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This Diagram Will Guide Talk
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Let’s Talk About Well Known Data



Galactic Rotation Curves 
Suggest Missing Mass Density

• Rotational Velocity 
Curves Suggest a Dark 
Matter Halo in which 
the Luminous Matter in 
embedded

5 Astro      Data



Gravitational Lensing Observations 
Suggest Miss Mass Density

• Light From Distance 
Sources is Deflected too 
much given Mass 
Estimates From 
Luminous Density

6 Astro      Data



Bullet Cluster: Luminous and Non-Luminous 
Matter Have Different Interactions

• UV Imaging and 
Gravitational Lensing 
Show Mis-Match 
between Mass Centers 
and Luminous Material 
in Cluster-Cluster 
Collision

7 Astro      Data



Clustering Observations Suggest 
Extra Source of Gravitational 

Potential

• Structure on 
scales from 
Galaxies to 
Cluster of 
Galaxies Suggest 
Are not well 
described by SM 
physics

8 Astro      Data
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Sprinkle In Some Theory



CMB & SN Ia Data Measure Energy 
Density Fractions

10 Astro       Data +Theory
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Standard Model of 
Cosmology is            

12

ΛCDM

Λ

Astro       Data +Theory



Data Constrain Particle Physics

DM Electrically Neutral

-OR-  Non-Thermal

13

< σv >ann≈ 10
−26

cm
2

Small Self-Interaction 
Cross Section

Astro       Data + Particle      Theory
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Astrophysics of Atomic Dark 
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Atomic Dark Matter is 
Simple

• For now 
asymmetry is 
assumed

ADM        Astro       Data +Theory



Can Atomic Dark Matter Be “Cold”? 

16

V( r )

- 1/r

- C/r^4

- A/r^6

charge-charge

charge-induced dipole

induced dipole-induced dipole
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V( r )

- 1/r

- C/r^4

- A/r^6

charge-charge

charge-induced dipole

induced dipole-induced dipole
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dσ

dΩ
→ cnst : reminiscent of s− wave scattering



Residual Ionization is Key 
to Cosmological Dynamics

17

Structure
Formation

Effective Interaction of DM

Direct
Detection

Self-Scattering
Bounds

Peebles ApJ 153, p.1

ADM        Astro       Data +Theory



“Re”combination is 
Analogous to SM

18

Peebles ApJ 153, p.1 
Dodelson ‘03
Spitzer ‘78
Ma & Bertschinger  
     astro-ph/9506072

Recombination governed by Boltzmann 

ADM        Astro       Data +Theory

Atom productionAtomic disintegration



Efficient Atom 
Production

19
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Bullet Cluster Constrains 
Xe and Bohr Radius

ADM        Astro       Data +Theory
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Bullet Cluster Constrains 
Xe and Bohr Radius

ADM        Astro       Data +Theory
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Bullet Cluster Constrains 
Xe and Bohr Radius

ADM        Astro       Data +Theory



Cartoon of Bullet Cluster

21

Markevitch et al 
     astro-ph/0309303

Surface Density
Scattering Depth

ADM        Astro       Data +Theory



Cartoon

22

Markevitch et al 
      astro-ph/0309303

• Observations Imply ~ 30% of Original Mass is Scattered out of Bullet Cluster 

• Assume All Ions are Scattered out of BC

• Constrains Scattering Depth, and thus the cross section and fractional composition of the Cluster

•
ADM        Astro       Data +Theory



Allowed Space
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Non-Standard CDM & Observable Properties

24

Decoupling when photons stop 
transferring energy to atoms

Atomic DM can suppress 
power on small scales

Loeb& Zaldarriaga astro-ph/0504112
Green et al. astro-ph/0309621

M strc
ADM > 105

�
T

10 keV

�−3

M⊙

M strc
CDM > 10−4

�
T

10 MeV

�−3

M⊙

M strc >
4π

3

�
π

kdamped

�3

ΩDMρcrit

ADM        Astro       Data +Theory



Decoupling Dynamics May Have 
Implications for ‘Missing Satellites’

25

SMS Collaboration 
‘08

Cembranos et al hep-ph/0507150
Simon & Geha arXiv:0706.0516

About an order of magnitude 
too few satellites

ADM        Astro       Data +Theory



A Word Concerning 
Halos

26

• Different Interaction 
Potentials for Atoms and 
Ions Can Effect the Radial 
Profiles

• Implications for Direct and 
Indirect Detection

Non-Interacting Profiles

Interacting Profiles
ADM        Astro       Data +Theory
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Galactic Cartoon



Density Distributions
• Atoms Behave like CDM -

NFW Profile

• BUT Ion Scattering 
Maintains Kinetic 
Equilibrium

• Ion Phase Space 
Distribution Governed by 
Boltzmann Stats - 
Isothermal Profile

28

n±(r) ∼ N(Xe)

�
v2dvf±(v, r)

→ N(Xe)

�
v2dve−(KE(v)−PE(r)/T

= C(Xe) e
−U(r)

T



Local Ion Density is 
Suppressed

29
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Figure 1: Ionic number densities for three choices
(best fit and ±σ) of virial mass, virial concen-
tration parameter, and Einasto parameter respec-
tively. The vertical bar denotes the Sun’s radial
position
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Figure 2: Three log plot of atomic (top) and ionic
(bottom) mass densities for three choices (best fit
and ±σ) of virial mass, virial concentration param-
eter, and Einasto parameter respectively
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4

Catena & Ullio Milky Way Model 0907.0018n±(r) ∼ C(Xe) e
−U(r)

T Independent of Xe 

Xe(r⊙) ∼ 10−2Xglobal
e (Xglobal

e ∼< 0.1)



Atomic Dark Matter 
Astro Summary

30

• Atomic Dark Matter has very different microscopic properties 
than typical CDM

• Significant Parameter Space Consistent with Observations

• May have Interesting Implications for Small Scale Structure

• Late decoupling > Missing Satellites?

• Multicomponent (Atoms and Ions) halo, likely with very 
different radial profiles

• Explicit example that DM can have dynamics far more 
complicated than standard CDM

ADM        Astro       Data +Theory
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Now Review Standard WIMP Phenomenology



Direct Detection

32 Particle        Data +Theory



Direct Detection

32

• DM Scatters 
off Nucleus, 
Depositing 
Electronic and 
Vibrational 
Energy

Particle        Data +Theory



Expect Time 
Dependent Scattering 

33

• Mean velocity of DM wrt Earth varies 
sinusoidally throughout the year

• Mean Lab Frame Energy oscillates as 
Earth orbits

Particle        Data +Theory



DAMA Sees The 
Predicted Time Variation

34

• Counts per Day per Kilogram per keV

• Exactly in phase with Earth’s orbit

Particle        Data +Theory



BUT it’s Not a WIMP

35

• Best fit WIMP is Ruled 
out by 2-3 orders of 
magnitude

Particle        Data +Theory



BUT it’s Not a WIMP

35

• Best fit WIMP is Ruled 
out by 2-3 orders of 
magnitude

Particle        Data +Theory



DAMA Spectrum Inconsistent 
with Elastic scattering

36

Approximate Elastic Scattering Shape

Possible Inelastic Shape

Particle        Data +Theory



DAMA Spectrum Inconsistent 
with Elastic scattering

36

Approximate Elastic Scattering Shape

Possible Inelastic Shape
Tucker-Smith & Weiner: hep-ph/0101138
Chang et al. arxiv:0807.2250
Cui et al. arxiv:0901.0557

Particle        Data +Theory
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Atoms Have Many Energy States - 
Could Transitions Explain DAMA?

• Requires State Change

• Corresponding Velocity 
Threshold for Reaction

• Threshold depends on 
Target Mass (through 
reduced Mass)

38

NaI

Scattering excites Atom

ADM        Particle        Data +Theory



Coupling Dark Atoms 
to SM

39

NaISi=0
Sf=1

Want DM to Flip Spin When Interacting with SM

ADM        Particle        Data +Theory



Introducing a DM-spin 
Dependent Force

40

Introduce New Axial GB
MA ∼ 1− 10 MeV

Along with Kinetic Mixing

Ze



DM-SM Interaction 
Cartoon

41 ADM        Particle        Data +Theory

Dark Electron Scattering

Dark Proton 
Scattering

Broken Axial U(1)

Kinetic Mixing
Ze



Coupling Dark Atoms 
to SM

42

NaIS
i
=0

S
f
=1

Wacker et al arXiv:0901.0557
Holdom ‘86

Want DM to Flip Spin When Interacting with SM

Axial Vector Coupling Reduces To 
Spin-Spin Coupling in NR limit

Kinetic Mixing Between Broken Axial U(1) and 
U(1)Y lead to Scattering Between SM and DM

ADM        Particle        Data +Theory



ADM Can Fit DAMA 

43

Green Red Black

mp (GeV) 70 100 200

me (GeV) 1.7 1.7 2.1

feff (GeV) 67 92 103

f4
eff =

M4
X

2g5εcw
ADM        Particle        Data +Theory
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Bounds From Other 
DD Observations

44
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FIG. 4: (color online) The solid black curves indicates the 90% C.L. exclusion limits obtained from XENON10 data, with Leff

given by [24, 25] (solid gray curves take Leff from [23]). The filled regions indicate the 90% (magenta, darker) and 99% (cyan,

lighter) C.L. DAMA-allowed regions. XENON10 911.4438
ADM        Particle        Data +Theory



Kinetic Mixing and 
Allowed Parameter Space

45

S Dark

Integrate out 

Redefine 
Induce coupling of SM current to

CiDM1 CiDM2 CiDM3 CiDM4

mπd 72 GeV 75 GeV 234 GeV 162 GeV

δm 109 keV 105 keV 91 keV 126 keV

Λd 177 MeV 177 MeV 292 MeV 286 MeV

feff 738 GeV 846 GeV 563 GeV 268 GeV

� 3.7× 10−4 3.0× 10−4 2.1× 10−3 3.8× 10−4

mAd 1 GeV 1 GeV 1 GeV 60 MeV

θP� 0.00 0.04 0.04 0.06

v0 272 km/s 273 km/s 202 km/s 280 km/s

vesc 510 km/s 501 km/s 558 km/s 501 km/s

α 0.86 0.82 1.30 0.98

χ2 4.6 6.2 12.8 9.9

TABLE I: Four benchmark models showing different regions
of parameter space. CiDM1 corresponds to the best-fit point.
CiDM2 shows a representative mixture of inelastic and sub-
dominant elastic scattering. CiDM3 shows the larger mass
window with slow halo parameters. CiDM4 shows a light
mAd model.

on these interactions arise from tests of QED. The most
model-independent bound comes from the virtual ex-
change of the Ad between SM fields. The best limits arise
from the constraints on the magnetic dipole moments of
the µ and e [42]. The constraints can be expressed as

�2F
� m2

e

m2
Ad

�
< 1.5×10−8 �2F

� m2
µ

m2
Ad

�
< 6.4×10−6,(28)

where

F (x) =
� 1

0
dz

2z(1− z)2

(1− z)2 + z/x
. (29)

Fig. 3 shows that g− 2 limits are most important at low
mAd and large �.

For larger values of mAd , constraints arise from
precision electroweak interactions, which depend on the
gauge terms of the Lagrangian. The kinetically-mixed
U(1)d only alters the neutral currents and the La-
grangian for this sector is

LGauge = −1
4

�
F 2

dµν + B2
µν − 2�Fµν

d Bµν + W 2
3µν

�

+
m2

Z0

2

�
1 +

2h0

v

�
Z2 +

m2
Ad

2

�
1 +

√
2φ0

fφ

�
A2

d

+AdJd + AEMJEM + ZJZ . (30)

The precision electroweak constraints have not been per-
formed for dark photons with masses between 1 GeV and
100 GeV. In addition to oblique corrections, there is
a non-oblique correction coming from the contribution
of the dark photon to precision electromagnetic observ-
ables, such as differential Bhabha scattering. A full anal-

ysis is beyond the scope of this paper and will be per-
formed in [43]. This article uses a bound on � of [44, 45]

� <∼ 1× 10−2. (31)

This constraint becomes more important than the muon
g − 2 limit when mAd

>∼ 250 MeV.
The width of the Z0 is altered by the presence of

the dark sector. The interaction between the Z0 and the
dark current in the canonically normalized mass eigen-
state basis is

LZd �
�

�sθ
m2

Ad

m2
Z0

�
Z0

µJµ
d , (32)

to lowest order in � and m2
Ad

/m2
Z0 . The width of the Z0

decay into the dark sector is

Γ(Z0 → Ψ̄LΨL) �
Ncg2

d�2s2
θm

4
Ad

12πm3
Z0

� Ncs2
θ

12π

m8
Ad

m3
Z0f4

eff

.(33)

Any additional Z0 decay mode cannot have a branching
ratio of more than 0.18% [46]. This sets a limit on the
dark photon mass of

� <∼
0.045

N
1
2
c

� mπd

70 GeV

� �
100 GeV

mAd

�3

, (34)

which is never a constraint.

A. Limits from Direct Production

The allowed parameter space shown in Fig. 3 can be
further constrained by searches for the direct production

0.01 0.1 1 10 1001�10�5

5�10�5
1�10�4

5�10�4
0.001

0.005
0.010

Dark Photon Mass �GeV�
Ε

FIG. 3: The 95% limits on mAd − � with yH = 1 for θP� =
0.00 (blue), 0.06 (magenta), 0.08 (green). The dark gray
regions are excluded by limits on the g − 2 of the electron
and muon (top left) and fixed-target experiments (light mAd

and moderate �). The light gray region shows limits from the
BABAR Υ(3S)→ γµ+µ− search; the direct search limits are
model-dependent and must be interpreted on a case-by-case
basis.

6

Dark Axial Mass (GeV)

g-2 B-Factories

allowed

� < (10
−2 − 10

−3
) Ok for Interesting DAMA Region

ADM        Particle        Data +Theory
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Let’s Put ADM into Focus

Atomic Dar
k

Matter



A More Complete

• Embed U(1)D to SU(2)D 
to avoid Landau pole 
below Mpl

• Introduce Higgsing Field 

• Introduce Scalars to 
generate Asymmetry

47

SU(2)D U(1)A Z2

E � −1 −1

Ec � −2 −1

ϕe � 1 −1

P � 1 1

Pc � 2 1

ϕp � −1 1

X Adj 3 1

TABLE II. Field content and gauge representations for Asymmetric aDM. The U(1)A charge as-

signments forbid nEcϕe and nP cϕp terms which would wash out the dark matter asymmetry.

The discrete Z2 parity prevents atomic annihilation in the low energy effective theory. The Dirac

fermion Ψ is charged under U(1)A and U(1)Y ; integrating it out gives the mixing in Eq. (??).

the fermions E and P ; however, dark-sector symmetry breaking via the VEV �X � ≡ vX

induces these fermion masses through the XEEc and X †PP c yukawa terms, as we will see

in Section ??.

B. Connecting Atomogenesis to Leptogenesis

We track the evolution of these asymmetries with the parameters

�� =
Γ (n1 → lh)− Γ

�
n1 → l̄h†�

Γn1

(7)

�E =
Γ (n1 → Eϕe)− Γ

�
n1 → Ēϕ†

e

�

Γn1

(8)

�P =
Γ (n1 → Pϕp)− Γ

�
n1 → P̄ϕ†

p

�

Γn1

, (9)

Since the IR phenomenology will require E and P to be stable with comparable masses, we

will simplify our discussion by considering only the asymmetry in E without essential loss of

generality. for each number density of interest, the yields Yi ≡ ni/s satisfy the Boltzmann

7

χ



the hyperfine splitting Ehf to the ground state binding energy B scales as

Ehf

B
∝ α2

D

mE

mP

, (5)

so that Ehf can easily beO(keV) for atomic masses O(10−100GeV). Furthermore, the linear

dependence on "r in Eq. (4) will lead to a linear dependence on recoil energy in the nuclear

recoil spectrum which tends to push the peak of the spectrum to higher recoil energies than

in models of iDM without it. This implies that dark ions, which are free spins, will scatter

elastically - through the so-called anapole interaction - such that the ionic recoil spectrum

vanishes for small recoil energies. Thus, as claimed, aDM realizes many of the mechanisms

discussed in [22] for reconciling DAMA and CoGeNT . In Section IV we search the aDM

parameter space for an explanation of DAMA and CoGeNT in the light of existing null

searches.

III. ASYMMETRIC ATOMIC DARK MATTER

A. The Model

We propose a nonabelian dark sector with SU(2)D×U(1)A gauge symmetry, where the labels

D and A refer to “dark” and “axial,” respectively. By embedding U(1)D into a non-Abelian

group we avoid a Landau pole below the Planck scale. The matter Lagrangian contains

L⊃ −
1

2
M i

nn
2
i + yijni#jh+ λi

e
niEϕe + λi

p
niPϕp + yeXEEc + ypX †PP c + h.c. , (6)

where #j , h are the Standard Model lepton and Higgs doublets; the ni (for i = 1, 2) are

sterile neutrinos with GUT scale Majorana masses Mi; the ϕp,ϕe, and X are scalar fields.

All gauge representations and quantum numbers are given in Table II.

For at least two species of sterile neutrinos, the parameters yij and λi
e,p contain irreducible

complex-phases and give rise to CP violation. Out of equilibrium n decays generate both

the Standard Model lepton asymmetry and the asymmetric dark matter abundance.

While lepton number is explicitly violated by neutrino Majorana masses, it remains a good

accidental symmetry in the visible sector above the electroweak scale. In the dark sector,

we impose a Z2 symmetry to dangerous EP mass terms which allow EP annihilation into

dark radiation, see Table II. Notice that Eq. (6) does not allow explicit mass terms for the

6

Generating the 
Asymmetry

48

SU(2)D U(1)A Z2

E � −1 −1

Ec � −2 −1

ϕe � 1 −1

P � 1 1

Pc � 2 1

ϕp � −1 1

X Adj 3 1

TABLE II. Field content and gauge representations for Asymmetric aDM. The U(1)A charge as-

signments forbid nEcϕe and nP cϕp terms which would wash out the dark matter asymmetry.

The discrete Z2 parity prevents atomic annihilation in the low energy effective theory. The Dirac

fermion Ψ is charged under U(1)A and U(1)Y ; integrating it out gives the mixing in Eq. (??).

the fermions E and P ; however, dark-sector symmetry breaking via the VEV �X � ≡ vX

induces these fermion masses through the XEEc and X †PP c yukawa terms, as we will see

in Section ??.

B. Connecting Atomogenesis to Leptogenesis

We track the evolution of these asymmetries with the parameters

�� =
Γ (n1 → lh)− Γ

�
n1 → l̄h†�

Γn1

(7)

�E =
Γ (n1 → Eϕe)− Γ

�
n1 → Ēϕ†

e

�

Γn1

(8)

�P =
Γ (n1 → Pϕp)− Γ

�
n1 → P̄ϕ†

p

�

Γn1

, (9)

Since the IR phenomenology will require E and P to be stable with comparable masses, we

will simplify our discussion by considering only the asymmetry in E without essential loss of

generality. for each number density of interest, the yields Yi ≡ ni/s satisfy the Boltzmann
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the hyperfine splitting Ehf to the ground state binding energy B scales as

Ehf

B
∝ α2

D

mE

mP

, (5)

so that Ehf can easily beO(keV) for atomic masses O(10−100GeV). Furthermore, the linear

dependence on "r in Eq. (4) will lead to a linear dependence on recoil energy in the nuclear

recoil spectrum which tends to push the peak of the spectrum to higher recoil energies than

in models of iDM without it. This implies that dark ions, which are free spins, will scatter

elastically - through the so-called anapole interaction - such that the ionic recoil spectrum

vanishes for small recoil energies. Thus, as claimed, aDM realizes many of the mechanisms

discussed in [22] for reconciling DAMA and CoGeNT . In Section IV we search the aDM

parameter space for an explanation of DAMA and CoGeNT in the light of existing null

searches.

III. ASYMMETRIC ATOMIC DARK MATTER

A. The Model

We propose a nonabelian dark sector with SU(2)D×U(1)A gauge symmetry, where the labels

D and A refer to “dark” and “axial,” respectively. By embedding U(1)D into a non-Abelian

group we avoid a Landau pole below the Planck scale. The matter Lagrangian contains

L⊃ −
1

2
M i

nn
2
i + yijni#jh+ λi

e
niEϕe + λi

p
niPϕp + yeXEEc + ypX †PP c + h.c. , (6)

where #j , h are the Standard Model lepton and Higgs doublets; the ni (for i = 1, 2) are

sterile neutrinos with GUT scale Majorana masses Mi; the ϕp,ϕe, and X are scalar fields.

All gauge representations and quantum numbers are given in Table II.

For at least two species of sterile neutrinos, the parameters yij and λi
e,p contain irreducible

complex-phases and give rise to CP violation. Out of equilibrium n decays generate both

the Standard Model lepton asymmetry and the asymmetric dark matter abundance.

While lepton number is explicitly violated by neutrino Majorana masses, it remains a good

accidental symmetry in the visible sector above the electroweak scale. In the dark sector,

we impose a Z2 symmetry to dangerous EP mass terms which allow EP annihilation into

dark radiation, see Table II. Notice that Eq. (6) does not allow explicit mass terms for the

6

Generating the 
Asymmetry
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SU(2)D U(1)A Z2

E � −1 −1

Ec � −2 −1

ϕe � 1 −1

P � 1 1

Pc � 2 1

ϕp � −1 1

X Adj 3 1

TABLE II. Field content and gauge representations for Asymmetric aDM. The U(1)A charge as-

signments forbid nEcϕe and nP cϕp terms which would wash out the dark matter asymmetry.

The discrete Z2 parity prevents atomic annihilation in the low energy effective theory. The Dirac

fermion Ψ is charged under U(1)A and U(1)Y ; integrating it out gives the mixing in Eq. (??).

the fermions E and P ; however, dark-sector symmetry breaking via the VEV �X � ≡ vX

induces these fermion masses through the XEEc and X †PP c yukawa terms, as we will see

in Section ??.
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(8)

�P =
Γ (n1 → Pϕp)− Γ

�
n1 → P̄ϕ†

p

�

Γn1

, (9)

Since the IR phenomenology will require E and P to be stable with comparable masses, we

will simplify our discussion by considering only the asymmetry in E without essential loss of

generality. for each number density of interest, the yields Yi ≡ ni/s satisfy the Boltzmann

7

SM Dark

See-Saw Neutrino Masses

nn

E,P

Falkowski et al 1101.4936
Luty PRD ’91



See-Saw Leptogensis
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Light Dark Atoms?
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• Asym Mechanism Naturally 
gives MDM~ 10 GeV

• Parameter Space available 
for L~ 10 GeV Dark Atoms

• Exploring connection with 
DAMA and CoGENT

• Region will potentially 
interesting Structure 
formation



ADM Conclusions
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• ADM is Cosmologically Viable

• Interesting and Varying 
Dynamics, Largely Governed 
by Xe

• May Have Observable 
Consequences on Galactic 
and Sub-Galactic Scales

• Explicit Example of Allowed 
Variability in “CDM” 

• Can be “Modular” relative to 
Astro Considerations

• Explicit Example Offers 
Possible Explanation of DAMA 
Data

• Possible Multi-Channel Signal, 
Ion-SM and Atom-SM 
Scattering, Depending on Xe

ASTRO PARTICLE


