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What we’ve been 
talking about

• A: statistical

• B: astrophysical

• C: theoretical

• ....D: even more theoretical
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The WIMP miracle
• The Standard Dark Matter story:

• All particles present in thermal bath,continual 
annihilation/production processes allow     to 
follow equilibrium density:

• Eventually these processes freeze out, and     
becomes constant: a thermal relic.
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Beyond WIMPs
• If not the WIMP miracle, then what?
• Take inspiration from the one component of the 

Universe we (mostly) understand.
• Baryons are not a thermal relic. QCD cross- 

section too large by a factor of 
• We have baryons today because of an initial 

asymmetry
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Asymmetric Dark Matter
• If asymmetry explains baryons, why not dark 

matter as well?
• Take guidance from                            , rather 

than from the WIMP miracle.
• Assume this relation is not a coincidence, but 

a hint of deeper physics. Then:
• DM not a thermal relic.
• Production of DM related to the production 

of baryons
• Baryons - and thus DM (   ) - contains an 

asymmetry:      but not 
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Asymmetric Dark Matter
• “Dark” Sakharov conditions:
• CP violation
• Departure from thermal equilibrium
•    -symmetry violation

• Additional sector to “hide” CP violation that 
can seed a    -asymmetry opens the door for 
many new solutions for baryogenesis.

• Here, I will remain agnostic as to the initial 
source of the asymmetry.
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The Original ADM
• An idea with a lengthy history
• Originally postulated in technicolor models

• Electroweak symmetry broken by condensate of a 
new strongly interacting force with confinement at 
low energies (analogous to strong nuclear force)

• Leads to “technibaryons,” very similar to baryons
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The Original ADM
• Some of these technibaryons are charged 

under              , results in sphaleron interactions 
at high temperatures (                      )
• These interactions would transfer any 

asymmetry from baryons into technibaryons (or 
vice versa)

• LEP put strong constraints on most  technicolor 
models.
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The New ADM
• Spurred by light DM signals and general 

interest in non-supersymmetry-like models:

• Phenomenological: bottom-up, don’t require 
solutions to hierarchy/naturalness

• Plenty of names to choose from: Xogenesis, 
aidnogenesis, darkogenesis, hylogenesis....
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D.E. Kaplan et al 0901.4117
Cohen & Zurek 0909.2035
MRB & Randall 1009.0270
.... (see Refs. [1-2] of 1109.2164)
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The New ADM
• Lots of freedom in how asymmetry in visible/

dark sectors related:
• Explicit Baryon/Lepton # violating operators
• Electroweak Sphalerons
• Sphalerons of new gauge groups

• Can lead to a wide range of masses:
• From ~5 GeV to ~TeV
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What is different about ADM?
• What does every ADM model need?
• Needs to be asymmetric
• So no symmetric (thermal) component
• (I’ll assume              of total)

• Requires

• So: large interactions with something

11
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Effective Operators
• Assume ADM annihilates into SM quarks, 

parametrized by an effective operator with scale 

• Lower limits on      from direct detection, collider 
searches, applicability of formalism (                 )

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

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

on the number of relativistic species (usually stated in
terms of the number of neutrino flavors) must be avoided.
This could be achieved through significant entropy injec-
tion into the thermal bath after dark matter annihilation
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Effective Operators
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Implications
• This parameter space is highly constrained. Can 

relax these constraints by
• having ADM annihilate into leptons,
• or annihilate into new light dark particles, 
• or if the effective operator formalism doesn’t apply.
• New light vector bosons?
• Requires new particles close in mass to DM

• All of these interesting avenues for ADM model 
building. The last especially is suggestive of 
technicolor-like dark matter.
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Indirect Detection
• ADM consists of     but not    
• Naive expectation is therefore no indirect detection 

signals are possible
• (Bad news for this workshop)

• However, DM is a singlet under the unbroken SM 
gauge groups
• Like with neutrinos, it is therefore generically 

possible to write Lagrangians containing 
“Majorana”                 mass terms

17

X X̄

SU(3)C � U(1)EM

L � mDXX̄ + mM (XX + X̄X̄)

�X = 2
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Oscillating Dark Matter
• Combination of Dirac and Majorana mass terms 

leads to split mass eigenvalues:

• DM produced as     will oscillate into     with a 
timescale of

• Combined with large annihilation cross-section, can 
lead to significant energy injection at late times

• With                                    , possibility of extremely 
strict constraints on ADM mass matrix
• Alternatively, a positive signal could probe 

extremely high scale physics
18

m1 = mD �mM , m2 = mD + mM

X X̄
� = �m�1

��1
Universe � 10�41 GeV
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Oscillating Dark Matter
• Oscillation time     must be longer than                 
• If                        , annihilation can re-start (“thaw”) 

and resymmetrize the ADM

• Constraints (for large        ) when oscillation time       
characteristic timescale of BBN, CMB, and 
annihilation in dwarf galaxies in the present day 
(Fermi dwarf stacking)

19
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FIG. 1: The number density over entropy density Y ⌘ n/s as a function of x ⌘ m1/T , for m1 = 10 GeV, h�vi = 1.5 ⇥
10�25 cm3/s and �m = 10�25 GeV (left) and m1 = 1 TeV, h�vi = 10�24 cm3/s, and �m = 8⇥ 10�21 GeV (right).

particle, the probability of finding |⇧̄⌦ after time t is

P (|⇧⌦ ⌥ |⇧̄⌦) = sin2
⇤
⇥mt

2

⌅
. (3)

We choose two benchmark masses for dark matter,
m1 = 10 GeV and 1000 GeV. We note that light dark
matter is a common result of asymmetric models, though
TeV-scale dark matter is also possible through Boltz-
mann suppression at the time when the operator that
allows transfer of X into B decouples [6]. The combined
limits will be described below, and are summarized in the
plots of Fig. 2.

The evolution of the number density ni of the dark
matter particles ⇧ and antiparticles ⇧̄ is set by two cou-
pled Boltzmann equations. As is customary, we work in
the variables x ⇤ m1/T and Yi ⇤ ni/s, where s is the
entropy density. Neglecting processes like ⇧ � ⇧̄ conver-
sion via scattering o⌅ the cosmic thermal background,
for i, j = ⇧, ⇧̄, we find (see e.g. Ref. [7])

dYi

dx
= � ⇤v⌦

⇧
⇥

45G

m1 g1/2⇥

x2

�
YiYj � Y 2

eq

⇥
(4)

��ij
g1/2⇥

he�

⇧
45

4⇥3G

x

m2
1

(Yi � Yj) .

Here,

g1/2⇥ ⇤ he�

ge�

⇤
1 +

T

3he�

dhe�

dT

⌅
, (5)

and he� and ge� are the e⌅ective energy and entropy
density degrees of freedom [7]. �ij is the rate of ⇧ ⌥ ⇧̄
conversion:

�ij = �ji ⇤ � = ⇥m ⇤ ⌅�1. (6)

In the large-x regime, defined as x ⌃ xfreeze�out ⇤ xf.o.,

the system of di⌅erential equations simplifies to

d

dx

�
Y� + Y�̄

⇥
= 0 (7)

d

dx

�
Y� � Y�̄

⇥
=

d�

dx
= �2⇥m

g1/2⇥

he�

⇧
45

4⇥3G

x

m2
1

�. (8)

This implies that there is no significant ⇧̄ regeneration
when the Universe is at a temperature T as long as

⇥m . he�

g1/2⇥

⇧
4⇥3

45

T 2

mPl
. (9)

To qualify as an asymmetric model, we (somewhat ar-
bitrarily) require that 90% of the dark matter density
originates from the asymmetric component, rather than
from symmetric ⇧ and ⇧̄ arising from thermal freeze-out,
which must be thus smaller than 10% of the observed cos-
mological dark matter density. This immediately places
a ⌅ -independent lower bound on the annihilation rate
(labeled “Thermal Depletion” in Fig. 2)

 ⇤v⌦ & 10 ⇥
�
3 ⇥ 10�26 cm3/s

⇥
, (10)

where, for simplicity, we assume an s-wave dominated
pair annihilation cross section.
Depending upon the hierarchy between ⌅ and the

freeze-out time, one generically has four cases:

1. ⌅ ⌅ 1/⇥m ⇧ tf.o.. Here ⇧ � ⇧̄ mixing happens
before freeze-out, the two species are coupled be-
fore and throughout freeze-out, and a relic density
⇤th ⌅ 3 ⇥ 10�27/ ⇤v⌦ of both ⇧ and ⇧̄ is leftover,
independent of the initial asymmetric component.
Therefore, according to our definition, the dark
matter model is not asymmetric: the final abun-
dance is set not by the size of the ⇧ asymmetry,
but by the thermal cross section.

2. ⌅ ⌅ 1/⇥m ⌃ tf.o., and residual annihilations at
t & ⌅ do not substantially modify the total ⇧ + ⇧̄

m1 = 10 GeV
��v� = 1.5 � 10�25 cm3/s

�m = 8� 10�21 GeV
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Constraints & Implications
• Fairly stringent constraints 

on oscillation time

• Outside of relatively small                                        
window of allowed        , 
find
• (Derived for fermions)

• Implies some symmetry 
absolute forbids                
mass terms

20

MRB, Profumo 1109.2164m = 10 GeV

m = 1000 GeV

� = �m�1

��v�
mM � 10�41 GeV

�X = 2
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Constraints & Implications
• Work by Cirelli et al (1110.3809) and Tulin et al 

(1202.0283) followed up in more detail.
• “Flavor” (        )-sensitive interactions need 

scattering off of thermal bath to break 
coherence in oscillations
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FIG. 3: Evolution of DM density for mX = 10 GeV, 〈σv〉 = 5 pb, δm = 10−10 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 .

Residual annihilation is most efficient for a flavor-blind interaction, giving enough DM
washout to reproduce the observed DM density for the parameters chosen here. For a flavor-
sensitive interaction with scattering, DM washout is reduced since the onset of oscillations is
delayed (although significant washout is possible for larger 〈σv〉). For a flavor-sensitive inter-
action with negligible scattering, this mechanism is inoperative, and ΩDM = mXηDMs0/ρc is
fixed by the initial asymmetry, where s0 and ρc are the present entropy density and critical
density respectively. The latter two cases overproduce the DM density.

In Fig. 3, we show the evolution of the DM density for another example with smaller DM
mass: mX = 10 GeV, δm = 10−10 eV, and 〈σv〉 = 5 pb (assuming s-wave annihilation).
The different panels correspond to the separate cases in Fig. 2. Since DM is lighter, less
residual annihilation is required to reproduce the observed DM relic density, occuring here
for the flavor-sensitive case with scattering (κ = 10−4). The flavor-blind case gives too much
washout, favoring a heavier DM mass and/or smaller 〈σv〉, while the flavor-sensitive case
with no scattering again gives ΩDM = mXηDMs0/ρc.

Similar results were presented in Ref. [22]. We emphasize that for two cases — flavor-
blind annihilation without scattering (O+, with κ = 0) and flavor-sensitive annihilation with
scattering (O−, with κ $= 0) — our results agree with theirs (despite differences in how the
collision term couples to the components Yij). For other cases, our results are qualitatively

12

Oscillation but no annihilation “washout”/“thawing”

Tullin et al 1202.0283
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What does it all mean?
• This is a conference on gamma rays
• Naive prediction of ADM is that no annihilation 

should occur in the sky today.
• Bad news for indirect detection

• But non-observation (combined with direct 
detection/collider results) has potential to 
probe physics up to Planck scale

• Depending on interactions in early Universe, 
could have very large cross sections today
• More (type D) theory work to be done here

22


