a term κφ2h†h. Should φ acquire a vev 〈φ〉 ∼ mφ, then we yield a small mixing

with the standard model Higgs, and the φ will decay into the heaviest fermion pair available. For mφ
<∼ 200 MeV

it will decay directly to e+e−, while for 200 MeV<∼ mφ
<∼ 250 MeV, φ will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e− and µ+µ− give good fits to the PAMELA data,

while e+e− gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F ′
µνFµν . This possibility was considered

some time ago in [40]. Such an operator will cause a vector φµ to couple directly to charge. Thus, for mφ
<∼ 2mµ it

will decay to e+e−, while for 2mµ
<∼ mφ

<∼ 2mπ it will decay equally to e+e− and µ+µ−. Above 2mπ, it will decay

40% e+e−, 40% µ+µ− and 20%π+π−. At these masses, no direct decays into π0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the φ will decay to quarks, producing a wider range of hadronic states, including π0’s, and, at

suitably high masses mφ
>∼ 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ∼ mφ [44].
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in
[19] to

generate
a
large

positron
signal w

ith
sm

aller
π 0

and
p̄

signals.
C
onsequently, an

im
portant

question
is

the
tendency

of φ
to

decay
to

leptons.
T
his

is
a

sim
ple

m
atter

of how
φ

couples
to

the
standard

m
odel.

(A
m

ore
detailed

discussion
of

this
can

be
found

in
[30].)

A
scalar

φ
can

couple
w
ith

a
dilaton-like

coupling
φF

µ
ν
F

µ
ν , w

hich
w
ill produce

photons
and

hadrons
(via

gluons).

Such
a

possibility
w
ill generally

fail to
produce

a
hard

e +
e −

spectrum
.
A

m
ore

prom
ising

approach
w
ould

be
to

m
ix

φ
w
ith

the
standard

m
odel H

iggs
w
ith

a
term

κφ 2
h †

h.
Should

φ
acquire

a
vev

〈φ〉 ∼
m

φ , then
w
e
yield

a
sm

all m
ixing

w
ith

the
standard

m
odel

H
iggs,

and
the

φ
w
ill

decay
into

the
heaviest

ferm
ion

pair
available.

For
m

φ <∼
200

M
eV

it
w
ill

decay
directly

to
e +

e −
,
w
hile

for
200

M
eV

<∼
m

φ <∼
250

M
eV

,
φ

w
ill

decay
dom

inantly
to

m
uons.

A
bove

that

hadronic
states

appear,
and

pion
m

odes
w
ill

dom
inate.

B
oth

e +
e −

and
µ +

µ −
give

good
fits

to
the

PA
M

E
L
A

data,

w
hile

e +
e −

gives
a

better
fit

to
PA

M
E
L
A
+

A
T
IC

.

A
pseudoscalar, w

hile
not

yielding
a

Som
m

erfeld
enhancem

ent, could
naturally

be
present

in
this

new
sector.

Such

a
particle

w
ould

typically
couple

to
the

heaviest
particle

available, or
through

the
axion

analog
of the

dilaton
coupling

above.
C
onsequently, the

decays
of

a
pseudoscalar

w
ould

be
sim

ilar
to

those
of

the
scalar.

A
vector

boson
w
ill naturally

m
ix

w
ith

electrom
agnetism

via
the

operator
F
′µ

ν F
µ
ν
.
T
his

possibility
w
as

considered

som
e

tim
e

ago
in

[40].
Such

an
operator

w
ill

cause
a

vector
φ

µ
to

couple
directly

to
charge.

T
hus,

for
m

φ <∼
2m

µ
it

w
ill

decay
to

e +
e −

,
w
hile

for
2m

µ <∼
m

φ <∼
2m

π
it

w
ill

decay
equally

to
e +

e −
and

µ +
µ −

.
A
bove

2m
π ,

it
w
ill

decay

40%
e +

e −
, 40%

µ +
µ −

and
20%

π +
π −

.
A
t
these

m
asses, no

direct
decays

into
π 0

’s
w
ill occur

because
they

are
neutral

and
the

hadrons
are

the
appropriate

degrees
of freedom

.
A
t
higher

m
asses, w

here
quarks

and
Q

C
D

are
the

appropriate

degrees
of

freedom
,
the

φ
w
ill

decay
to

quarks,
producing

a
w
ider

range
of

hadronic
states,

including
π 0

’s,
and,

at

suitably
high

m
asses

m
φ >∼

2
G

eV
, antiprotons

as
w
ell [66].

In
addition

to
X
D
M

[18], som
e
other

im
portant

exam
ples

of theories
under

w
hich

dark
m

atter
interacts

w
ith

new
forces

include
W

IM
P
less

m
odels

[41], m
irror

dark
m

atter
[42]

and
secluded

dark
m

atter
[43].

N
ote

that,
w
hile

these
interactions

betw
een

the
sectors

can
be

sm
all,

they
are

all
large

enough
to

keep
the

dark

and
standard

m
odel sectors

in
therm

al equilibrium
dow

n
to

tem
peratures

far
beneath

the
dark

m
atter

m
ass, and

(as

m
entioned

in
the

previous
section), w

e
can

naturally
get

the
correct

therm
al relic

abundance
w
ith

a
w
eak-scale

dark

m
atter

m
ass

and
perturbative

annihilation
cross

sections.
K

inetic
equilibrium

in
these

m
odels

is
naturally

m
aintained

dow
n

to
the

tem
perature

T
C
M

B
∼

m
φ
[44].
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Halo Shapes
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Figure 2: Lower limit on the mediator mass from combining relic density and DM self-interaction constraints. We
show the case of a vector mediator; the result for a scalar mediator is similar and is given in Eq. (33). We consider
DM self-interaction constraints from Bullet cluster observations, elliptical cluster shapes, and elliptical halo shapes.
The dashed red line indicates the bound on the mass if CMB bounds are also applied, assuming efficiency f ≈ 1.

bound on f〈σv〉CMB. The analytic approximation in Eq. (27) agrees well with the numerical results and is
indicated by the dotted line. Note that the only difference between a heavy mediator and light mediator
with large width is whether there is a contribution to g∗ from the light mediator. A slightly higher g∗ in the
light mediator case gives rise to lower r∞, which in turn weakens the lower bound on 〈σv〉.

In the above discussion, we have neglected the Sommerfeld enhancement effect. As we discuss in the
following section, the mediator mass is bounded from below by DM halo shape bounds; this limits the size
of any Sommerfeld enhancement. In addition, since 〈σv〉 ≈ πα2

X/m2
X , for light DM the coupling αX can

be much smaller and still satisfy the relic density constraint. For the DM masses considered here, we have
checked that the Sommerfeld enhancement effect is negligible for s-wave and p-wave annihilation processes
at both freezeout and during recombination, if we take αX and mφ close to their minimum allowed values.

V. HALO SHAPE CONSTRAINTS ON THE MEDIATOR MASS

The presence of the light mediator allows for significant DM self-interactions, which can have non-trivial
effects on DM halo dynamics. A number of astrophysical observations constrain DM self-interactions, for
example observations of the Bullet Cluster [52], elliptical galaxy clusters [53] and elliptical DM halos [35, 54].
Among these, the upper bound on DM self-interaction from the ellipticity of DM halos is the strongest [35].
DM self-interactions can erase the velocity anisotropy and lead to spherical DM halos, so the observed
elliptical DM halos constrains the DM self-scattering rate. Because the strength of self-interaction increases
as the mediator mass decreases, we can use the elliptical halo shape constraint to place a lower limit on
the mediator mass. Note that in the case of mφ = 0, the ellipticity of the DM halos then places a strong
upper limit on the hidden sector coupling gX ; it is only possible to obtain the correct relic density if
mX ! 103 GeV [35, 37].

The effect of DM self-interactions on DM halo shapes can be parametrized by the average rate for DM

10

Eliminates massless force mediators
Lin, Yu, KZ
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Natural Scale for ADM 
is Few GeV ...

• But mechanisms exist to dial the mass 
scale down, e.g. leptogenesis

DM SM

Ni
yiNi LHλiNi χφ

Figure 1: A schematic view of our framework: the SM and DM sectors are indirectly connected

via Yukawa interactions with the same heavy right-handed neutrinos, Ni. The complex couplings,

λi and yi, lead to CP violation in Ni decays, and consequently particle-antiparticle asymmetries for

DM and leptons.

The generation of the DM abundance adheres to the following steps,

• A population of (at least) the lightest Majorana neutrino, N1, is generated in the early

universe.

• At temperatures below MN1 , these neutrinos decay out of equilibrium to both sectors.

The CP-violating decays lead to a lepton number asymmetry in both the SM and

hidden sector.

• As the universe cools well belowMN1 , the washout of lepton asymmetry, and its transfer

between the 2 sectors, becomes inefficient and the asymmetries are frozen-in. The

asymptotic asymmetry can, in general, be different in the two sectors due to different

branching fractions and/or washout effects.

• As usual, the SM lepton asymmetry is transferred into baryon asymmetry via elec-

troweak sphalerons. The symmetric baryon component is almost entirely wiped out

by hadronic annihilations, and only the asymmetric component survives.

• Similarly, the symmetric component of the DM number density is annihilated away

in the hidden sector. The relic abundance of DM is set by the remaining asymmetric

component. DM receives a Dirac mass,mχχχ̃, with another fermion state in the hidden

sector, χ̃.

3

Falkowski, Ruderman, Volansky ’11

N1,

εχ =
Γ (N1 → χφ)− Γ

(
N1 → χ̄φ†)

ΓN1

, εl =
Γ (N1 → lh)− Γ

(
N1 → l̄h†)

ΓN1

, (2.2)

where ΓN1 = (y21 + λ2
1)MN1/16π is its total width. The asymmetries are straightforward to

compute,

εχ # M1

M2

1

16π(y21 + λ2
1)

(
2λ2

1|λ2|2 sin (2φχ) + y1y2λ1|λ2| sin (φl + φχ)
)
, (2.3)

εl # M1

M2

1

16π(y21 + λ2
1)

(
2y21|y2|2 sin (2φl) + y1y2λ1|λ2| sin (φl + φχ)

)
. (2.4)

We see immediately that the 2 sectors may have different asymmetries, and in particular,

εl
εχ

# 2r sin(2φl) + sin(φl + φχ)

2r−1 sin(2φχ) + sin(φl + φχ)
, r =

y1|y2|
λ1|λ2|

. (2.5)

Therefore εl/εχ # r for generic phases. When the couplings of matter fields to both right

handed neutrinos are similar, y1 # y2 and λ1 # λ2, the asymmetry for each sector scales as

the branching ratio of N1 decays into that sector. Of course, when Yukawa couplings within

one sector are hierarchical, e.g. y1 $ y2 and/or λ1 % λ2, the decay asymmetries do not have

to be correlated with the branching ratios.

The final asymmetry in each sector is determined not only by the decay asymmetries

εx, but also by washout effects and transfer effects that may change the asymmetry in one

or both of the sectors. These may change the simple dependence on the branching ratios

quite drastically and may even result with a larger asymmetry in the sector with the smaller

branching fraction and decay asymmetry. The range of possible asymmetry patterns is

therefore very rich.

2.3 Boltzmann Equations

The cosmological evolution of the sterile neutrinos and the asymmetries are described by

the Boltzmann Equations (BEs). We introduce the abundance yield Yx = nx/s where nx

is the number density of the particle x and s is the entropy density. We are interested in

the evolution of the asymmetries Y∆l,χ = Yl,χ − Yl̄,χ̄ as a function of time (or temperature

T ), assuming these asymmetries vanish at early times. To this end we solve the BEs that

7

mDM ∼ ΩDM

Ωb

εχ

εl
mp
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Light Dark Matter ...

Must be asymmetric or p-wave suppressed
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Figure 1: (Top) WMAP7 95% C.L. constraints on the DM annihilation cross section and mass for various values
of r = r∞ = ΩX̄/ΩX . The shaded region (blue) has been excluded by the WMAP7 data, with different shades
corresponding to different r∞. Along the horizontal contours of r are the values of 〈σv〉 where the correct relic
density ΩCDMh2 can be obtained. We take two possible values for the effective f value: f = 1 (solid) and f = 0.1
(dashed). The turnover around mX ∼ 10 GeV comes from the drop in SM degrees of freedom around 1 GeV. The
solid red line is the intersection of the WMAP7 and relic density contours: it indicates the minimum 〈σv〉 needed
to obtain the right relic density and satisfy CMB constraints for s-wave annihilation. The lighter (green) lines are
the analytic approximation for this minimum 〈σv〉, given in Eq. (27). Note that the only effect of a light mediator φ
(compared with the heavy mediator case) is through its contribution to g∗. (Bottom) The corresponding maximum r∞
value. The lighter (green) lines are an analytic approximation: r∞ < r0/ ln (1/r0), with r0 = 2× 10−2(mX/GeV)/f .
Slight discrepancy with number in Eq. (26)?
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3

WMAP7 WMAP7+ACT WMAP7 Standard WMAP7+ACT Standard

pann[cm
3/s/GeV ] < 2.42 × 10−27 < 2.09 × 10−27 - -

ns 0.977 ± 0.015 0.971 ± 0.014 0.963 ± 0.014 0.962 ± 0.013
100Ωbh

2 2.266 ± 0.057 2.237 ± 0.053 2.258+0.057
−0.056 2.214 ± 0.050

Ωch
2 0.1115± 0.0054 0.1119± 0.0053 0.1109± 0.0056 0.1127± 0.0054

TABLE I: Constraints on the annihilation parameter pann and on the cosmological parameters that are more degenerate with
it, i. e. the scalar spectral index ns, the baryon density ωb and the dark matter density ωc. We report the results using WMAP7
data and WMAP7+ACT data. The constraints on pann are upper bound at 95% c.l., while for the other parameters we show
the marginalized value and their errors at 68% c.l. The last two columns reports the value of the cosmological parameters in
the standard ΛCDM case with no annihilation, as found by the WMAP7 team [24] and the ACT team [25].

the initial energy deposited into the gas is not constant
with cosmic time, even if the on–the–spot approximation
holds true at all redshifts of interest. This problem has
been addressed in [19], where the authors have computed
the evolution of the energy fraction f(z) for different pri-
mary species, and DM particle mass. As it can be seen
from their Figure 4, the f(z) is a smoothly varying func-
tion of redshift (even more so for the values of interest in
our problem 100 <

∼ z <
∼ 1000). We show the constraints

for time-varying f(z) in Figure 1. Interestingly, the new
results rule out ‘thermal’ WIMPs with mass mχ

<
∼ 10

GeV.
We have checked the constraints which is possible to

place using the redshift dependent shape of f presented in
Equation A1 and Table 1 of [19]. We have obtained con-
straints for purely DM models annihilating solely (and
separately) into electrons and muons, with different DM
masses, reported in Table II. This choice of annihila-
tion channels brackets the possible values of f(z): the
case of annihilation to other channels (except of course
neutrinos, which practically do not couple at all with the
plasma) falls between the two limiting cases studied here.
Although the implementation of the z-dependence of

f clearly leads to more accurate results, we found that
taking a simplified analysis with constant f , such that
f(z = 600) = fconst, leads to a difference with respect to
the full f(z) approach of less than ∼ 15%, depending on
the annihilation channel considered.
Discussion and Conclusions. In this brief report

we have provided new updated CMB constraints on
WIMP annihilations, with an improved analysis that
includes more recent CMB data (WMAP7 and the
ACT2008) and implementing the redshift evolution of the
thermal gas opacity to the high energy primary shower.
We have also found that a simplified analysis with con-
stant f = f(z = 600) leads to an error on the maximum
DM self-annihilation cross section smaller than ∼ 15%,
with respect to a treatment that fully takes into account
the redshift dependence of f(z).
While we were finalizing this paper, Hutsi et al.

(HCHR2011) [26] have reported results from a similar
analysis, using an averaged evolution of the f(z). They
provide 2− σ upper limits from WMAP7 with 1− σ un-
certainties on these limits due to the method used. These

FIG. 1: Constraints on the cross section < σv > in function
of the mass, obtained using a variable f(z) for particles anni-
hilating in muons (x signs) and in electrons (diamonds) using
WMAP7 data (red) and WMAP7+ACT data (black) at 95%
c.l.. The exclusion shaded areas are obtained for interpolation
of the WMAP7 + ACT data points for muons (dark shading)
and electrons (light shading). The black solid line indicates
the standard thermal cross-section < σv >= 3×10−26cm3/s.

results are a factor between 1.2 and 2 weaker than ours.
This is partially due to the fact that we account for ex-

tra Lyman radiation in our code, but this can account for
only less than 10% of the difference between the results.
As in GIBM09, we have calculated how much the

Planck satellite and a hypothetical Cosmic Variance Lim-
ited experiment will improve the constraints compared
to WMAP7 in the case of constant f (constraints for
Planck and CVL reported in GIBM09). We obtain im-
provement factors of 8 and 23 for Planck and CVL re-
spectively, which are compatible with the ones reported
in HCHR2011, 6 and 13. The difference for the CVL
experiment is attributed to the slightly different specifi-
cations used for the CVL experiment in HCHR2011 and
in GIBM09, namely the maximum multipole considered
in the analysis, as also stated in HCHR2011. Clearly the
data from the on-going Planck satellite mission, expected

Lin, Yu, KZ

Bertone, Galli, Iocco, Melchiorri

Wednesday, October 19, 2011



Summary

Standard Model

The dark side may 
be Complex?

Mp ∼ 1 GeV

While the single, stable, weakly 
interacting, massive particle paradigm is 

compelling ...
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