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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.

-1 -0.5 0 0.5 1

0

2

4

 No PBHs No PBHs No PBHs No PBHs No PBHs No PBHs No PBHs

Fig. 1.— Linear power spectrum for di  erent 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  CDM 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
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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 ,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
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How Dark is Dark 
Matter?

• Which probe is the most constraining?

F igure 1: C onstraints from various sources, from top to bot tom: (i) Scat tering in the bullet

cluster and N G C 720, (ii) D M as a charged thermal relic, and (iii) D M virial processes, and (iv)

recombination epoch.

The thermally averaged momentum transfer per unit time is

d〈δp2X〉/dt =
∑

b=e,p

nb

∫

d3vBd
3vXf(vB)f(vX)dΩ∗

dσXb

dΩ∗
vrelδp

2
X , (11)

where dσXb/dΩ∗ is given by Eq. (2), nb is the number density of the baryon, and δp2X is the
momentum transfer after one collision:

δp2X = 2µ2
bv

2
rel(1− cos θ∗). (12)

Note that this quantity is reference frame independent. The thermally averaged momentum
squared of the DM particle in its comoving frame is

〈p2X〉 =
∫

d3vXf(vX)(mXvX)
2 =

3

2
m2

Xv
2
0 = 3mXT (13)

for a DM particle in a thermal Maxwell distribution. To evaluate the thermal average for
v2rel, we derive a general formula. For a given function of g(vrel), we have

∫

d3vad
3vbf(va)f(vb)g(vrel) =

∫

dvrelv
2
rel

4√
π

1

(v20a + v20b)
3
2

e
− v2rel

v2
0b

+
v2relv

2
0a

(v20a+v2
0b

)v2
0b g(vrel), (14)
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Figure 1: Constraints from various sources, from top to bottom: (i) Scattering in the bullet

cluster and NGC720, (ii) DM as a charged thermal relic, and (iii) DM virial processes, and (iv)

recombination epoch.
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How Dark is Dark 
Matter?

• Coupling at CMB epoch is most 
constraining

the discussion encompassed by this paper does bring to light a number of constraints that
strongly disfavor some recent models in the literature. We comment on these models below
where relevant. DM may also have a magnetic or electric dipole; this has been thoroughly
considered recently [21], and we do not discuss it here.

The outline of this paper is as follows. We begin with a brief discussion of models and the
implications of this study for the viability of these models. We then review the relic density
calculation before turning to constraints. We discuss halo shape constraints and the bound
from scattering at recombination times. We discuss direct detection of charged particles in
light of the signals from CoGeNT and DAMA, and the implications of the bounds discussed
here for these experiments and models designed to fit them. Finally, we conclude.

II. MODELS AND GENERAL CONSIDERATIONS

Since DM that carries an electric charge must conserve U(1)EM, it must be a Dirac
particle. There are a number of models in the literature where the DM carries a fractional or
epsilon-charge. If a dark photon is massive and kinetically mixes with the photon, an epsilon-
charge arises in Stueckelberg models [22] on account of the unique form of Stueckelberg mass
term. If, on the other hand, the dark photon is massless, kinetic mixing between the dark
and visible photons induces an electric charge for the DM (or equivalently, a dark charge
for visible states) [23]. This mechanism is utilized for example in the Mirror Charged DM
model proposed by [20] to generate the signals in CoGeNT and DAMA. We will see that
the constraints we discuss here strongly disfavor such a model as the explanation for these
signals. In either case, we denote the charge of the DM as εe.

When determining the constraints on the DM charge, the essential features will be the
irreducible coupling to the photon (and charged SM particles), and, more importantly, the
velocity dependence of the scattering cross-section. For example, the Rutherford Scattering
cross-section of DM off DM through a photon is

dσXX

dΩ∗
=

α2
emε

4

m2
Xv

4
rel sin

4(θ∗/2)
, (1)

where mX is the DM mass, vrel is the DM relative velocity, and θ∗ is the scattering angle in
the center-of-mass frame. Likewise, the scattering cross-section of DM off baryon is

dσXb

dΩ∗
=

α2
emε

2

4µ2
bv

4
rel sin

4(θ∗/2)
, (2)

where µb is the DM-baryon reduced mass.

The important point phenomenologically is the very large enhancement in the scattering
cross-section at low velocity, giving a hint for where to look for strong constraints on
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How Dark is Dark 
Matter?

• Direct detection is also (potentially) 
highly constraining

Figure 2: CoGeNT (blue), DAMA (green) allowed regions at 99% C.L. The CDMS-Si (yellow) line

is included as a sample exclusion at 99% C.L. In the gray area, the charged DM is evacuated from

the Galactic disk. Also shown the bound from Recombination epoch (red). Below the dotted line

(black), charged DM may diffuse to the disk.

demand that the particle loss fraction f be smaller than 30%, i.e.

f =

∑

m

mX

∫

dΩ∗
dσXX

dΩ∗
=

∑

m

mX

4πα2
emε

4

m2
Xv

2
1

(

1

v2esc
−

1

v21 − v2esc

)

< 30%. (27)

The Bullet Cluster bound is given in Fig. 1.

VI. DIRECT DETECTION OF CHARGED DARK MATTER

Because of the large enhancement of the scattering cross-section at low velocity, even DM
with a very small charge can give rise to a large scattering cross-section in direct detection
experiments. In [20], it was found, for example, that a charge of ε ∼ 10−9 was sufficient
to give rise to the relatively large signals in CoGeNT and DAMA. Thus, if correct, direct
detection experiments have a potential to give rise to even tighter constraints on epsilon-
charged DM with mass in the range mX ∼ 10 GeV− 1 TeV. We find, however, that in the

12
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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

Friday, April 27, 2012



Baryon and DM Number 
Related?

• Weak scale freeze-out

• But why baryon and DM 
densities so close?

Γ = nσv = H

Measured by WMAP + LSS

=⇒ σ ∼
1

(100GeV)2

Kolb and Turner
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Baryon and DM Number 
Related?

• Accidental, or 
dynamically related?

nDM ≈ nb

ΩDM ≈ 5ΩbExperimentally,
Mechanism

mDM ≈ 5mp

Nussinov, 
Hall, Gelmini, 

Barr, Chivukula, Farhi, 
D.B. Kaplan
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Chemical Potential Dark 
Matter

nDM ≈ nb

ΩDM ≈ 5ΩbExperimentally,
Mechanism

mDM ≈ 5mp

B, L X

SU(2) carrying 
dark fields!

Barr, Chivukula, Farhi; 
D.B. Kaplan

Use EW sphalerons?
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Chemical Potential Dark 
Matter

nDM ≈ nb

ΩDM ≈ 5ΩbExperimentally,
Mechanism

mDM ≈ 5mp

B, L X

LEP and 
Precision EW 

tend to result in 
problematic 

models

Use EW sphalerons?
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A simple prescription:
Asymmetric DM

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

• Avoid problems of precision EW

Luty, Kaplan, KZ ’09

nDM ≈ nb

ΩDM ≈ 5ΩbExperimentally,
Mechanism

mDM ≈ 5mp

Friday, April 27, 2012



Asymmetric DM
Integrate out heavy state

Effective operators:
Luty, Kaplan, KZ ’09

Standard Model
Dark Matter

Mp ∼ 1 GeV

N

X

X

Inaccessibility

En
er

gy

Xucdcdc
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Asymmetric DM
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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, ΩD M /Ω 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 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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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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FIG. 1: Constraints on the scale Λ as a function of dark matter mass mχ for the eight operators of Eqs. (1)-(8) (in order left
to right and descending). Solid blue curve is the upper bound on Λ 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 Λ that gives the total
amount, i.e. in a thermal dark matter scenario). Solid red is the lower bound on Λ from direct detection experiments. Dashed
red is the lower bound on Λ from Tevatron monojet searches, taken from Ref. [28] (see also [26, 27]). Black solid line shows the
lower bound from the requirement that Λ > mχ=2 ³ . Regions above the monojet and direct detection minimum mχ 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

Buckley

X

X̄

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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Robust alternative: annihilate to light states!
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Dynamical Generation 
of “Low” Scale

• All that’s needed is a weak coupling 
between dark sector and weak scale

Dark Visible
3

at which the SUSY breaking mass for the scalar is gen-
erated which, for concreteness, we take to be 109 GeV.
Li2(x) denotes the dilogarithm function, defined by Li2(x) ≡
−

∫ 1

0
dzz−1 log(1 − xz). For an electron-selectron loop, we

find

m2
X,rad ≈ 5 MeV2

(gUXX gUff

10−5

)2 h2
X

1

( mẽ

1 TeV

)2

. (5)

We have generated a mass for the scalar component of Ξ
of the right size to be dark matter. However, we also need
to break the U(1)h symmetry, give the fermion component
an MeV mass, and cancel anomalies introduced in the hidden
sector by the addition of Ξ. The simplest way to do this is in
the following way. We introduce a second chiral superfield,
Φ, whose scalar component we denote as φ. Under U(1)h, Φ
caries charge 2, while Ξ has charge−1. The superpotential is
then given by

W = λΦΞΞ. (6)

φ, the scalar component of Φ will get a radiative mass through
eqn. ??, but of twice the size as X since it carries twice the
charge. Through a one loop graph with φ in the loop, the
interaction λ2|X |2|φ|2 generates a negative mass-squared for
X of size

δm2
X = −

8λ2m2
φ,rad

16π2
log(Λ/mφ,rad) (7)

where Λ is the scale of generation of SUSY breaking mass of
φ. If λ is not too small, this term changes the sign of the X
mass-squared at the origin. This mechanism is exactly analo-
gous to the one in the MSSM where the Higgs boson receives
negative mass-squared contribution from t̃ loop. X gets a vev
and breaks U(1)h, with mU ∼ gUXX〈X〉. We take a region
of parameter space where the sign of φ mass-squared at the
origin is not changed, so that 〈φ〉 = 0.
In this case, there is a simple mechanism for removing the

anomalies. We add two additional fields,X ′ and φ′ with equal
and opposite charges so that we also have a term λφ′X ′X ′.
This copy will receive exactly the same masses as the un-
primed sector. Generically, there will also be mixing terms,
m1φφ′ andm2XX ′, between the two sectors. We can elimi-
nate these terms, however, by promotingm1,m2 to a field S′′,
which itself has a potential which enforces 〈S′′〉 = 0, remov-
ing these mixing terms. If we were relying on D-terms to sta-
bilize the potential, the addition of X ′, φ′ would de-stabilize
the potential through D-flat directions where 〈X〉 = 〈X ′〉 and
〈φ〉 = 〈φ′〉. In the case we are studying, the term λ2X4 stabi-
lizes theX potential, while φ’s mass-squared remains positive
at the origin.
Other mechanisms of anomaly cancellation could also be

found. These include adding a strongly interacting quark sec-
tor with the same quantum numbers as the standardmodel sec-
tor quark sector. In addition toX , the complete content of the
hidden sector (under ˆSU(3), U(1)h) is 2(3, 1/6), (3,−2/3),
(3, 1/3), (1,−1), (1, 1/2). The first three have the same quan-
tum numbers as the SM quarks in the absence of SU(2). The

X X

f

f̄

f̃

U U

U U

X X

FIG. 2: Examples of two loop diagrams which generate the mass
of the scalar, X. The solid and dotted lines in the loop represent
Standard Model fermions and their scalar superpartners.

latter two are the Φ and Ξ fields. The phenomenology of the
hidden sector is complicated by the addition of these fields,
but not different in broad outline of the scenario considered
here.
Next we will determine the mass hierarchy of the states in

the hidden sector to find which field is the lightest, and hence
is the dark matter. In the scalar sectorm2

X = m2
X,rad − δm2

X

andm2
φ = 2(m2

φ,rad−δm2
φ). Fermion masses come from φ̃−

X̃ and φ̃− Ũ mixing in the same manner as the Higgsinos and
neutralinos get their masses in the MSSM. The mass matrix,
in the (X̃, φ̃, Ũ) basis, is

M =







0 λ
2
〈φ〉 0

λ
2
〈φ〉 0 g√

2
hφ〈φ〉

0 g√
2
hφ〈φ〉 0






. (8)

In the limit that g2h2
X ' 8λ2, there are two nearly degenerate

states with massm (
√

5/8ghX〈X〉which are mostly X̃−Ũ

mixes (with subdominant φ̃ component) and one lighter state
(mostly φ̃ with subdominant X̃ component) with mass m (
4/5λ〈X〉. This latter state is the lightest among the scalars
and fermions and hence is our dark matter candidate.
For the purposes of dark matter phenomenology, we are

most interested in the dark matter candidate itself, the φ̃ − X̃
mix, and the mediator, U . The masses of these particles are
approximately given by:

mU ≈
1√
2

√

∣

∣

∣
m2

X,rad

∣

∣

∣
(9)

≈ 14 MeV ×
(

gUφφgUee

10−5

)(

3 TeV

mẽ

)

,

and

mφ̃−X̃ ≈
4

5
λ
√

|mφ,rad|2 (10)

Yukawa Gauge

m2
X ! g2

visg
2
Xm2

SUSY

16π2m2
X ! y2m2

SUSY

16π2

σv ! g2
visg

2
X

16πm2
X
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Dynamical Generation 
of “Low” Scale

W = λSTH ′ + S2LH

U(1)X

U(1)d

+ Kinetic Mixing
+1-1

+1-1

〈S〉 = 〈T 〉 = 0 〈H ′〉 =
√

ξ

stability of the DM. Using the equilibrium methods outlined in [31], one can solve for the
DM asymmetry in terms of the B−L asymmetry. If this asymmetric component dominates,
the measured value of the DM relic density determines the mass of the DM. We discuss
how the choice of transfer operator and corresponding Λ singles out a DM mass in Sec. IV.
Here, we note only that this operator need be in equilibrium after the baryon asymmetry
is generated, but must go out of equilibrium before T ∼ mχ, or the DM asymmetry will be
Boltzmann suppressed.

III. A SUPERSYMMETRIC MODEL

Supersymmetry will stabilize both the electroweak scale as well as the dark scale. While
in the above model the DM mass is put in by hand, here we can generate it dynamically.
We propose the following model:

Ld ⊃
∫

d2θ
(
λSTH ′ +

ε

2
WdWY

)
. (4)

Here S is a singlet, while T has charge +1 under U(1)d. The dark Higgs, H ′, has charge −1
under U(1)d. Wd and WY represent the gauge field strength superfields for the dark photon
and hypercharge, respectively, with kinetic mixing ε. In the absence of large soft terms in
the hidden sector, this model gives rise to a symmetry breaking pattern where 〈S〉 = 〈T 〉 = 0
and 〈H ′〉 &= 0 [21, 23].1 There is an accidental global symmetry under which S = +1 and
T = −1, leading to a stable state. The lightest component of the S and T chiral superfields
constitutes the DM.

We suppose SUSY breaking is communicated to the MSSM by gauge mediation, while
the U(1)d does not couple directly to the messengers. Then the hidden sector is shielded
from SUSY breaking in the MSSM and only receives soft-terms via the small kinetic
mixing parameter. Once electroweak symmetry is broken, the kinetic mixing induces an
effective Fayet-Illiopoulos (FI) D-term for the U(1)d, ε〈DY 〉, as in [21]. Ignoring the small
supersymmetry breaking effects, the potential is

V =
1

2

(
gd(|T |2 − |H ′|2) + ε〈DY 〉

)2
+ |λ|2

(
|S|2|H ′|2 + |S|2|T |2 + |T |2|H ′|2

)
, (5)

where 〈DY 〉 = gY v2c2β
4 + ξY . Here, v = 246 GeV is the effective MSSM Higgs vev,

tan β = vu/vd. ξY is a “fundamental” FI term for hypercharge whose existence is more
model dependent. For example, a weak scale ξY can be naturally generated in U(1) messenger
models of gauge mediation [33]. For c2β = −1 and ξY = 0,

√
|DY | ' 72 GeV. Then for

1 Note this superpotential was also recently considered in an attempt to explain the CoGeNT excess in [32],

in a symmetric DM model and with different assumptions about supersymmetry breaking.
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FIG. 2: Constraints in the ε − gd plane. We have shown the regions which are excluded by BBN

constraints due to γ̃d → γG̃ [39] (orange), B-factories due to direct searches for γd [32] (green), and

precision electroweak measurements due to γd−Z0 mixing [35] (brown). The red region corresponds

to parameters which solve the lithium-7 problem [39]. One the left (right) we show contours where

λ is constrained so as not to reach Landau pole before MGUT (10 TeV) for mDM = 14.2 GeV,

mDM = 7.1 GeV and mDM = 3.3 GeV, assuming 〈DY 〉 = 72 GeV. The region below these contours

is excluded.

or LQDc. Since there are three MSSM fields involved which do not obtain vevs, at tree
level all asymmetry transfer interactions will involve at least one SM superpartner. For
these processes the transfer rate will be Boltzmann suppressed for temperatures below
the superpartner scale, and will be be strongly suppressed when T ∼ mDM. So, for low
temperatures (below the SUSY scale), the dominant process arises from a one-loop diagram
where a gluino is exchanged. This coverts two squarks to quarks and generates an effective
dimension-7 operator (SψSψdcψdcψuc/M3

eff ). Taking a superpartner scale of 1 TeV, the
requirement that this effective operator be out of equilibrium before T ∼ mDM enforces the
mild constraint M(1) > 2 TeV.

If one imposes the stronger bound that the transfer operator decouples before the EWPT,
a stronger bound on M(1) is present. Depending on the precise spectrum of the superpartner
masses, either the tree-level or loop induced process can be the most important. However,
both give bounds of M(1) ∼ O(100 TeV). If this stronger condition holds, then the DM mass
is as given in Eq. (19), otherwise Eq. (16) applies.

11

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

(σp) 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 ε-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 ε 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 ψ fields couple to the Z0 and the MSSM Higgs boson via ε suppressed couplings,

16

presence of R-parity stabilizes the lightest of the superpartners, which for this scenario (low
energy SUSY breaking), is the gravitino. The dark photino is the second lightest R-odd
state, and decays via 1/F suppressed couplings. Due to the dark photino’s near degeneracy
with the dark photon, the dominant decay channel is γ̃d → γG̃, which is suppressed both by
the scale SUSY breaking and the kinetic mixing ε. This decay time is [21]

τ(γ̃d → γG̃) = 190 s

(
10−3

ε

)2 (GeV

mγ̃d

)5
( √

F

50 TeV

)4

. (27)

This late production of photons could, in principle, alter the predictions of BBN. This
depends on the destructive power of the dark photinos, which is given bymγ̃dnγ̃d/s ≡ mγ̃dYγ̃d ,
where nγ̃d is the number density of photinos and s is the entropy density of the universe.
Since the Higgsino component of the dark photino induces an interaction between the dark
photino and the dark photon, the number density is set by these interactions. Though
the dark photino and photon masses are degenerate, the thermal tail of the Boltzmann
distribution allows efficient annihilation of the dark photinos. To good approximation, the
annihilation cross-section for this process is given by [23]:

〈σγ̃dv〉 &
g4d

16πm2
γ̃d

vf.o. & 7× 10−24cm3/s
( gd
0.1

)4
(
1 GeV

mγ̃d

)2 (vf.o.
0.3

)
, (28)

where vf.o. is the velocity when the dark photinos freeze out. Hence, the dark photinos
can have a small relic abundance when they decay to a gravitino and a photon. In Fig. 2
we show the regions in the gd − ε plane which do not alter the predictions of BBN and
satisfy constraints from B-factories and from precision electroweak (PEW) measurements.
In generating this figure we have done the full calculation of the thermally averaged cross
section to capture the effects of the degeneracy between the initial and final states. We
also show the region of specific choices of ε and gd which can modify the abundance of Li-7,
alleviating the tension with the current measurements [39].

Next we explore the cosmology associated with transferring the asymmetry to the DM. We
pay particular attention to the requirement that the transfer operator not imply a Boltzmann
suppression for the asymmetry by remaining in equilibrium to very low scales, T < mDM.
This requirement constrains the asymmetry transfer scale, M . The physics involved in the
determination of this scale is sensitive to the choice of the transfer operator, so we discuss
each operator in turn.

B. Cosmology of Models with Oasym ∼ S2U cDcDc

The cosmology associated with the q = 1 operator is the most straightforward. Comments
similar to those below also apply to operators where U cDcDc is replaced by either LLEc
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depends on the destruct ive power of the dark phot inos, which is given by mγ̃dnγ̃d/s ≡ mγ̃dYγ̃d ,
where nγ̃d is the number density of phot inos and s is the entropy density of the universe.
Since the H iggsino component of the dark phot ino induces an interact ion between the dark
phot ino and the dark photon, the number density is set by these interact ions. T hough
the dark phot ino and photon masses are degenerate, the thermal tail of the Boltzmann
distribut ion allows efficient annihilat ion of the dark phot inos. To good approximat ion, the
annihilat ion cross-sect ion for this process is given by [23]:

〈σγ̃dv〉 &
g4d

16πm2
γ̃d

vf.o. & 7 × 10−24cm3/s
( gd

0.1

)4
(

1 G e V
mγ̃d

)2 (vf.o.
0.3

)
, (28)

where vf.o. is the velocity when the dark phot inos freeze out . Hence, the dark phot inos
can have a small relic abundance when they decay to a gravit ino and a photon. In F ig. 2
we show the regions in the gd − ε plane which do not alter the predict ions of B B N and
sat isfy constraints from B-factories and from precision electroweak (P E W ) measurements.
In generat ing this figure we have done the full calculat ion of the thermally averaged cross
sect ion to capture the effects of the degeneracy between the init ial and final states. We
also show the region of specific choices of ε and gd which can modify the abundance of L i-7,
alleviat ing the tension with the current measurements [39].

Nex t we explore the cosmology associated with transferring the asymmetry to the D M . We
pay part icular at tent ion to the requirement that the transfer operator not imply a Boltzmann
suppression for the asymmetry by remaining in equilibrium to very low scales, T < mDM .
T his requirement constrains the asymmetry transfer scale, M . T he physics involved in the
determinat ion of this scale is sensit ive to the choice of the transfer operator, so we discuss
each operator in turn.

B. Cosmology of Models with Oasym ∼ S2U cDcDc

T he cosmology associated with the q = 1 operator is the most straightforward. Comments
similar to those below also apply to operators where U cDcDc is replaced by either LLEc
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DM is singlet, but couples to 
dark photon via 1-loop

Fig. 3. Feynman diagrams of the electroweak corrections to Z → bb̄ in a model with an
extended Higgs sector.

corresponding W± line, also contribute to δgL,R. However, the latter contributions
are suppressed by a factor of M2

Z/m2
t compared to the diagrams of fig. 2.

In an extended Higgs sector which contains singly charged Higgs states H±
i ,

the corrections to δgL,R arise from the diagrams of fig. 3, where H±
i runs over all

the singly charged states in the Higgs sector, including G±.
In calculating the corrections shown in fig. 3 we keep only the leading term

in powers of m2
t /M

2
Z . In δgL this leading term is proportional to m2

t , where the
two powers of mt come from the left–handed Higgs–quark couplings gL

H+
i

t̄b
. In

δgR the right–handed Higgs–quark couplings are proportional to m2
b tan2 β, so the

leading term in δgR does not grow with increasing mt. This approximation has
been used in calculating the leading m2

t corrections to Rb in the SM in the classic
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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?

Cheung, KZ ’11

Tulin, Yu, KZ ’12
McDermott, Yu, KZ, ’11

Lin, Yu, KZ, ’11
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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

Friday, April 27, 2012



BH Formation W/O BEC

• Rapidly accumulate enough DM to 
exceed Chandrasekhar number

• Rapidly thermalize

• Then need to self-gravitate!

McDermott, Yu, KZ, ’11

As N increases, the radius shrinks and the Fermi momentum increases; eventually fermions
become relativistic with total energy

E ∼ −
GNm2

R
+

N1/3

R
. (3)

If the total number of the fermions increases beyond the limit

Nfermion
Cha ∼

(

1

Gm2

)3/2

=

(

Mpl

m

)3

# 1.8× 1051
(

100 GeV

m

)3

, (4)

whereMpl = 1.2211×1019 GeV is the Planck scale, the gravitational energy will dominate the
total particle energy and gravitational collapse will occur. This is the famous Chandrasekhar
limit [40].

Now we discuss bosons. Similar to the fermion case, the gravitational collapse occurs when
particles are relativistic. But the bosonic system is significantly different from the fermionic
system because it has no Fermi pressure to hinder gravity. Since the bosons are confined
inside a sphere with radius R, they have zero point energy 1/R due to the uncertainty
principle in the relativistic limit. Therefore, the typical energy for a boson in a sphere of
radius R is

E ∼ −
GNm2

R
+

1

R
. (5)

Again, the radius cancels in the critical limit. In this case, the Chandrasekhar limit is

N boson
Cha #

(

Mpl

m

)2

# 1.5× 1034
(

100 GeV

m

)2

. (6)

Comparing Eq. (4) and Eq. (6), we can see that for a given particle mass, a particle that
obeys Bose-Einstein statistics will experience gravitational collapse much more readily than
a particle that obeys Fermi-Dirac statistics.

When the total number of DM particles accumulated in a neutron star surpasses the
Chandrasekhar limit, the captured DM particles collapse to a black hole and destroy the
host neutron star. Therefore, observations of old neutron stars can be used to constrain
the DM-neutron scattering cross section. Since bosons have much smaller Chandrasekhar
limit than fermions, we can obtain stronger limits on bosonic DM. In this work, we take
typical neutron star parameters Mn = 1.44 M!, Rn = 10.6 km and the central density
ρB = 1.4× 1015 g/cm3 [29, 41].

III. CAPTURE OF ASYMMETRIC DARK MATTER IN NEUTRON STARS

The accretion of DM onto stars has been studied in [20–22]. In this section, we review
the basic formulas for the capture of asymmetric DM in neutron stars.

4
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the basic formulas for the capture of asymmetric D M in neutron stars.

4

progenitor usually has much lower density and shorter lifetime which results in lower capture
efficiency. The total number of DM particles captured by the neutron star is given by the
solution of Eq. (7)

NX = CBt. (13)

To evaluate CB, we note that if the sum of individual nucleon-DM scattering cross sections is
larger than the geometric surface area of the star, the capture rate will saturate. Therefore,
the capture rate increases with the cumulative nucleon-DM scattering cross section σtot =
NBσn, where σn is the DM-neutron elastic scattering cross section, as long as σtot is smaller
than σgeom = πR2

n; that is, we can constrain the individual scattering cross section σn as
long as σn is less than or equal to σmax = πR2

n/NB. Taking typical neutron star parameters
Mn = 1.44 M! and Rn = 10.6 km, we estimate the maximum cross section as [29]

σmax = 2.1× 10−45 cm2

(

Rn

10.6 km

)2(1.44 M!

Mn

)

, (14)

and the effective cross section is given by

σXB = Min [σn, σmax] . (15)

Note that since we consider scattering off only one nucleon, this scattering can be regarded
as either spin-dependent or spin-independent.

Now we can estimate the total number of ADM in the neutron star at a given time, using
generic parameters vesc = 1.8×105 km/s, v̄ = 220 km/s, and NB " 1.7×1057. In the regime
mX ! 1 GeV, we have ξ " 1, which gives

NX " 2.3× 1044
(

100 GeV

mX

)(

ρX
103 GeV/cm3

)(

σXB

2.1× 10−45 cm2

)(

t

1010 years

)

. (16)

When the DM mass is less than ∼ 1 GeV, the degeneracy effect on the capture process is
important so that ξ "

√
2mXvesc/pF , and we have

NX " 3.4× 1046
(

ρX
103 GeV/cm3

)(

σXB

2.1× 10−45 cm2

)(

t

1010 years

)

. (17)

It is interesting to note that the DM number does not depend on the DM mass in the second
case.

In the above derivation ofNX , we have assumed that the evaporation effect is negligible for
the DM. Now we estimate the DM mass scale below which the evaporation is relevant. Since
energy states below the Fermi surface are occupied, only those neutrons with momentum
above pF can transfer kinetic energy to the DM. Since T % pF for the neutron star, the
number of these free neutrons is order ∼ 10−8 smaller than that of the neutrons in the Fermi
sea. So the scattering probability for the DM evaporation is highly suppressed. Furthermore,
compared to the sun, neutron stars have much higher density and deeper gravitational wells,

7

If DM mass is less than 1 GeV, the thermalization time scale is given by

tth ! 7.7× 10−5 years

(

0.1 GeV

mX

)(

2.1× 10−45 cm2

σn

)(

105 K

T

)

. (21)

To derive constraints on scalar ADM from black hole formation, we will assume the captured
scalar ADM follows the thermal distribution in the neutron star. This is only true when tth
is less than the neutron star age ∼ 1010 years. As we can see from Eqs. (20) and (21), light
DM easily satisfies this condition. For heavy DM, tth is not always less than the neutron
star age. In the following discussion we first assume the DM reaches thermal equilibrium
with neutrons, and then we check the consistency of this assumption.

After attaining thermal equilibrium, captured DM particles drift to the center of the star
and form an isothermal distribution with the typical radius

rth =

(

9T

4πGρBmX

)1/2

! 24 cm

(

T

105 K
·
100 GeV

mX

)1/2

. (22)

We can see that the captured DM particles very quickly occupy a very small region near the
neutron star core.

B. Self-gravitation and Black Hole Formation

If the DM density is larger than the baryon density within the thermal radius rth, the DM
particles can become self-gravitating. For a total DM mass MX = NXmX within a thermal
radius rth, this condition is

3MX

4πr3th
! ρB. (23)

Therefore, the DM becomes self-gravitating once the total number of DM particles is larger
than a critical number

Nself ! 4.8× 1041
(

100 GeV

mX

)5/2 ( T

105 K

)3/2

. (24)

Recall the upper limit for the bosonic system given in Eq. (6) above which the zero point
energy cannot prevent gravitational collapse

N boson
Cha ! 1.5× 1034

(

100 GeV

mX

)2

. (25)

Thus, if the scalar ADM thermalizes and the mass satisfies mX " 1017 GeV (T/105 K)
3
,

we always have Nself ! N boson
Cha . In this case, gravitational collapse occurs as soon as DM

particles become self-gravitating in neutron stars.

9
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BH Formation W/BEC

• With BEC, DM becomes dense fast!

• Have to worry about evaporation

C. Bose-Einstein Condensation

In the above discussion, we implicitly assumed that all captured scalar ADM particles
followed a Maxwellian velocity distribution. At the extreme densities we are considering
here, however, this minimal assumption is not necessarily satisfied. In particular, ensembles
of bosonic particles at high densities exhibit novel statistical properties. If the central
temperature of the neutron star falls below the critical temperature to form a Bose-Einstein
condensate (BEC), the particles in the ground state condense and no longer follow the
thermal distribution. We will now show that for light ADM this condensation increases the
density and reduces the restriction on self-gravitation to such an extent that the number of
ADM particles necessary for self-gravitation is less than the bosonic Chandrasekhar limit.
Thus, gravitational collapse is set by N boson

Cha .

To check this sequence of events, we begin by noting that for a given bosonic DM number
density nX , the critical temperature to form a BEC is given by

Tc =
2π

mX

[

nX

ζ(3/2)

]2/3

, (26)

where ζ is the Riemann-Zeta function, ζ(3/2) ! 2.612, and nX = 3NX/(4πr3th). To see how
likely it is that the captured ADM will form a BEC in the neutron star, we can estimate the
critical ADM number as

NX = ζ

(

3

2

)(

mXT

2π

)3/2 4πr3th
3

! 1.0× 1036
(

T

105 K

)3

, (27)

where we have used Eq. (22). Therefore, if the total number of captured ADM in the
neutron star is larger than 1.0 × 1036 (T/105 K)

3
, some of captured ADM particles will go

to the ground state and form a BEC. This condition can be satisfied for a neutron star with
relatively low central temperature as indicated by Eqs. (16) and (17) .

For T < Tc, the BEC forms and the number of particles in the condensed ground state is

N0
X = NX

[

1−
(

T

Tc

)3/2
]

! NX − 1.0× 1036
(

T

105 K

)3

. (28)

Since these ground-state particles effectively have zero temperature, they sink deep into the
core of the neutron star. We can estimate the radius of distribution of the ground state by
requiring the zero point energy equal the gravitational energy

rBEC =

(

3

8πGm2
XρB

)1/4

! 1.5× 10−5 cm

(

100 GeV

mX

)1/2

. (29)

This is much smaller than rth, which indicates a much higher DM density. Thus, the ground
state itself may become self-gravitating. The critical number for the self-gravity of the DM
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10of mass is

dMBH

dt
! 4πλs

(

GMBH

v2s

)2

ρBvs −
1

15360πG2M2
BH

+

(

dMBH

dt

)

DM

. (32)

The second term of Eq. (32) represents the Hawking radiation rate, while the third term is
the accretion rate of ambient DM particles. The first term of right-hand side of Eq. (32)
is the Bondi-Hoyle accretion rate, in which vs =

√

dP/dρ is the sound speed and λs is the
accretion eigenvalue for the transonic solution. To determine vs and λs, we characterize
the equation of state of the neutrons by P = Kργ, where K and γ are constant. For a
nonrelativistic degenerate neutron gas, which is a good approximation for neutrons in the
neutron star, we have γ = 5/3 and K = 32/3π4/3/(5m8/3

B ) [40]. We estimate the sound speed
as vs =

√

Kγργ−1 ∼ 105 km/s, where we take ρ ∼ 1.4× 1015 g/cm3. The accretion constant
is given by λs = (1/2)(γ+1)/(2γ−2)[(5− 3γ)/4]−(5−3γ)/(2γ−2) = 0.25 [40].

A. Black Hole Mass without Bose-Einstein Condensation

For large ADM mass, we found above that Nself < NBEC and a black hole forms without
the assistance of a BEC. After formation of the black hole, the neutron star continues
capturing DM particles. These newly captured DM particles eventually sink to the center of
the neutron star and distribute themselves within rth. In principle, the black hole can increase
its mass by capturing these additional DM particles. However, we find that this capture
rate is very small and (dMBH/dt)DM is negligible. This is because, for a nonrelativistic
particle moving towards the black hole, its impact parameter must be less than bmax =
4GMBH/v∞ [40] to penetrate the angular momentum barrier and fall into the black hole.
Here, v∞ is the particle’s velocity when it is far away from the black hole.

Taking MBH ∼ mXNself and v∞ ∼
√

3T/mX , we can estimate bmax as

bmax ∼ 1.6× 10−5 cm

(

10 TeV

mX

)(

T

105

)

, (33)

which is much smaller than the thermal radius rth ! 2.4 cm(T/105 K)(10 TeV/mX)1/2.
Therefore the majority of DM particles captured after formation of the black hole do not fall
directly into the black hole. The remaining DM particles orbit the black hole at a distance
of order rth; the black hole gains mass from these particles at a rate set by the collisionless
spherical accretion approximation [40]. We find that the DM accretion rate is much less
than the baryon accretion rate, so we can safely ignore the (dMBH/dt)DM term in this case,
and we obtain a critical initial black hole mass

M crit
BH ! 1.2× 1037 GeV. (34)

Without a BEC, the initial black hole mass is MBH ∼ NselfmX . If we demand NselfmX !

M crit
BH , we find that for mX " 2.6 × 106 GeV (T/105 K) the Hawking radiation has a

12

longer time scale than the accretion process. Hence in this mass range the black hole will
continuously accrete baryonic matter until the neutron star is consumed entirely.

B. Black Hole Mass with Bose-Einstein Condensation

For low-mass ADM, particles in the BEC ground state form a black hole. We must check
the mass above which the black hole evaporates. If we naively ignore the term (dMBH/dt)DM

and demand MBH ∼ mXN boson
Cha ! M crit

BH , we find that the black hole mass increases only for
the DM mass less than ∼ 13 GeV. If so, the constraint is valid for mX " 13 GeV. But
in contrast to the non-BEC case, (dMBH/dt)DM may have an important effect on the black
hole mass evolution, and we find that the bound can be sensitive to masses higher than
∼ 13 GeV. We detail our reasoning below.

Since the black hole forms only from ADM particles in the ground state, the remaining
ADM particles follow an isothermal distribution with a radius rth. As discussed above, the
thermally distributed DM particles do not fall into the black hole, and so the phase space
of the non-BEC state is still completely occupied. Hence, if any more ADM particles are
introduced to the thermal region, a new BEC ground state must form in the center of the
star. In this way, the introduction of more DM particles into the thermal radius essentially
forces the formation of a BEC ground state. Before and after the mini black hole forms, the
neutron star continuously captures ADM particles. All of the captured ADM particles will
eventually thermalize, sink to the center of the neutron star, and prompt the formation of a
new BEC state.

If the thermalization time scale is shorter than the evaporation time scale of the mini
black hole, the black hole can always efficiently accrete ADM particles in the new BEC
state. Taking the initial black hole mass as MBH ∼ mXN boson

Cha = 1/(GmX), we can
conservatively estimate the black hole evaporation time scale in the absence of particle
accretion as thaw " 15360πG2M3

BH/3 " 5× 104 years (100 GeV/mX)3. This is much longer
than the thermalization time scale given in Eq. (20). Since all newly captured ADM particles
eventually go to the ground state after the amount of time it takes them to thermalize, the
rate at which ADM particles fall into the BEC ground state per unit time is given by the
capture rate CB. To check whether or not the ADM particles in the BEC state feed the
black hole efficiently we calculate the maximal impact parameter bmax and compare it with
the distribution radius rBEC . With MBH ∼ 1/(GmX) and v∞ ∼ 1/(mXrBEC), we have

bmax ∼ 4rBEC, (35)

where rBEC is given by Eq. (29). Since bmax ! rBEC , we see that the black hole can efficiently
consume the BEC. This occurs at a rate given by (dMBH/dt)DM ∼ mXCB:

(

dMBH

dt

)

DM

" 2.3× 1036 GeV/year

(

ρX
103 GeV/cm3

)(

σXB

2.1× 10−45 cm2

)

. (36)
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ADM, Black Hole and 
Neutron Stars

F igure 2. R egions (colored) excluded by t he nearby pulsars J0437-4715 (left ) and J2124-3358

(right ). T he shaded, diagonal and square cross-ha tched, and black regions are as in F ig. 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 σmax # 2.1× 10−45 cm2.

Since the bound is sensitive to the DM density, we also consider neutron stars in regions
with high ρX . Globular clusters offer 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 ρX = 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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Light Dark Matter

• What are the cosmological 
constraints?

• Assume thermalized hidden 
sector

• Relic density + LHC

• Halo shapes

• CMB and ADM

mX < 10 GeV
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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 efficiency f ≈ 1.

If gf is less than the bound given in Eq. (26), the DM sector can have a different temperature from the
SM sector and the standard freezeout calculation can be modified in a number of ways. We have checked
that these effects 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/mφ for a vector mediator, where we take N c
f = 3. For leptonic decay modes, we

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

10 MeV/mφ,
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 mφ < mX , X̄X can annihilate to φφ, but φ decays to standard model particles
rapidly compared to the relevant time scales at recombination so that the CMB constraints are unchanged.
The only difference between a heavy mediator and light mediator with large width is whether there is a
contribution to the effective 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 〈σv〉 from CMB
constraints.
In addition, we have neglected the Sommerfeld enhancement effect. 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 〈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.
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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
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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∞ = ΩX̄/ΩX , the anti-DM to DM ratio at
the present time. The shaded region (blue) is excluded by the WMAP7 data, with different shades corresponding to
different r∞. Along the horizontal contours of constant r are the values of 〈σv〉 where the correct relic density can
be obtained for an efficiency 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 〈σv〉 needed to obtain the observed relic density and satisfy CMB
constraints for s-wave annihilation.

where we have used ρX + ρX̄ = ρCDM and r∞ = ρX̄/ρX . 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
〈σv〉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
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FIG. 1: Left: Existing constraints on an A′. Shown are constraints from electron and muon anomalous magnetic moment
measurements, ae and aµ, the BaBar search for Υ(3S) → γµ+µ−, three beam dump experiments, E137, E141, and E774,
and supernova cooling (SN). These constraints are discussed further in Section III. Right: Existing constraints are shown in
gray, while the various lines — light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green
(lower) solid — show estimates of the regions that can be explored with the experimental scenarios discussed in Section IVA–
IVE, respectively. The discussion in IV focuses on the five points labeled “A” through “E”. The orange stripe denotes the
“D-term” region introduced in section IIA, in which simple models of dark matter interacting with the A′ can explain the
annual modulation signal reported by DAMA/LIBRA. Along the thin black line, the A′ proper lifetime cτ = 80µm, which is
approximately the τ proper lifetime.

energy e+e− colliders are a powerful laboratory for the
study of an A′ with ε ! 10−4 and mass above ∼ 200
MeV, particularly in sectors with multiple light states
[32, 33, 34, 35, 36]. Their reach in ε is limited by lu-
minosity and irreducible backgrounds. However, an A′

can also be produced through bremsstrahlung off an elec-
tron beam incident on a fixed target [34]. This approach
has several virtues over colliding-beam searches: much
larger luminosities, of O(1 ab−1/day) can be achieved,
scattering cross-sections are enhanced by nuclear charge
coherence, and the resulting boosted final states can be
observed with compact special-purpose detectors.

Past electron “beam-dump” experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain ! 10
cm vertex displacements and ε ! 10−7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ε and mA′). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled “A” through “E”
in Figure 1 (right) require different approaches to these
challenges, discussed in Section IV. We have estimated
the reach of each scenario, summarized in Figure 1
(right), in the context of electron beams with 1–6 GeV
energies, nA–µA average beam currents, and run times
∼ 106 s. Such beams can be found for example at the

Thomas Jefferson National Accelerator Facility (JLab),
the SLAC National Accelerator Laboratory, the electron
accelerator ELSA, and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump
experiments. Low-mass, high-ε regions (e.g. B and C)
produce boosted A′ and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy — a limiting
factor. At still higher ε, no displaced vertices are re-
solvable and one must take full advantage of the kine-
matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A′ decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with different ex-
clusions) if the A′ decays to lighter U(1)′-charged scalars,
and to direct production of axion-like states.

Outline

In Section II, we summarize the properties of A′ pro-
duction through bremsstrahlung in fixed-target colli-

2

sions. Const raints from past experiments and from neu-
t rino emission by SN 1987 A are presented in Sect ion I I I .
In Sect ion I V , we describe t he five new experiment al sce-
narios and est ima te t he limi t ing backgrounds. We con-
clude in Sect ion V wi t h a summary of t he prospects for
new experiments. More det ailed formulas, which we use
to calcula te our expected search reaches, and a more de-
t ailed discussion of some of t he backgrounds, are given
in A ppendices A , B , and C .

II. THE PHYSICS OF NEW U(1) VECTORS IN
FIXED TARGET COLLISIONS

A. Theoretical Preliminaries

C onsider t he L agrangian

L = LSM + εY FY,µνF ′
µν +

1
4
F ′,µνF ′

µν + m2
A′A′µA′

µ, (3)

where LSM is t he St andard Model L agrangian, F ′
µν =

∂[µA′
ν] , and A′ is t he gauge field of a massive dark U (1)′

gauge group [1]. T he second term in (3) is t he kinet ic
mixing opera tor, and ε ∼ 10−8 − 10−2 is na t urally gen-
era ted by loops a t any mass scale of heav y fields charged
under bot h U (1)′ and U (1)Y ; t he lower end of t his range
is ob t ained if one or bot h U (1)’s are cont ained in grand-
unified ( G U T ) groups, since t hen ε is only genera ted by
two-or t hree-loop G U T -breaking effects.

A simple way of analyzing t he low-energy effects of t he
A′ is to t rea t kinet ic mixing as an inser t ion of p2gµν−pµpν

in Feynman diagrams, making i t clear t ha t t he A′ couples
to t he elect romagnet ic current of t he St andard Model
t hrough t he photon. T his pict ure also clarifies, for ex-
ample, t ha t new interact ions induced by kinet ic mixing
must involve a massive A′ propaga tor, and t ha t effects
of mixing wi t h t he Z-boson are fur t her suppressed by
1/m2

Z . E quivalent ly, one can redefine t he photon field
Aµ → Aµ + εA′µ as in [37], which removes t he kinet ic mix-
ing term and genera tes a coupling eAµJµ

EM ⊃ εeA′
µJµ

EM
of t he new gauge boson to elect rically charged par t icles
(here ε ≡ εY cos θW ). Note t ha t t his does not induce
elect romagnet ic millicharges for par t icles charged under
t he A′ . T he parameters of concern in t his paper are ε
and mA′ .

We now explain t he orange st ripe in F igure 1 — see
[3, 4, 5] for more det ails. In a supersymmet ric t heory,
t he kinet ic mixing opera tor induces a mixing between
t he D-terms associa ted wi t h U (1)′ and U (1)Y . T he hy-
percharge D-term gets a vacuum expect a t ion value from
elect roweak symmet ry breaking and induces a weak-scale
effect ive Fayet-Iliopoulos term for U (1)′ . C onsequent ly,
t he St andard Model vacuum can break t he U (1)′ in t he
presence of light U (1)′-charged degrees of freedom, giving
t he A′ a mass,

mA′ ∼ √εgD

√
gY mW

g2
, (4)

e−e−

Z

A′

γ

FIG. 2: A′ production by bremsstrahlung off an incoming
electron scattering off protons in a target with atomic number
Z.

!+

!−

!+

!−

e−

Z Z

e−

(a) (b)

FIG. 3: (a) γ∗ and (b) Bethe-Heitler trident reactions that
comprise the primary QED background to A′ → "+"− search
channels.

where gD , gY , and g2 are t he t he U (1)′ , U (1)Y , and
St andard Model SU (2)L gauge couplings, respect ively,
and mW is t he W -boson mass. E qua t ion (4) rela tes
ε and mA′ as indica ted by t he orange st ripe in F igure
1 for gD ∼ 0.1 − 1. T his region is not only t heoret-
ically appealing, bu t also roughly corresponds to t he
region in which t he annual modula t ion signal observed
by D A M A / L I B R A can be explained by dark ma t ter,
charged under t he U (1)′ , sca t tering inelast ically off nuclei
t hrough A′ exchange. We t herefore include t hese lines for
reference in our plots.

B. A′ Production in Fixed-Target Collisions

A′ par t icles are genera ted in elect ron collisions on a
fixed t arget by a process analogous to ordinary pho-
ton bremsst rahlung, see F igure 2. T his can be reli-
ably est ima ted in t he Weizsäcker- W illiams approxima-
t ion (see A ppendix A for more det ails) [38, 39, 40].
W hen t he incoming elect ron has energy E0 , t he differ-
ent ial cross-sect ion to produce an A′ of mass mA′ wi t h
energy EA′ ≡ xE0 is

dσ

dxd cos θA′
≈ 8Z2α3ε2E2

0x

U2
Log

×
[

(1− x +
x2

2
) −

x(1− x)m2
A′

(
E2

0x θ2
A′

)

U2

]
(5)

where Z is t he a tomic number of t he t arget a toms,
α ) 1/137, θA′ is t he angle in t he lab frame between t he
emi t ted A′ and t he incoming elect ron, t he Log (∼ 5− 10

3
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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 (mφ ! mX) case. (Right) Electron scattering through a vector
mediator, for mφ < mX (green) and mφ ! 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 σe 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 mφ < mX , this quantity is saturated for any mX if we set mφ to its maximum value of mφ ∼ 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 off 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 σn 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/mφ, 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 αX . We have checked that the
full calculation generally only changes the bound on αX by an O(1) factor [33], so here we take the bound
on αX from the large φ width case for simplicity. In this limit, the lower bound on σn is given by

σn ! 5× 10−54cm2 ×
( mX

GeV

)

(

GeV

mφ

)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 mφ # mX . Here

DM annihilation occurs directly to SM final states through φµ, with annihilation cross section 〈σv〉 =
4αXg2nm

2
X/m4

φ. 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

σn ! 5× 10−37 cm2

(

1 GeV

mX

)2
( µn

0.5 GeV

)2
. (37)
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Oscillating ADM

• Any violation of X number can lead to 
dark - anti - dark oscillations, e.g.

• What are the conditions for this to 
happen?  

• True results more subtle

mMX2

Oscillation time scale
Scattering time scale

mM > H

The χ Majorana mass, µχ, leads to DM particle/antiparticle oscillations χ ↔ χ̃. Similarly,

the DM-neutrino mass mixing, µχν , leads to DM/neutrino oscillations, χ ↔ ν̄. We now

discuss how these oscillations can modify the cosmological history of this model.

We begin by considering only the χ ↔ χ̃ oscillations (we will see below that the χ ↔
ν̄ oscillations can be neglected for the parameters of interest). It is important that the

oscillations do not turn on until after DM annihilations decouple, because otherwise the χ

asymmetry, resulting from leptogenesis, is erased. As a consequence, we shall now see that

the rate of oscillations are slow relative to the Hubble rate at all times. Nonetheless, the

probability to oscillate becomes sizable at late times, thereby enabling a large annihilation

rate at the present day, as in Eq. 4.7. This provides an alternative mechanism, compared

to the late φ decays discussed in section 4.1, for generating large cosmic ray fluxes at the

present epoch [10, 35].

In order to verify that DM does not oscillate too soon, we briefly review the formalism

for treating particle oscillations in the expanding universe [36, 37, 38]. Consider a generic

oscillation of the type α → β. The BE for production of β, through oscillations, is given by,

dYβ

dz
=

z

2
〈Pα→β (t)〉

Γα

H1
(Yα − Yβ) , (4.15)

where Pα→β (t) is the probability that α oscillates into β after time t, Γα is the total in-

teraction rate of α, z = m/T is defined in terms of an arbitrary mass scale m, and

H1 ≡ H(T = m). The oscillation probability, P , is averaged over the interaction time,

〈P 〉 = Γα

∫∞
0 dt e−Γαt P . We see that the BE is driven by P × Γ. Therefore, oscillations

are in equilibrium whenever PΓ ( H and are frozen out whenever PΓ ) H. The general

expressions for P and 〈P 〉 are:

Pα→β (t) = sin2 (2 θαβ) sin
2

(
∆Eαβ

2
t

)
, 〈Pα→β (t)〉 =

sin2 (2 θαβ)

2

∆E2
αβ

∆E2
αβ + Γ2

α

, (4.16)

where θαβ is the mixing angle and ∆Eαβ = t−1
osc the energy difference between the states α

and β, or equivalently the inverse oscillation time. Note that for simplicity, we neglect the

effects of finite temperature and density. These corrections are considered, for example, in

many studies of sterile neutrino production through neutrino/sterile neutrino oscillations [36,

37, 38].
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Boltzmann Eq from 
First Principles

states, described by the density matrix

Fk ∼
(
〈a†kak〉 〈b†kak〉
〈a†kbk〉 〈b†kbk〉

)
. (2)

Here, ak, a
†
k (bk, b

†
k) correspond to (anti)particle creation and annihilation operators for mo-

mentum k. The diagonal elements F11 and F22 correspond to occupation numbers of X
and XC states, respectively, while the off-diagonal components govern coherence between
them. Density matrix equations have been studied previously to describe flavor oscillations
in the context of neutrinos [3, 4] and various baryogenesis scenarios [6, 8, 9, 12, 13].

To recast DM particle-antiparticle oscillations in this language, it is helpful to define
a DM “flavor” doublet Ψ ≡ (X,XC), where the two “flavors” are particle Ψ1 ≡ X and
antiparticle Ψ2 ≡ XC . In terms of Ψ, our model given in Eq. (1) can be expressed as

L =
1

2
Ψ̄(i∂/−M)Ψ+

GX

2
√
2
Ψ̄OΓaΨ f̄Γaf , M =

(
mX mM

mM mX

)
, O ≡

(
1 0
0 ±1

)
. (3)

The model now appears to be that of two species Ψ1,2 that mix via flavor off-diagonal mass
terms proportional to mM . The matrix O corresponds to the DM flavor structure of the
interaction, and the ± sign follows by transforming X̄ΓaX under charge conjugation:
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In the Appendix, we derive the density matrix equation from first principles using
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∂Fk

∂t
−Hk

∂Fk

∂k
= −i

[
Hk, Fk

]
+ Ck[F ] , (4)

where H is the Hubble rate. The free Hamiltonian Hk can be written at leading order in
mM as

Hk =
√
k2 +M2 = ωk +

mXmM

ωk

(
0 1
1 0

)
(5)

with ωk =
√

k2 +m2
X . (The term proportional to the identity is irrelevant for oscillations.)

The collision term has two components

Ck[F ] = Ca
k [F ] + Cs

k[F ] (6)

corresponding to annihilation X(k)X̄(k′) ↔ f(p)f̄(p′)

Ca
k [F ] = − 1

4ωk

∫
dΠk′

∫
dΠp

∫
dΠp′ (2π)

4δ4(k + k′ − p− p′)
∑

spins

|Ma|2 (7)

× 1

2

({
Fk, OF̄k′O

}
(1− fp)(1− fp′)−

{
− Fk, O( − F̄k′)O

}
fpfp′

)
.
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must generalize the usual Boltzmann treatment [14] to include quantum coherence between
particle and antiparticle states, described by the density matrix

Fk ∼
(
〈a†kak〉 〈b†kak〉
〈a†kbk〉 〈b†kbk〉

)
. (4)

Here, ak, a
†
k (bk, b

†
k) correspond to (anti)particle creation and annihilation operators for mo-

mentum k. The diagonal elements F11 and F22 correspond to occupation numbers of X
and XC states, respectively, while the off-diagonal components govern coherence between
them.

Density matrix equations have been studied previously to describe flavor oscillations in
the context of neutrinos [23] and various baryogenesis scenarios [26, 29, 34, 35, 38]. To
recast DM particle-antiparticle oscillations in this language, it is helpful to define a DM
“flavor” doublet Ψ ≡ (X,XC), where the two “flavors” are particle Ψ1 ≡ X and antiparticle
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2
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)
(5a)
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1

2
|∂µΨ|2 −

1

2
Ψ†M2Ψ+ Lint , M2 =

(
m2

X m2
M

m2
M m2

X

)
. (5b)

The model now appears to be that of two species Ψ1,2 that mix via flavor off-diagonal mass
terms.

In the Appendix, we derive the density matrix equation from first principles using
nonequilibrium field theory. For a spatially homogeneous and isotropic expanding Universe,
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X . (The term proportional to the identity is irrelevant for oscillations.)
The collision term Ck depends on the interaction Lint. We assume that XX̄ annihilates

into states f f̄ , where f is a SM or dark sector state.1 The collision term has two components
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a
k [F ] + C

s
k [F ] , (8)
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Ca
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2ωk
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dΠk′
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dΠp
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dΠp′ (2π)
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spins

(9)

×
1

2

({
Fk,

†
aF̄k′ a

}
(1± fp)(1± f̄p′)−

{
± Fk,

†
a( ± F̄k′) a

}
fpf̄p′

)
,

1 We henceforth denote the antiparticle state as X̄, inclusive of both fermionic X̄ and scalar X†.
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In a more general case with mixed C (e.g., Γa = gV γµ + gAγµγ5), both O± contribute:

a = M+(XX̄ → f f̄)O+ +M−(XX̄ → f f̄)O− (16a)

s = M+(Xf → Xf)O+ +M−(Xf → Xf)O− (16b)

where M+ (M−) is the part of the matrix element proportional to gA (gV ).2

Eq. (16) corresponds to the most general form for the amplitude matrices for any inter-
action Lint. Although our results were derived for a contact interaction (see Appendix), it
is straightforward to adapt our results to any Lint by using the appropriate matrix elements
Ma,s. The sign of O± is determined by Ma → ±Ma under X → XC . One important
example is XX̄ annihilation to light dark sector bosons (which then decay to SM states);
this case has O+.

B. Nonrelativistic limit

The density matrix equation can be simplified considerably ifX, X̄ are nonrelativistic, as
expected during and after freeze-out. The usual prescription in the single flavor case is to
integrate the Boltzmann equation and to express everything terms of total number densities.
Analogously, we define a “number density matrix”

n ≡ (2s+ 1)

∫
d3k

(2π)3
Fk =

(
n11 n12

n21 n22

)
, n̄ ≡ (2s+ 1)

∫
d3k

(2π)3
F̄k =

(
n22 n12

n21 n11

)
, (17)

where the (2s + 1) factor accounts for spin. To evaluate the integrated collision term∫
d3k/(2π)3 Ck in terms of n (and n̄), we take as an ansatz

Fk = e−ωk/T
n

neq
, F̄k = e−ωk/T

n̄

neq
, (18)

assuming that the momentum dependence of (Fk)ij can be characterized by a Maxwell-
Boltzmann factor independent of ij, where neq ≡ (2s + 1)

∫
d3k/(2π)3 exp(−ωk/T ). We

expect this ansatz to be valid since the free Hamiltonian, in the nonrelativistic limit, becomes

H0 =

(
mX δm
δm mX

)
, (19)

giving an oscillation frequency ωosc = 2δm that is approximately independent of k, modulo
O(k2/m2

X) corrections. Moreover, we take a general structure for the amplitude matrices,
given in Eq. (16).

Taking the integral (2s+1)
∫
d3k/(2π)3 of Eq. (6), the integrated density matrix equation

is

∂n

∂t
+ 3Hn = −i

[
H0, n

]
−

Γ±

2

[
O±,

[
O±, n

]]
− 〈σv〉±

(1
2

{
n, O± n̄ O±

}
− n2

eq

)
. (20)

2 To be clear, we emphasize that C = ± does not refer to the C-transformation of Lint in the usual sense,

where one transforms all fields entering Lint under C. Here, C = ± refers to the parity of Lint under

X → XC , while keeping the other fields untransformed. In this latter sense, we identify C-even (odd)

interactions as corresponding to flavor-blind (sensitive) collisions.
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Only flavor blind interactions source annihilations:A. Annihilation

First, we consider the annihilation term; expanding the anticommutator, we have4

flavor-blind:
1

2

{
Y, O+Ȳ O+

}
=

(
Y11Y22 + Y12Y21 Y11Y12 + Y12Y22

Y21Y11 + Y22Y21 Y11Y22 + Y12Y21

)
(23a)

flavor-sensitive:
1

2

{
Y, O−Ȳ O−

}
=

(
Y11Y22 − Y12Y21 0

0 Y11Y22 − Y12Y21

)
. (23b)

The two types of interactions couple very differently to Yij. However, in the absence of
coherence (Y12, Y21 → 0), both interactions give the same (usual) result proportional to
YXYX̄ . The distinction between flavor-blind and flavor-sensitive is only relevant in the
presence of coherence.

If oscillations turn on after freeze-out, one näıvely expects annihilation to be reactivated
as X oscillates into XC , repopulating XC . This expectation turns out to be false for flavor-
sensitive annihilation. In this case, annihilation only couples to Y through det(Y ) = Y11Y22−
Y12Y21. Because det([H0, Y ]) = 0, oscillations do not “source” flavor-sensitive annihilation.
As long as DM is coherently oscillating, annihilation is not reactivated.

This result stems from a simple symmetry argument. Annihilation occurs through a
two-particle state characterized by spin, spatial, and flavor (i.e., X,XC) wavefunctions.
Moreover, since both X and XC must be present to annihilate, and particle-antiparticle
wavefunctions are eigenstates of C, the total wavefunction has eigenvalue C = (−1)L+S,
where L is the total angular momentum, and S is the total spin. Boson (fermion) statistics
requires that the total wavefunction be (anti)symmetric. For all choices of L and S, this
implies that C-even (odd) interactions have (anti)symmetric flavor wavefunctions, according
to the following table.

C S L flavor total

scalar X + — even even even

− — odd odd even

fermion X + 0 (odd) even even odd

− 0 (odd) odd odd odd

+ 1 (even) odd even odd

− 1 (even) even odd odd

If oscillations turn on when DM is nonrelativistic, all states precess uniformly (with
ωosc ≈ 2δm) and only one pure state is populated, illustrated in Fig. 1. Therefore, only
a symmetric flavor wavefunction can be nonvanishing. Flavor-sensitive annihilation, requir-
ing an antisymmetric flavor wavefunction, remains frozen-out. Once the coherence is broken,
DM is no longer a pure state, and annihilation commences.

Even in the absence of collisions, decoherence can occur within the thermal DM ensemble.
Since DM particles have a thermal distribution in momentum k, different momentum modes

4 The annihilation term given in Ref. [22] is different in two respects: the authors (i) set O± = for all

types of interactions, and (ii) use a different form for Ȳ where Ȳ12,21 = −Y21,12.
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FIG. 2: Evolution of DM density for mX = 300 GeV, 〈σv〉 = 7.5 pb, δm = 10−7 eV. Top
left: rates H, ωosc, and Γ±, for κ = 10−4. Top right: flavor-blind interaction for both κ = 0
(no scattering) and κ = 10−4 (with scattering). Bottom left: flavor-sensitive interaction with no

scattering. Bottom right: flavor-sensitive interaction with scattering. Dashed line is initial DM
asymmetry ηDM = 8.8× 10−11. Pink band is observed ΩDM .

• Top right: Flavor-blind interaction case, with or without scattering. Residual anni-
hilation turns on when oscillations begin7, depleting the DM density by O(100). A
non-vanishing rate Γ+ does not affect the DM evolution.

• Bottom left: Flavor-sensitive interaction case, without scattering (κ = 0). Oscillations
turn on at x ∼ 30, but no residual annihilation takes place. The total DM density
remains frozen-out at its asymmetric value.

• Bottom right: Flavor-sensitive interaction case, with scattering (κ = 10−4). Scattering
quenches oscillations until x ∼ 500. For ωosc > Γ− > H (x ! 500), rapid oscillations
and scatterings cause decoherence, and residual annihilation depletes the DM density
by O(10).

The dashed line denotes the initial asymmetric DM charge density ηDM ≡ YX−YX̄ , assumed
to be ηDM = 8.8 × 10−11, equal to the baryon density. The pink band corresponds to the
observed DM energy density ΩDM (with ±2σ thickness).

7 Here, flavor-blind annihilation causes decoherence [22], delaying the onset of oscillations until x ∼ 100.
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FIG. 2: Evolution of DM density for mX = 300 GeV, 〈σv〉 = 7.5 pb, δm = 10−7 eV. Top
left: rates H, ωosc, and Γ±, for κ = 10−4. Top right: flavor-blind interaction for both κ = 0
(no scattering) and κ = 10−4 (with scattering). Bottom left: flavor-sensitive interaction with no

scattering. Bottom right: flavor-sensitive interaction with scattering. Dashed line is initial DM
asymmetry ηDM = 8.8× 10−11. Pink band is observed ΩDM .

• Top right: Flavor-blind interaction case, with or without scattering. Residual anni-
hilation turns on when oscillations begin7, depleting the DM density by O(100). A
non-vanishing rate Γ+ does not affect the DM evolution.

• Bottom left: Flavor-sensitive interaction case, without scattering (κ = 0). Oscillations
turn on at x ∼ 30, but no residual annihilation takes place. The total DM density
remains frozen-out at its asymmetric value.

• Bottom right: Flavor-sensitive interaction case, with scattering (κ = 10−4). Scattering
quenches oscillations until x ∼ 500. For ωosc > Γ− > H (x ! 500), rapid oscillations
and scatterings cause decoherence, and residual annihilation depletes the DM density
by O(10).

The dashed line denotes the initial asymmetric DM charge density ηDM ≡ YX−YX̄ , assumed
to be ηDM = 8.8 × 10−11, equal to the baryon density. The pink band corresponds to the
observed DM energy density ΩDM (with ±2σ thickness).

7 Here, flavor-blind annihilation causes decoherence [22], delaying the onset of oscillations until x ∼ 100.
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FIG. 2: Evolution of DM density for mX = 300 GeV, 〈σv〉 = 7.5 pb, δm = 10−7 eV. Top
left: rates H, ωosc, and Γ±, for κ = 10−4. Top right: flavor-blind interaction for both κ = 0
(no scattering) and κ = 10−4 (with scattering). Bottom left: flavor-sensitive interaction with no

scattering. Bottom right: flavor-sensitive interaction with scattering. Dashed line is initial DM
asymmetry ηDM = 8.8× 10−11. Pink band is observed ΩDM .

• Top right: Flavor-blind interaction case, with or without scattering. Residual anni-
hilation turns on when oscillations begin7, depleting the DM density by O(100). A
non-vanishing rate Γ+ does not affect the DM evolution.

• Bottom left: Flavor-sensitive interaction case, without scattering (κ = 0). Oscillations
turn on at x ∼ 30, but no residual annihilation takes place. The total DM density
remains frozen-out at its asymmetric value.

• Bottom right: Flavor-sensitive interaction case, with scattering (κ = 10−4). Scattering
quenches oscillations until x ∼ 500. For ωosc > Γ− > H (x ! 500), rapid oscillations
and scatterings cause decoherence, and residual annihilation depletes the DM density
by O(10).

The dashed line denotes the initial asymmetric DM charge density ηDM ≡ YX−YX̄ , assumed
to be ηDM = 8.8 × 10−11, equal to the baryon density. The pink band corresponds to the
observed DM energy density ΩDM (with ±2σ thickness).

7 Here, flavor-blind annihilation causes decoherence [22], delaying the onset of oscillations until x ∼ 100.
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FIG. 2: Evolution of DM density for mX = 300 GeV, 〈σv〉 = 7.5 pb, δm = 10−7 eV. Top
left: rates H, ωosc, and Γ±, for κ = 10−4. Top right: flavor-blind interaction for both κ = 0
(no scattering) and κ = 10−4 (with scattering). Bottom left: flavor-sensitive interaction with no

scattering. Bottom right: flavor-sensitive interaction with scattering. Dashed line is initial DM
asymmetry ηDM = 8.8× 10−11. Pink band is observed ΩDM .

• Top right: Flavor-blind interaction case, with or without scattering. Residual anni-
hilation turns on when oscillations begin7, depleting the DM density by O(100). A
non-vanishing rate Γ+ does not affect the DM evolution.

• Bottom left: Flavor-sensitive interaction case, without scattering (κ = 0). Oscillations
turn on at x ∼ 30, but no residual annihilation takes place. The total DM density
remains frozen-out at its asymmetric value.

• Bottom right: Flavor-sensitive interaction case, with scattering (κ = 10−4). Scattering
quenches oscillations until x ∼ 500. For ωosc > Γ− > H (x ! 500), rapid oscillations
and scatterings cause decoherence, and residual annihilation depletes the DM density
by O(10).

The dashed line denotes the initial asymmetric DM charge density ηDM ≡ YX−YX̄ , assumed
to be ηDM = 8.8 × 10−11, equal to the baryon density. The pink band corresponds to the
observed DM energy density ΩDM (with ±2σ thickness).

7 Here, flavor-blind annihilation causes decoherence [22], delaying the onset of oscillations until x ∼ 100.
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FIG. 2: Evolution of DM density for mX = 300 GeV, 〈σv〉 = 7.5 pb, δm = 10−7 eV. Top
left: rates H, ωosc, and Γ±, for κ = 10−4. Top right: flavor-blind interaction for both κ = 0
(no scattering) and κ = 10−4 (with scattering). Bottom left: flavor-sensitive interaction with no

scattering. Bottom right: flavor-sensitive interaction with scattering. Dashed line is initial DM
asymmetry ηDM = 8.8× 10−11. Pink band is observed ΩDM .

• Top right: Flavor-blind interaction case, with or without scattering. Residual anni-
hilation turns on when oscillations begin7, depleting the DM density by O(100). A
non-vanishing rate Γ+ does not affect the DM evolution.

• Bottom left: Flavor-sensitive interaction case, without scattering (κ = 0). Oscillations
turn on at x ∼ 30, but no residual annihilation takes place. The total DM density
remains frozen-out at its asymmetric value.

• Bottom right: Flavor-sensitive interaction case, with scattering (κ = 10−4). Scattering
quenches oscillations until x ∼ 500. For ωosc > Γ− > H (x ! 500), rapid oscillations
and scatterings cause decoherence, and residual annihilation depletes the DM density
by O(10).

The dashed line denotes the initial asymmetric DM charge density ηDM ≡ YX−YX̄ , assumed
to be ηDM = 8.8 × 10−11, equal to the baryon density. The pink band corresponds to the
observed DM energy density ΩDM (with ±2σ thickness).

7 Here, flavor-blind annihilation causes decoherence [22], delaying the onset of oscillations until x ∼ 100.
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FIG. 2: Evolution of DM density for mX = 300 GeV, 〈σv〉 = 7.5 pb, δm = 10−7 eV. Top
left: rates H, ωosc, and Γ±, for κ = 10−4. Top right: flavor-blind interaction for both κ = 0
(no scattering) and κ = 10−4 (with scattering). Bottom left: flavor-sensitive interaction with no

scattering. Bottom right: flavor-sensitive interaction with scattering. Dashed line is initial DM
asymmetry ηDM = 8.8× 10−11. Pink band is observed ΩDM .

• Top right: Flavor-blind interaction case, with or without scattering. Residual anni-
hilation turns on when oscillations begin7, depleting the DM density by O(100). A
non-vanishing rate Γ+ does not affect the DM evolution.

• Bottom left: Flavor-sensitive interaction case, without scattering (κ = 0). Oscillations
turn on at x ∼ 30, but no residual annihilation takes place. The total DM density
remains frozen-out at its asymmetric value.

• Bottom right: Flavor-sensitive interaction case, with scattering (κ = 10−4). Scattering
quenches oscillations until x ∼ 500. For ωosc > Γ− > H (x ! 500), rapid oscillations
and scatterings cause decoherence, and residual annihilation depletes the DM density
by O(10).

The dashed line denotes the initial asymmetric DM charge density ηDM ≡ YX−YX̄ , assumed
to be ηDM = 8.8 × 10−11, equal to the baryon density. The pink band corresponds to the
observed DM energy density ΩDM (with ±2σ thickness).

7 Here, flavor-blind annihilation causes decoherence [22], delaying the onset of oscillations until x ∼ 100.
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New Avenues for 
Baryogenesis

• B and DM number 
violation simultaneously

• Coupled oscillators

• Generates equal and 
opposite B and DM 
number -- cogenesis!

W = Xucdcdc

Cheung, KZ ’11 nB−L = −nX
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Cogenesis in the Early 
Universe

• To see how it works, map to simple 
mechanical analog: pseudo-particle in 
2-dimensions

• B-L and X asymmetry: torque on 
mechanical analog
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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 φ in polar coordinates,

φ =
1√
2
rφe

iθφ , (4)

one finds that the charge density of φ is

nφ = j0 = i(φφ̇† − φ†φ̇) = r2φθ̇φ, (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 affects 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 ⊃
∑

φ

(aφm
2 + bφH

2)|φ|2, (7)

where m is the scale of soft masses at zero temperature
and H is the Hubble parameter. The dimensionless pa-
rameters aφ and bφ are generated by the couplings of the
field φ to the goldstino and the inflaton, respectively. In
general, it is possible that bφ < 0 in Eq. (7), in which case
a tachyon is induced for φ during inflation, causing φ to
roll away from the origin and be stabilized at φ-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 coefficients 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), φ will be naturally
pushed along D-flat directions until it is lifted by higher
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asymmetry a t the end of infla tion via the evolution of A D
condensa tes which carry B − L and X . To understand
wha t is required in order to achieve this, let us map our
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one finds tha t the charge densi ty of φ is

nφ = j0 = i(φφ̇† − φ†φ̇) = r2φθ̇φ, (5)

tha t is, identical to the angular momentum of a pseudo-
par ticle in two dimensions.

I t is convenient to reinterpret the scalar sector of the
MSSM during infla tion as a system of coupled pseudo-
par ticles in two dimensions with a time dependent po-
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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 tha t both B−L
and X are spontaneously broken.

ii) Torque. For a torque to be exer ted, the scalar
potential must vary in time and depend explici t ly
on the phases of fields which are B − L and X
covariant .

T hese criteria are of course equivalent to the Sakharov
conditions requiring i) B −L and X symmetry viola tion
and ii) C P viola tion. L et us now discuss how each of
these elements are accommoda ted during the forma tion
and evolution of the A D condensa te.

A. Stabilization

T he first phase of the A D mechanism, stabiliza tion,
occurs during the init ial infla tionary epoch of the early
universe. A s discussed thoroughly in [12, 13], the expan-
sion of the universe affects the evolution of scalar fields
through H ubble frict ion 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. H ere Vsoft will vary explici t ly in time via
the H ubble parameter because supersymmetry is bro-
ken by the vacuum energy of the universe during infla-
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2)|φ|2, (7)
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and H is the H ubble parameter. T he dimensionless pa-
rameters aφ and bφ are genera ted by the couplings of the
field φ to the goldst ino and the infla ton, respect ively. In
general, i t is possible tha t bφ < 0 in E q. (7), in which case
a tachyon is induced for φ during infla tion, causing φ to
roll away from the origin and be stabilized a t φ-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 coefficients and M is the
scale suppressing the dimension d opera tor in E q. (1). A s
we will see in explici t models in Sec. I V , this opera tor in-
troduces addit ional vacua a t non-zero field values. To our
knowledge, the possibili ty tha t the A-term alone, with-
out H ubble tachyons, can drive the A D evolution has not
before been pointed out in the li tera ture. B e i t through
contributions from E q. (7) or E q. (8), φ will be na turally
pushed along D-fla t direct ions until i t is lifted by higher
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Cogenesis in the Early 
Universe

• Two ingredients for 
successful Affleck-Dine 
Cogenesis

• Stabilization: non-zero B-
L and X vevs

• Torque: non-zero angular 
momentum
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Cogenesis -- Natural 
for ADM!

• Affleck-Dine works by utilizing flat 
directions with non-zero <B-L>

• Note there is a symmetry                 
which generates                       

• At low temperature, symmetry breaks 
when              decouples, separately 
freezing in the asymmetries
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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, ΩD M /Ω 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 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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X charges such that OX has charge +1 under U(1)X . In
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number down to an exact, diagonal B − L+X number.
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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-

OX = X, X2

U (1)B−L+X → U (1)B−L × U (1)X
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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
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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.
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breaking effects proportional to the Hubble parameter
which can efficiently drive 〈B − L〉 and 〈X〉 to non-zero
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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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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.
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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-
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from the initial X asymmetry. Moreover, because the
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the LXP are typically long-lived, this class of theories
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generally in Asymmetric DM [3], which relates a present
day asymmetry in baryons and DM via similar symmetry
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metry was assumed initially and then shared with the
DM, in the present work the baryon and DM asym-
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U (1)B−L+X → U (1)B−L × U (1)X
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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
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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Where are We?

• DM anomalies?

• Other candidates

• Asymmetric Dark 
Matter gives rise to a 
distinctive 
phenomenology to 
explore
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