
Asymmetric Dark 
Matter

Kathryn M. Zurek
University of Michigan

Thursday, December 15, 2011



Evidence for DM 
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• Hunt dates 100 years
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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: ±2! statistical
errors; larger boxes: ±2! 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

Bullet Cluster
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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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New Physics

Dynamical 
Selection?

New Dynamics 
in Particles, 

Definitely BSM
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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 !
PBH

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

S ! !
PBH

"
3

4
!r = !p (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) a!ected 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

!
CDM

(k) = Tad(k)!i,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 o!set

"P
CDM

#
9M

PBH
(1 + zeq)2

4"
CDM

= 4.63

!

M
PBH

103M"

"

(#
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 di!erent masses of the PBHs.
!!

8
is !8 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 di!erent

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-# forest power spectrum
is discussed in the next section.

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

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-" forest model parameters and !!

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-# forest

Afshordi, McDonald, Spergel
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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 ,!X) plane, where mX is the mass of the dark matter charged
under the unbroken hidden sector U(1)EM with fine-structure constant !X . Contours for fixed
dark matter cosmological relic density consistent with WMAP results, !Xh2 = 0.11, are shown

for (tan "h
W , #RH) = (

!

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 di!erence 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 !̃h dark matter, this implies that the dark matter remains in kinetic contact
not only through the weak process !̃h"h ! !̃h"h, but also through the Compton scattering
process !̃h#h ! !̃h#h. 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 di!erence 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 e!ect 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
= "(T h)(T hmX"!p + $p ·#!p + 3)f($p) , (6)

6

Feng, Tu, Yu
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Theories of Dark Matter

• Axions

• WIMPs

• Chemical Potential Dark Matter

- Solve Strong CP
- Correct density of high scale axions via selection

- Naturally obtain correct density via freeze-out
- Connected to weak scale

- Naturally obtain correct density via chemical 
potential
- Connected to weak scale

Thursday, December 15, 2011



Asymmetric Dark Matter

Visible Dark

Matter    Anti-matter Matter   Anti-Matter
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Baryon and DM Number 
Related?

• Weak scale freeze-out

• But why baryon and DM 
densities so close?

! = n!v = H

Measured by WMAP + LSS

=! ! "
1

(100GeV)2

Kolb and Turner
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Baryon and DM Number 
Related?

• Accidental, or 
dynamically related?

nDM ! nb

!DM ! 5!bExperimentally,
Mechanism

mDM ! 5mp

Nussinov, 
Hall, Gelmini, 

Barr, Chivukula, Farhi, 
D.B. Kaplan
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DM Mass Scales

• DM can be heavier if DM number 
violating operators decouple late

• Extra Boltzmann suppression

nX ! nX̄ " (nb ! nb̄)e
!mDM /Td

Thursday, December 15, 2011



Technibaryon and 
Quirky dark matter

• Use sphalerons to transfer asymmetry

• First used in the context of technicolor, by 
Barr, Chivukula, Farhi; D. B. Kaplan

• Sphalerons mix SM fields carrying B,L 
with technifermions

B, L X

SU(2) carrying 
dark fields!

Thursday, December 15, 2011



Technicolor and 
technibaryons

Barr, Chivukula, Farhi
Sannino et al
D.B. Kaplan

• LEP, precision EW and Technicolor

• Self-interacting Dark Matter constraints

• Struggle to obtain correct relic density
Thursday, December 15, 2011



A simple prescription:
Asymmetric DM

• Avoids the pitfalls of models which 
have their asymmetry related to the 
baryon asymmetry via EW quantum 
numbers

• Essential idea is to use higher 
dimension operators to transfer the 
asymmetry between sectors 

Luty, Kaplan, KZ ’09

Thursday, December 15, 2011



Asymmetric DM
Integrate out heavy state

Effective operators:
Luty, Kaplan, KZ ’09

Standard Model
Dark Matter

(Hidden Valley)

Mp ! 1 GeV

N

X

X

Inaccessibility

En
er

gy

Xucdcdc
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Asymmetric DM
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A!eck-Dine Cogenesis

Cli!ord 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 A!eck-Dine mechanism. In its simplest realization, A!eck-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, "DM/"B " 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 A"eck-
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 e!ects proportional to the Hubble parameter
which can e#ciently drive "B ! L# and "X# to non-zero
values in the early universe. As the universe cools, these
operators become ine!ective 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 su#ciently 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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We propose a novel framework in which the observed baryon and dark matter abundances are
simultaneously generated via the A!eck-Dine mechanism. In its simplest realization, A!eck-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, "DM/"B " 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 A"eck-
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 e!ects proportional to the Hubble parameter
which can e#ciently drive "B ! L# and "X# to non-zero
values in the early universe. As the universe cools, these
operators become ine!ective 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 su#ciently 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-

OX = X, X2

Standard Model Dark Matter
Mp ! 1 GeV

Inaccessibility

En
er

gy
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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

Thursday, December 15, 2011



Annihilating thermal 
abundance

nDM ! T 3 " 10!10T 3

Dark

Matter   Anti-Matter

Thursday, December 15, 2011



Annihilating thermal 
abundance

• Through heavy mediators

• Tight constraints

nDM ! T 3 " 10!10T 3

mH!/y! ! 200 GeV
e+ e!

H !±

X X̄

Thursday, December 15, 2011



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 !We! = 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 = !XSXX̄ + !HSHuHd +
"

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 e"ciently annihilate, so that the relic density of dark matter is given by the X
particle-antiparticle asymmetry. This requires "#annv# >$ 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

!Le! = 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 a!ect the scaling argument above.
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Implications for 
colliders

• MSSM LSP is not stable
W =

X2LH

M
2(nX ! nX̄) " nL ! nL̄

mX ! 2.4 GeV
!DM

!b
! 11 GeV!

!̃

X

h0!̃

X
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Collider signatures

W =
X2udd

M2

Missing energy largely reduced

!̃ q̃ X̃
X̃

q

qq
mDM ! 8 GeV
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Many Examples of 
Asymmetric DM

Standard Model
Mp ! 1 GeV Could be complex

Multiple resonances?

Dark forces and dark 
Higgs mechanism
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Many Questions Remain

• How to generate the asymmetry?

• How to dynamically generate DM mass 
and light states in hidden sector?

• Cosmological implications -- is the 
asymmetry erased? Impact on 
astrophysical objects?

• Direct and indirect detection of DM?

Thursday, December 15, 2011



Generating an 
Asymmetry

• Original ADM scenario assumed an 
asymmetry was generated and then 
transferred

• Higher dimension operators make a 
natural playing field for Affleck-Dine 
Cogenesis = simultaneous generation of 
asymmetries Cheung, KZ ’11

Bell, Petraki, Shoemaker, Volkas ’11

Thursday, December 15, 2011



New Avenues for 
Baryogenesis

• B and DM number 
violation simultaneously

• Coupled oscillators

• Generates equal and 
opposite B and DM 
number -- cogenesis!
Cheung, KZ ’11 nB!L = !nX

!10 10 20

!10

!5
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We propose a novel framework in which the observed baryon and dark matter abundances are
simultaneously generated via the A!eck-Dine mechanism. In its simplest realization, A!eck-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, "DM/"B " 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 A"eck-
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 e!ects proportional to the Hubble parameter
which can e#ciently drive "B ! L# and "X# to non-zero
values in the early universe. As the universe cools, these
operators become ine!ective 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 su#ciently 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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librium decay of heavy particles [5], and phase transitions
in hidden sectors [6]. Other works on DM with an asym-
metry and their phenomenological implications include
[7]. A common origin of DM and the baryon asymmetry
through the AD mechanism has also been considered via
fragmentation of the AD condensate into Q-balls [8, 9],
via a sneutrino condensate [10], as well as more recently
in [11].
The outline of this paper is as follows. In Sec. II we de-

scribe the mechanism of AD cogenesis in general terms.
This will include a discussion of the formation of the AD
condensate in the inflationary epoch, as well as its sub-
sequent cosmological evolution after inflation ends. We
then go on in Sec. III to discuss the decay of the inflaton
and the AD condensate, followed by the ensuing thermal
histories of the MSSM and DM sectors. Afterwards we
present a number of simple explicit models of AD cogene-
sis and their associated variations in Sec. IV, and discuss
the collider phenomenology of these theories in Sec. V.
Finally, we conclude in Sec. VI.

II. COGENESIS IN THE EARLY UNIVERSE

Our aim is to simultaneously generate a B !L and X
asymmetry at the end of inflation via the evolution of AD
condensates which carry B ! L and X . To understand
what is required in order to achieve this, let us map our
system onto a simple mechanical analog. In particular,
by parameterizing a scalar field ! in polar coordinates,

! =
1"
2
r!e

i"! , (4)

one finds that the charge density of ! is

n! = j0 = i(!!̇† ! !†!̇) = r2!"̇!, (5)

that is, identical to the angular momentum of a pseudo-
particle in two dimensions.
It is convenient to reinterpret the scalar sector of the

MSSM during inflation as a system of coupled pseudo-
particles in two dimensions with a time dependent po-
tential. Thus to produce a B ! L and X asymmetry
we must have a setup in which the initial angular mo-
menta of all the pseudo-particles are vanishing but the
final angular momenta in the B!L and X directions are
non-zero. Hence, the essential ingredients of our setup
are:

i) Stabilization. Since a torque requires a lever arm,
scalar fields must be stabilized away from the origin
in the early universe in such a way that both B!L
and X are spontaneously broken.

ii) Torque. For a torque to be exerted, the scalar
potential must vary in time and depend explicitly
on the phases of fields which are B ! L and X
covariant.

These criteria are of course equivalent to the Sakharov
conditions requiring i) B !L and X symmetry violation
and ii) CP violation. Let us now discuss how each of
these elements are accommodated during the formation
and evolution of the AD condensate.

A. Stabilization

The first phase of the AD mechanism, stabilization,
occurs during the initial inflationary epoch of the early
universe. As discussed thoroughly in [12, 13], the expan-
sion of the universe a!ects the evolution of scalar fields
through Hubble friction and through the scalar potential,
which takes the form

V = VF + VD + Vsoft, (6)

where VF and VD arise from supersymmetric F -terms
and D-terms. Here Vsoft will vary explicitly in time via
the Hubble parameter because supersymmetry is bro-
ken by the vacuum energy of the universe during infla-
tion. Indeed, Hubble dependent potential terms should
be present as a consequence of interactions between the
scalar fields and the inflaton induced by Planck scale dy-
namics. The presence of these Hubble induced interac-
tions along with Hubble friction implies that the scalar
fields are critically damped during the inflationary phase
[12, 13].
Typically, Vsoft will induce additional minima far from

the origin. For example, the AD mechanism exploits the
existence of soft mass terms of the form [12, 13]

Vsoft #
!

!

(a!m
2 + b!H

2)|!|2, (7)

where m is the scale of soft masses at zero temperature
and H is the Hubble parameter. The dimensionless pa-
rameters a! and b! are generated by the couplings of the
field ! to the goldstino and the inflaton, respectively. In
general, it is possible that b! < 0 in Eq. (7), in which case
a tachyon is induced for ! during inflation, causing ! to
roll away from the origin and be stabilized at !-breaking
minimum.
We should also expect a contribution to the potential

from the A-term version of OB!LOX of the form

Vsoft # (fm+ gH)
OB!LOX

Md!4
. (8)

where f and g are dimensionless coe"cients andM is the
scale suppressing the dimension d operator in Eq. (1). As
we will see in explicit models in Sec. IV, this operator in-
troduces additional vacua at non-zero field values. To our
knowledge, the possibility that the A-term alone, with-
out Hubble tachyons, can drive the AD evolution has not
before been pointed out in the literature. Be it through
contributions from Eq. (7) or Eq. (8), ! will be naturally
pushed along D-flat directions until it is lifted by higher
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scale suppressing the dimension d operator in Eq. (1). As
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order terms in the potential at some large field value.
This state is the AD condensate.
A variety of operators, which may or may not break

B ! L, X , or supersymmetry, can serve to lift the flat
directions. For instance, Eq. (1) is a very natural super-
potential operator which is fully supersymmetric, breaks
B!L and X down to the diagonal B!L+X , and pro-
duces a stabilizing VF potential. Alternatively, VF can
have stabilizing contributions from supersymmetric op-
erators which separately preserve B ! L and X . Also,
it is possible that higher order terms from Vsoft success-
fully stabilize the field directions. Finally, we note that
additional D-terms from a gauged B !L+X symmetry
are a particularly elegant way of stabilizing fields with
B !L and X number simultaneously. In Sec. IV we will
explicitly realize some of these stabilizing mechanisms in
a number of concrete models.

B. Torque

Following the inflationary epoch comes the second in-
gredient of the AD mechanism, torque. When inflation
ends, the universe begins to cool and the energy density
is dominated by the coherent oscillations of the inflaton.
During this time, the AD condensate more or less tracks
the minimum of the scalar potential, which moves as a
function of the Hubble parameter. If the parameters f
and g in Eq. (8) have di!erent phases, then a torque will
be exerted on the phases of the fields in OB!L and OX

when H " fm/g. As the phases of B ! L and X evolve
from their initial to final values, a non-zero asymmetry
in B ! L and X develops, as indicated in Eq. (5).
We can now calculate the asymmetry in Eq. (5) by

tracking the evolution of the scalar fields through the
equations of motion for the angular components of B !
L and X . We are interested in the Lagrangian for the
angular components of the coupled B!L and X system.
First, we parameterize all fields according to their charges
under B ! L and X , so

! = r! exp i (qB!L,!"B!L + qX,!"X) , (9)

where qB!L,! and qX,! are the B ! L and X charges of
!, and "B!L and "X are phases which shift by a unit
under B ! L and X , respectively. In this notation, the
Lagrangian is

L =
1

2
(r2B!L"̇

2
B!L + r2X "̇2X)! V ("B!L ! "X), (10)

where we have defined the quantities

r2B!L =
!

!

q2B!L,!r
2
! (11)

r2X =
!

!

q2X,!r
2
!. (12)

One can think of rB!L and rX as the lever arms corre-
sponding to B ! L and X number. In this notation, the

B ! L and X number densities are

nB!L = r2B!L"̇B!L (13)

nX = r2X "̇X . (14)

The parameterization in Eq. (9) implies that

OB!L = |OB!L|e!i"B!L

OX = |OX |ei"X , (15)

which in turn means that the term in Eq. (8) generates
the angular potential shown in Eq. (10). As mentioned
earlier, OB!L and OX have, without loss of generality,
been defined to have charge !1 under B ! L and charge
+1 under X , respectively. Defining sum and di!erence
angular variables,

"± = "B!L ± "X , (16)

we see that the angular Lagrangian has no dependence
on "+. This implies that conjugate momentum to "+,
that is the B ! L+X number density, is conserved,

d

dt

#L
#"̇+

=
d

dt
(nB!L + nX) = 0, (17)

or equivalently, B ! L + X number is conserved at its
initial value of zero:

nB!L + nX = 0. (18)

On the other hand, the operator in Eq. (8) explicitly
breaks B ! L ! X , so it generates an e!ective, time
dependent potential for "!. The conjugate momentum,
#L/#"!, is B ! L!X number and is not conserved:

d

dt

#L
#"̇!

=
d

dt
(nB!L ! nX) = !

#V

#"!
. (19)

This equation of motion can be solved parametrically us-
ing Eq. (8) and the parameterization in Eq. (15), treating
the torque as an impulse occurring at time H " fm/g.
One finds

! nB!L = nX "
arg(f/g) g |OB!L| |OX |

Md!4
, (20)

where |OB!L| and |OX | are evaluated when H " fm/g.
Thus, an asymmetry in B!L andX is generated and AD
cogenesis is realized. For the potentials we consider, the
AD condensate will typically produce a symmetric abun-
dance of B ! L and X charged fields as well. We will
discuss the fate of this symmetric component in Sec. III
and present a more detailed calculation of the asymmet-
ric component in Sec. IV, when we consider explicit mod-
els.
Note that the relationship in Eq. (20) can be modified

in the presence of additional operators which separately
violate B ! L and X , such as a Majorana mass term
for a field that carries X number. The presence of the
Majorana term, if it is comparable or larger than the soft
mass term, can give a significant additional contribution
to the X asymmetry which will violate Eq. (20). We will
consider this contribution in detail on a case by case basis
in Sec. IV.
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Other Models of 
Cogenesis

• Leptogenesis?

• Opens possibility for lighter ADM 
particles, and more generic exploration 
of light DM parameter space

DM SM

Ni
yiNi LH!iNi "#

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,

!i 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 ine!cient and the asymmetries are frozen-in. The

asymptotic asymmetry can, in general, be di"erent in the two sectors due to di"erent

branching fractions and/or washout e"ects.

• 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,m!!!̃, with another fermion state in the hidden

sector, !̃.

3
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Light Dark Matter

• What are the cosmological 
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• Assume thermalized hidden 
sector

• Relic density + LHC

• Halo shapes

• CMB and ADM

mX < 10 GeV
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CMB: Light DM Prefers 
an Asymmetry

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
100!bh

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

!ch
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 !b and the dark matter density !c. 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 "CDM 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 di!erent 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 m!

<
! 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 di!erent 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 di!erence 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" ! upper limits from WMAP7 with 1" ! un-
certainties on these limits due to the method used. These

FIG. 1: Constraints on the cross section < "v > 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 < "v >= 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 di!erence 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 di!erence for the CVL
experiment is attributed to the slightly di!erent 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
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Figure 1: WMAP7 95% C.L. constraints on the DM annihilation cross section and mass for asymmetric dark matter
and s-wave annihilation. We show constraints for various values of r = r! = !X̄/!X , the anti-DM to DM ratio at
the present time. The shaded region (blue) is excluded by the WMAP7 data, with di"erent shades corresponding to
di"erent r!. Along the horizontal contours of constant r are the values of !!v" where the correct relic density can
be obtained for an e#ciency factor f = 1. The turnover around mX # 10 GeV comes from the drop in SM degrees
of freedom when the universe has temperature # 1 GeV. The solid red line is the intersection of the WMAP7 and
relic density contours: it indicates the minimum !!v" needed to obtain the observed relic density and satisfy CMB
constraints for s-wave annihilation.

where we have used !X + !X̄ = !CDM and r! = !X̄/!X . Note there is factor of 2 in the energy injection
rate relative to the self-annihilating case, accounting for the number of possible annihilations. Comparing
Eq. (9) and Eq. (11), we can translate the bound given in Eq. (10) to the Dirac fermion or complex scalar
case:

2r!
(1 + r!)2

f
!"v"CMB

mX
<

2.42# 10"27 cm3/s

GeV
. (12)

We show this constraint for various r! values in Fig. (1); the dotted black line gives the thermal relic
annihilation cross section in the symmetric case, where we have solved for the relic density numerically and
taken f = 1.
ADM can evade CMB bounds while still allowing s-wave annihilation.5 The CMB bounds do not com-

5 In the symmetric limit, one can evade the CMB bounds if DM annihilates via p-wave suppressed interactions. Then

6
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• CMB prefers either p-wave suppression 
or Asymmetric DM
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Relic Density + LHC

• Difficult to annihilate 
away thermal abundance

• LHC closes all windows, 
through any operator
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FIG. 1: Constraints on the scale ! as a function of dark matter mass m! for the eight operators of Eqs. (1)-(8) (in order left
to right and descending). Solid blue curve is the upper bound on ! from the requirement that the symmetric component of
dark matter compose less than 10% of the measured value in the Universe (dotted blue is the value of ! that gives the total
amount, i.e. in a thermal dark matter scenario). Solid red is the lower bound on ! from direct detection experiments. Dashed
red is the lower bound on ! from Tevatron monojet searches, taken from Ref. [28] (see also [26, 27]). Black solid line shows the
lower bound from the requirement that ! > m!/2!. Regions above the monojet and direct detection minimum m! which are
allowed after all constraints are shown in grey. See text for further details.

ciently into some new dark state that is either very light
or unstable, decaying into Standard Model particles be-
fore Big Bang Nucleosynthesis (BBN) (see for example
Ref. [58]). In the former case, CMB and BBN constraints

on the number of relativistic species (usually stated in
terms of the number of neutrino flavors) must be avoided.
This could be achieved through significant entropy injec-
tion into the thermal bath after dark matter annihilation

light mediator coupling DM to the SM. We leave the more general case for future work [33], noting that the
e!ects on the relic density are up to O(10), depending on mX .
The coupled Boltzmann equations for the species n+ = nX and n! = nX̄ are

dn±

dt
= !3Hn± ! "!v#

!

n+n! ! neq
+ neq

!
"

(3)

where "!v# is the thermally-averaged annihilation cross section over the X and X̄ phase space distribu-
tions [34]. The Hubble expansion rate is H $ 1.66

%
ge!T 2/Mpl where Mpl $ 1.22& 1019GeV is the Planck

mass and ge! is the e!ective number of degrees of freedom for the energy density. If there is a primordial
asymmetry in X number, then there is a nonzero chemical potential µ which appears in the equilibrium
distributions as neq

± = e±µ/Tneq. Here neq is the usual equilibrium distribution with µ = 0, and thus
neq
+ neq

! = (neq)2.
We then take the standard definitions x = mX/T and Y± = n±/s, where s = (2"2/45)he!(T )T 3 is the

entropy density and he!(T ) is the e!ective number of degrees of freedom for the entropy density. We write
the annihilation cross section as "!v# = !0x!n, with n = 0 and n = 1 for s-wave and p-wave annihilation
processes respectively. Then simplifying Eq. (3) gives

dY±

dx
= !

#

xn+2

%
g"

#

Y+Y! ! (Y eq)2
$

, (4)

where # ' 0.264MplmX!0 and Y eq ( 0.145(g/he!)x3/2e!x ' ax3/2e!x. The e!ective number of degrees of

freedom is
%
g" = heff#

geff

%

1 + T
3heff

dheff(T )
dT

&

[34].

After being generated at some high temperature, the DM asymmetry is a conserved quantity, so we have
the constraint

$X = Y+ ! Y! (5)

which is constant at any given epoch.2 In order to impose this condition on our numerical solutions, we
define the departure from equilibrium " by Y± = Y eq

± +", and instead solve the (single) equation for ".
It is helpful to present approximate analytic solutions in the limit of constant

%
g" [32, 38, 39]. Eq. (4)

can be solved analytically at late times when (Y eq)2 becomes negligible. In this limit, using Eq. (5), we can
integrate Eq. (4) separately for X̄ and X to obtain

Y±()) (
±$X

1! [1* $X/Y±(xf )] e
$!X"

#
g!x

"n"1

f /(n+1)
. (6)

These solutions also apply for the symmetric case in the limit of $X + 0. We take the freezeout temperature
xf = mX/Tf as derived in [38]:

xf ( ln [(n+ 1)
%
g"a#] +

1

2
ln

ln2
!

(n+ 1)
%
g"a#

"

ln2n+4 !(n+ 1)
%
g"a#

"

! (
%
g")2 [(n+ 1)#$X/2]2

. (7)

Using Y±()) given in Eq. (6), we can obtain the present ratio of the X̄ to X number densities:

r% '
Y!

Y+
()) (

Y!(xf )

Y+(xf )
exp

'

!$X#
%
g"

xn+1
f (n+ 1)

(

. (8)

While we can obtain a precise analytic result for r(xf ) = Y!(xf )/Y+(xf ), it turns out that the consequence
of neglecting the (Y eq)2 in the late-time solution can almost exactly be accounted for by simply setting
r(xf ) = 1. This gives numerically accurate answers over a wide range of $X and "!v# as discussed in [38].
Note that the solution here only converges when $X# is small enough

%
g"$X# < 2xn+2

f .

2 We assume there is no Majorana mass term for DM, and thus X ! X̄ oscillation [21, 35–37] does not occur. We also assume
there is no entropy production in this case and there are no DM-number violating interactions at these temperatures.
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Halo Shapes

• Need new light 
states

• New light states 
can mediate 
scattering
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Figure 3: 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. (32). 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 e!ciency f ! 1.

If gf is less than the bound given in Eq. (26), the DM sector can have a di!erent temperature from the
SM sector and the standard freezeout calculation can be modified in a number of ways. We have checked
that these e!ects lead to change in the minimum annihilation cross section by less than a factor O(10),
compared to the results we derived, in Sections II-III. Furthermore, the massive mediator is a late-decaying
particle and in the case where the mediator decays to the SM states, can modify standard nucleosynthesis
(BBN). There are stringent constraints on the hadronic decay of long-lived particles from the 4He fraction,
which requires that the lifetime of the mediator be less than 10!2 s [46–48]. This leads to a lower bound of
gq ! 1.6 ! 10!11

!

1 GeV/m! for a vector mediator, where we take N c
f = 3. For leptonic decay modes, we

take the lifetime of the mediator !! " 1 s, and obtain a slightly weaker bound, ge ! 5!10!11
!

10 MeV/m!,
for a vector mediator with N c

f = 1.
Finally, we comment on the calculation of the relic density and application of the CMB constraints in the

light mediator case. When m! < mX , X̄X can annihilate to "", but " decays to standard model particles
rapidly compared to the relevant time scales at recombination so that the CMB constraints are unchanged.
The only di!erence between a heavy mediator and light mediator with large width is whether there is a
contribution to the e!ective degrees of freedom, g", from the light mediator. A slightly higher g" in the
light mediator case gives rise to smaller r#, which in turn weakens the lower bound on "#v# from CMB
constraints.
In addition, we have neglected the Sommerfeld enhancement e!ect. As we will discuss in the following

section, the mediator mass is bounded from below by DM halo shapes; this limits the size of any Sommerfeld
enhancement. In addition, since "#v# $ $%2

X/m2
X , for light DM the coupling %X can be much smaller

and still satisfy the relic density constraint. For the DM masses considered here, we have checked that the
Sommerfeld enhancement e!ect is negligible for s-wave and p-wave annihilation processes at both freezeout
and during recombination, if we take %X and m! close to their minimum allowed values.
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Direct Detection

• Can we bound the 
scattering?

• Not as strongly 
constrained as 
supersymmetry -- 
coupling to Higgs
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
! as function of WIMP mass m!. 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 1! and 2!
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 !! = 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
" = 7.0!10!45 cm2 at aWIMPmass ofm! = 50GeV/c2.
The impact of Le! data below 3 keVnr is negligible at
m! = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1" and 2" region. Due to the presence of
two events around 30 keVnr, the limit at higher m! 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 m! = 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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Direct Detection

• Need coupling to dark force 
to annihilate away symmetric 
part (lower bound on      )

• CMB (upper bound on      )

• Halo shapes (upper bound 
on       )

• Dark force, if coupled to 
charged particles, must decay 
before BBN (lower bound     )

• Direct constraints (upper 
bound     )
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FIG. 3: The annihilation diagrams !! ! "" both with (a) and without (b) the Sommerfeld enhancements.

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

Because of the presence of a new light state, the annihilation "" " ## 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 $0 and p̄ signals. Consequently, an

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

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

A scalar # can couple with a dilaton-like coupling #Fµ!Fµ! , 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

# with the standard model Higgs with a term %#2h†h. Should # acquire a vev ##$ ! m", then we yield a small mixing

with the standard model Higgs, and the # will decay into the heaviest fermion pair available. For m"
<! 200 MeV

it will decay directly to e+e!, while for 200 MeV<! m"
<! 250 MeV, # 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 "
µ!Fµ! . This possibility was considered

some time ago in [40]. Such an operator will cause a vector #µ to couple directly to charge. Thus, for m"
<! 2mµ it

will decay to e+e!, while for 2mµ
<! m"

<! 2m# it will decay equally to e+e! and µ+µ!. Above 2m#, it will decay

40% e+e!, 40% µ+µ! and 20%$+$!. At these masses, no direct decays into $0’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 # will decay to quarks, producing a wider range of hadronic states, including $0’s, and, at

suitably high masses m"
>! 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 ! m" [44].

X X

A’

!X

!X

!e

!e

mA!
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Direct Detection

• Couplings (freeze-out)

• Mediator masses (halo shapes)
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Figure 4: (Left) Nucleon scattering through a vector mediator. The green shaded region indicates the allowed
parameter space of direct detection cross sections. The lighter green region imposes the bound of thermal coupling
between the two sectors (“large width”) while the larger shaded region only requires mediator decay before BBN.
Also shown is the lower bound for the heavy mediator (m! ! mX) case. (Right) Electron scattering through a vector
mediator, for m! < mX (green) and m! ! mX (red); the intersection of the two regions is shaded brown. We show
the projected sensitivity of a Ge experiment, taken from [63]. Beam dump, supernova, and halo shape constraints
apply here and carve out the region of large !e at low mX . For more details, see the text. In the lighter green region,
the condition of thermal equilibrium between the visible and hidden sectors is imposed.

Since m! < mX , this quantity is saturated for any mX if we set m! to its maximum value of m! ! mX .
This bound is indicated by the “Large width” line in Fig. (4). Coincidentally, the lower limit here is similar
to the best achievable sensitivity for WIMP-nucleon scattering if the dominant irreducible background is
coherent scattering of atmospheric neutrinos o! of nuclei [67–69]. However, these studies focused on WIMP
DM; for light DM, solar neutrinos become much more important and the best achievable sensitivity may be
several orders of magnitude weaker.
The lower bound on !n given in Eq. (35) is derived by requiring the two sectors be in thermal equilibrium.

We may relax this assumption, and just demand the mediator decay by nucleosynthesis. This gives gq !
1.6 " 10!11

!

1 GeV/m!, as discussed in Section IVB. For such gq the two sectors are decoupled through
freezeout; then the relic density calculation is slightly more complicated and depends on the thermal history
of the sectors. The change in the relic density then modifies the bound on "X . We have checked that the
full calculation generally only changes the bound on "X by an O(1) factor [33], so here we take the bound
on "X from the large # width case for simplicity. In this limit, the lower bound on !n is given by

!n ! 5" 10!54cm2 "
" mX

GeV

#

$

GeV

m!

%5
" µn

0.5GeV

#2
(36)

labeled as “Decay before BBN” in Fig. (4).
For reference, we also give the lower bound on the cross section in the case where m! # mX . Here

DM annihilation occurs directly to SM final states through #µ, with annihilation cross section $!v% =
4"Xg2nm

2
X/m4

!. Since the same combination of parameters enters in both the annihilation cross section and
the nucleon scattering cross section, we can directly apply the relic density constraint to obtain

!n ! 5" 10!37 cm2

$

1 GeV

mX

%2
" µn

0.5 GeV

#2
. (37)
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Scattering with Weak 
Scale Connection

• Very natural to 
generate ADM mass 
via weak scale

• GeV scale is a loop 
down from weak scale

• Still sizable couplings 
to weak scale states

Cohen, Phalen, Pierce, KZ ’10

FIG. 4: The predictions for the direct detection scattering cross sections normalized per proton

(!p) for mDM = 14.2 GeV, 7.1 GeV and 3.3 GeV. We have plotted current/projected limits (also

normalized per proton) from Xenon-10 (solid black line), Xenon-100 with 6,000 kg-days (dashed

green line), Xenon-1T (dotted blue line) [45], and Majorana (dot-dashed purple line) [46].

VI. COLLIDERS

Finally, we discuss some collider implications of this class of models. There are three
portals into the dark sector which could potentially be probed: photon kinetic mixing, Higgs
boson mixing, and the asymmetry transfer operator.

The MSSM LSP (LSPMSSM) is unstable to decay to the low mass hidden sector [48,
49]. One mediation mechanism for decay to the hidden sector is through kinetic mixing,
as discussed in [17, 50]. The collider phenomenology of such scenarios has been studied
extensively recently; see for example [34, 51–57].

Photon kinetic mixing may also be probed via the decays of the LSPMSSM to the dark
sector [17, 19]. If the LSPMSSM is has electroweak quantum numbers, then it will decay
promptly to its SM partner and a dark gaugino via an !-suppressed interaction. This dark
gaugino is stable on detector time scales, and so will manifest as missing energy. More
interesting is if LSPMSSM is a neutralino, since it will decay to a dark gaugino and dark
Higgs via ! mixing in the neutralino mass matrix. The dark gaugino will again result in
missing energy. However, the dark Higgs will promptly decay back to SM fermions via
mixing with the MSSM Higgs boson. These could produce “lepton jets” [19].

The T and " fields couple to the Z 0 and the MSSM Higgs boson via ! suppressed couplings,

16
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Astrophysical 
Implications

• DM does not annihilate

• It can accumulate in the center of 
stars

• Notable case: neutron stars

• Elastically scatter, come to rest in 
core

• High density!
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ADM, Black Hole and 
Neutron Stars

• Scalar case can lead to BH formation

• DM continues to accumulate until there 
are enough that they self-gravitate

• OR, they first form Bose-Einstein 
condensate and then self-gravitate

• Once they self-gravitate, they can 
collapse to form a BH!

McDermott, Yu, KZ  ’11
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ADM, Black Hole and 
Neutron Stars

Figure 2. Regions (colored) excluded by the nearby pulsars J0437-4715 (left) and J2124-3358

(right). The shaded, diagonal and square cross-hatched, and black regions are as in Fig. 1.

With the formation of a BEC, it is also sensitive to the mass range mX ! 5 MeV" 13 GeV.
The captured scalar ADM cannot form a BEC in the pulsar J2124-3358. This is because it
has a relatively high central temperature, and the formation of a BEC requires a DM-nucleon
cross section larger than the saturation cross section !max # 2.1$ 10!45 cm2.

Since the bound is sensitive to the DM density, we also consider neutron stars in regions
with high "X . Globular clusters o!er this type of environment, and observations of Pulsar
B1620-26 place it in the globular cluster M4 [47] with an age of 2.82$ 108 years [44]. Since
it is far away from us, its surface temperature is unknown, and we are not able to calculate
its central temperature. In our analysis, we take T = 106 K as a reasonable approximation
due to its advanced age. We take "X = 103 GeV/cm3 for the DM density and v̄ = 20 km/s,
motivated by simulations [24, 37]. Note that the exact value of DM density in globular
clusters is uncertain; see discussions in Refs. [24, 25, 37], and references therein. In Fig. (3),
we show the constraints on the DM-nucleon scattering cross section of scalar ADM from the
pulsar B1620-26 in the globular cluster M4. Note that when the DM mass is larger than
! 4.7$ 103 GeV, NBEC ! Nself and all captured DM particles collapse before a BEC forms.

VII. CONCLUSIONS

We have studied the consequences of scalar ADM accumulation in neutron stars. Neutron
stars have high density and are ideal objects for capturing DM at high rates. Since ADM
does not self-annihilate, a high mass of DM can accrete in the neutron star, and, lacking
Fermi degeneracy pressure, rapidly self-gravitate and exceed the Chandrasekhar limit. Fur-
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Seems to strongly constrain a scalar ADM 
explanation for CoGeNT
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DM: 
Where are We?

• The Nature of the DM 
remains one of the most 
important open 
problems in physics

• It’s an auspicious time

• Indirect detection -- 
approaching thermal 
cross-sections in some 
mass regions

Limits from stacked dSph Observations 

put tension on ~10 GeV models with 

thermal relic density 

Thermal Relics 
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DM: 
Where are We?

• Direct detection -- 
reaching the Higgs 
pole.  Ton scale 
experiments should 
surpass it

• In a position to rule 
out or observe 
“standard” WIMP
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
! as function of WIMP mass m!. 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 1! and 2!
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 !! = 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
" = 7.0!10!45 cm2 at aWIMPmass ofm! = 50GeV/c2.
The impact of Le! data below 3 keVnr is negligible at
m! = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1" and 2" region. Due to the presence of
two events around 30 keVnr, the limit at higher m! 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 m! = 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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DM: 
Where are We?

• DM anomalies?

• Other candidates

• Asymmetric Dark 
Matter is a well-
motivated, largely 
unexplored candidate 
with qualitatively 
different signatures
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