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What do we know about Dark Matter?

• There’s a lot of it:

• It interacts gravitationally 
• ... and not via EM/strong forces.

• It’s non-relativistic.
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What do we know about Dark Matter?

• There’s a lot of it:

• It interacts gravitationally 
• ... and not via EM/strong forces.

• It’s non-relativistic.
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What do we know about Dark Matter?

• There’s a lot of it:

• It interacts gravitationally 
• ... and not via EM/strong forces.

• It’s non-relativistic.
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What do we know about Dark Matter?

• There’s a lot of it:

• It interacts gravitationally 
• ... and not via EM/strong forces.

• It’s non-relativistic.
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• Everything else.
• Mass?
• Interactions beyond gravity?
• Origin?
• Connection to rest of particle physics?

• Relation to Naturalness/Hierarchy 
problems?

• Relation to Baryons?

• Where to start?

3

What don’t we know about DM?
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Assume a Connection
• Naturalness and Hierarchy problems:
• How to ensure stability of weak scale 

against power-law corrections

• Several solutions on the market 
(supersymmetry, extra dimensions)
• All require new particles with 

electroweak couplings and                    
masses.

• Contains an uncharged, color neutral 
massive particle.
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The WIMP miracle
• How would such a Weakly Interacting Massive 

Particle behave in the early Universe?
• 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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The WIMP miracle
• A large         means equilibrium lasts longer, 

resulting in lower 
• An intriguing coincidence:

• That is, the        expected from a              
particle with weak-scale masses gives about 
the right amount of dark matter

• i.e. The WIMP Miracle
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How Miraculous?
• A very fruitful idea, lots of collider phenomenology, 

predictions for (in)direct detection, etc.
• Realized in explicit models: notably 

supersymmetric  
• However: not universally true that a weak-scale 

interaction leads to a viable                                    
dark matter candidate.

• Some degree of tuning necessary

• And obviously, no WIMP yet seen
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Figure 4: Regions of neutralino relic density in th m0 vs. m1/2 plane for A0 = 0 and tanβ = 45.
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Figure 5: Thermally averaged cross section times velocity evaluated at TF for various subprocesses. The
thick light-grey(light-blue) curve denotes the total of all annihilation and co-annihilation reactions. Left:
m1/2 = 600 GeV, µ < 0, A0 = 0 and tanβ = 45. Right: m1/2 = 300 GeV, µ > 0, A0 = 0 and tanβ = 45.

even when the reactions occur off resonance. In this case, the widths of the A and H are so large (both
∼ 10− 40 GeV across the range in m0 shown) that efficient s-channel annihilation can occur throughout
considerable part of the parameter space, even when the resonance condition is not exactly fulfilled. The
resonance annihilation is explicitly displayed in this plot as the annihilation bump at m0 just below 1300
GeV. Another annihilation possibility is that Z̃1Z̃1 → bb̄ via t and u channel graphs. In fact, these
annihilation graphs are enhanced due to the large b Yukawa coupling and decreasing value of mb̃1

, but we
have checked that the s-channel annihilation is still far the dominant channel. Annihilation into τ τ̄ is the
next most likely channel, but is always below the level of annihilation into bb̄ for the parameters shown
in Fig. 5(left). At even higher values of m0 where the higgsino component of Z̃1 becomes non-negligible,

Page 6

Baer et al hep-ph/0211213

�̃0

Sunday, February 5, 12



Matthew Buckley
45

Anomalies
• DAMA/Libra, CoGeNT, CRESST have reported signals 

broadly consistent with                         DM
• Not impossible for WIMPs,                                            

but not the naive prediction

• Fermi/PAMELA anomalies                                            
require leptophilic DM with                                       
large annihilation cross sections
• Possible/likely that this is astrophysics

• Regardless: A good time to look at alternatives to 
WIMPs

8

� 7� 10 GeV16 G. Angloher et al.: Results from 730 kg days of the CRESST-II Dark Matter Search
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Fig. 12. (Color online) Light yield distribution of the accepted
events, together with the expected contributions of the back-
grounds and the possible signal. The solid and dashed lines
correspond to the parameter values in M1 and M2, respec-
tively.

6.2 Significance of a Signal

As described in Section 5.1, the likelihood function can be
used to infer whether our observation can be statistically
explained by the assumed backgrounds alone. To this end,
we employ the likelihood ratio test. The result of this test
naturally depends on the best fit point in parameter space,
and we thus perform the test for both likelihood maxima
discussed above. The resulting statistical significances, at
which we can reject the background-only hypothesis, are

for M1: 4.7⇥
for M2: 4.2⇥.

In the light of this result it seems unlikely that the
backgrounds which have been considered can explain the
data, and an additional source of events is indicated.
Dark Matter particles, in the form of coherently scatter-
ing WIMPs, would be a source with suitable properties.
We note, however, that the background contributions are
still relatively large. A reduction of the overall background
level will reduce remaining uncertainties in modeling these
backgrounds and is planned for the next run of CRESST
(see Section 7).

6.3 WIMP Parameter Space

In spite of this uncertainty, it is interesting to study the
WIMP parameter space which would be compatible with
our observations. Fig. 13 shows the location of the two
likelihood maxima in the (m�,⇥WN)-plane, together with
the 1⇥ and 2⇥ confidence regions derived as described in
Section 5.1. The contours have been calculated with re-
spect to the global likelihood maximum M1. We note that
the parameters compatible with our observation are con-
sistent with the CRESST exclusion limit obtained in an
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Fig. 13. The WIMP parameter space compatible with the
CRESST results discussed here, using the background model
described in the text, together with the exclusion limits from
CDMS-II [12], XENON100 [13], and EDELWEISS-II [14], as
well as the CRESST limit obtained in an earlier run [1]. Ad-
ditionally, we show the 90% confidence regions favored by Co-
GeNT [15] and DAMA/LIBRA [16] (without and with ion
channeling). The CRESST contours have been calculated with
respect to the global likelihood maximum M1.

earlier run [1], but in considerable tension with the limits
published by the CDMS-II [12] and XENON100 [13] ex-
periments. The parameter regions compatible with the ob-
servation of DAMA/LIBRA (regions taken from [16]) and
CoGeNT [15] are located somewhat outside the CRESST
region.

7 Future Developments

Several detector improvements aimed at a reduction of the
overall background level are currently being implemented.
The most important one addresses the reduction of the al-
pha and lead recoil backgrounds. The bronze clamps hold-
ing the target crystal were identified as the source of these
two types of backgrounds. They will be replaced by clamps
with a substantially lower level of contamination. A sig-
nificant reduction of this background would evidently re-
duce the overall uncertainties of our background models
and allow for a much more reliable identification of the
properties of a possible signal.

Another modification addresses the neutron back-
ground. An additional layer of polyethylene shielding
(PE), installed inside the vacuum can of the cryostat, will
complement the present neutron PE shielding which is
located outside the lead and copper shieldings.

The last background discussed in this work is the leak-
age from the e/�-band. Most of these background events
are due to internal contaminations of the target crystals
so that the search for alternative, cleaner materials and/or
production procedures is of high importance. The mate-
rial ZnWO4, already tested in this run, is a promising
candidate in this respect.
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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

9
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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 

10

�DM/�B = O(1)
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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.

11

X

B

Sunday, February 5, 12



Matthew Buckley
45

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

12

Nussinov (1985), Barr, Chivukula, Farhi (1990)
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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.

13

T � 200 GeV
SU(2)L
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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....

14

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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Predictions of ADM
• Out of the many models on the market, are there 

any universal statements that can be made?

• That is, what can we say about all ADM models?

• Mass?

• Interactions?

• Indirect Detection?

15
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First Guess
• Naive expectation is that relating these 

asymmetries forces                 , implying

• Which of course is very interesting if you’re 
interested in the DAMA/CoGeNT/CRESST 
anomalies

• But how solid is this conclusion? 

16

nX = nB
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Transfer Mechanisms
• To determine             , and thus       , need to 

specify the process in which an asymmetry in 
one sector gets converted into the other.

• Many options:
• Sphalerons
• Explicit violation of global symmetries

• Out of equilibrium decays
• Some combination of above

• Can’t look at all in detail here.

17

nX/nB mX
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Transfer Mechanisms
• Asymmetric number density of particle implies 

a non-zero chemical potential

• If an operator exists that allows             , then 

18

ni = gif(mi/T )T 2R(T )3µi
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1
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Transfer Mechanisms

• Assume transfer operator becomes ineffective 
(“shuts off”) at temperature      . Then present 
number density set by             , and we have two 
regimes:
• Relativistic:                   , 
• Non-relativistic:                 ,

• Without additional machinery in the theory, non-
relativistic solutions tend to have 

19

TD

ni(TD)

mX � TD

mX � TD

mX = O(1)� 5 GeV

mX = O(1)� f�1(mX/TD)� 5 GeV

mX � 8� 10TD

f(mX/TD) =
gBf(0)
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�DM
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Explicit Breaking Terms
• Can transfer asymmetry via explicit              

breaking.
• Example: in the context of supersymmetry:

• Can have both relativistic                                    
and non-relativistic solutions.
•       a free parameter
• Non-rel. solution

• Collider bounds on squarks                                
tend to push DM heavy

20
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FIG. 1: The ratio of dark matter energy density ⇢
DM

to baryon energy density ⇢B as a function of dark matter mass mX in
units of the temperature at which the B �X transfer decouples TD, for labeled values of TD. As light solution (corresponding
to mX/TD ⇠ 0 is not shown. See Section II and Eq. (6) for detailed explanation. The observed ratio of ⇢

DM

/⇢B is 5.86 [21].

These mechanisms have been successfully applied to generate the relevant energy densities in the context of an
existing baryon asymmetry being transferred to light dark matter, though mechanisms named darkogenesis [17] and
hylogenesis [18] have also been suggested which transfer the asymmetry in the opposite direction. If, on the other
hand, dark matter is not relativistic at the temperature TD at which the X-transfer operators decouple, then the
number density of dark matter is suppressed. In general, we find when the ratio mX/TD is about 10, we get the
required density of dark matter compared to baryons in the Universe. This thermal suppression is a generic feature,
allowing heavy dark matter in many scenarios of Xogenesis.

We also discuss two other reasons that dark matter number density might be suppressed relative to baryon number
so that dark matter can naturally be weak scale in mass.. In the first, the SU(2)L sphaleron transfer is only active for
a bounded temperature range between the masses of two doublets whose net number density would cancel if they were
degenerate [22]. In the second, excess X-number is bled o↵ into leptons. That is, even after the baryon asymmetry
is established (possibly at the sphaleron temperature where a lepton asymmetry gets transferred into an asymmetry
in the baryon sector), X- and lepton-number violating operators are still in thermal equilibrium allowing X number
density to be reduced while lepton number density is increased. Both these mechanisms cause the transfer to baryons
to not be active for the entire temperature range down to TD when the X-number violating operators decouple.

Xogenesis models must also remove the symmetric thermally produced dark matter component, so that the asym-
metric component dominates. When the transfer mechanism is due to higher order operators, the operators necessary
to transfer the asymmetry may also lead to the annihilation of this component. In other examples, new interactions
are assumed, which in some cases also lead to detectable signatures. A new non-abelian W 0 with masses much below
mW allows the dark matter to annihilate into dark gauge bosons, but with few – if any – direct detection constraints
and probably no visible signatures in the near future. Annihilation via a light Z 0 that mixes with the photon allows
the chance for direct detection, depending on the size of the mixing parameter. While not strictly necessary, the
photon-Z 0 mixing is a generic property, and may be accessible in beam experiments [23].

We also note one additional constraint that applies to supersymmetric models in which higher dimension operators
link X to L or B via the lepton or baryon superpartners. In these cases, the neutralinos that come from the
superpartner decay must also be eliminated via self-annihilation. This generally implies that the neutralino should
be primarily wino so that the annihilation cross section is su�ciently large to make the neutralino component of dark
matter a small percentage of the total.

MRB, Randall 1009.0270

mX � 8� 10TD
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Sphalerons
• In the Standard Model, there is a mechanism 

for breaking both      and    :
•              sphalerons.

• A sphaleron is a non-perturbative gauge 
configuration, separating vacua with different 
numbers of fermions charged under the gauge 
group.

• Action of the sphaleron creates 1 of each left-
handed fundamental fermion of the group, 
destroys 1 of each right-handed fermion.

21

B L
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Sphalerons
• In chiral              , this creates                            

X                                                             
particles. Violating      and    , but not  

• Active until electroweak phase transition

• Exponentially suppressed below this

• Can’t create an asymmetry, but will distribute it 
into all sectors with chiral              fermions

22

SU(2)L

B L B � L

TD � v � �H� � 200 GeV

SU(2)L
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Sphalerons & ADM
• Add        dark matter              doublets
• Sphaleron action would now preserve both

• Obviously, new doublets at  5 GeV completely 
excluded by LEP, so relativistic solution out.

• Implies                 dark matter - ruled out by  
direct detection

• Can avoid this by                                             
singlet-doublet mixing 

23

NX SU(2)L

B � L, B � 3
NX

X

4

Here, TD is the temperature at which the sphaleron is no longer active. Exact calculation of this value is di⇥cult, so
for the purposes of this paper, we assume that it occurs at the Higgs vev v ⇥ 200GeV.

Eq. (6) must be solved numerically. Taking the current WMAP values for the energy density of dark matter and
baryons, the ratio �DM

�B
= 5.86. In Fig. 2, we plot the left- and right-hand sides of Eq. (6) for NX = 1, 2, 3. The

solution for NX = 1 is mX ⇥ 1800GeV, or 9TD. As can be seen, the value of mX which provides the correct dark
matter density depends only weakly on the O(1) number in the equations for chemical equilibrium (in this case, 3NX).

1600 1800 2000 2200 2400 2600 2800 3000

-4

0.001
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-510
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N   =1X

N   =2X
N   =3X

FIG. 2: Numeric solution to Eq. (6, for one, two, or three fermionic dark matter doublets (NX = 1, 2, 3) and assuming a SU(2)L
sphaleron decoupling temperature TD = 200GeV. The blue dotted line is the left-handed side of Eq. (6), i.e. f(mX/TD).

For the model to work, we require both a su⇥cient number of baryons from an initial dark matter asymmetry (while
maintaining the observed dark matter density) created by the sphaleron, and a su⇥cient suppression of the thermal
component. Some process must act to e⇥ciently annihilate the thermal symmetric dark matter number density. In
the current example, it is natural to consider annihilation through SU(2)L interactions. However the cross section
for this process is too small; an SU(2)L fermion produces the dark matter density when mX ⇥ 1TeV; larger masses
yield too much thermal dark matter [23].

In order for the sphaleron to change the net X number, the dark matter must be chiral, and so a coupling to the
SM Higgs is necessary to provide a mass term, as in Eq. (3). The large mass required to match observations of ⇥DM

requires a yX ⇥ 10 – near the perturbativity limit. Although perhaps theoretically undesirable, such a large Yukawa
yields an e⇥cient annihilation of XX̄ pairs into SM fermions. The thermal abundance is given by [24]

�DMh2 ⇤ 1.04� 109xf

mPl
 
g⇥(a+ 3b/xF )

(7)

where xf = mX/Tf ⇥ 20 is the ratio of mass to temperature at freeze-out, g⇥ is the number of degrees of freedom
active at Tf , and a and b are, respectively, the s- and p-wave contributions to the thermally averaged annihilation
cross section ⌥⇤v�. Roughly speaking, the observed value of �DM occurs when ⌥⇤v� is 1 pb. For XX̄ ⇧ tt̄, via the
SM higgs, annihiilation proceeds only through p-wave processes, and

b ⇥ 1

4�

y2Xy2tm
2
X

m4
H

. (8)

Thus, in order to suppress the symmetric component of dark matter, it must be true that

6� 10�8 GeV�2 ⌅ b ⇥ 0.3GeV�2
�yX
10

⇥2 �yt
1

⇥2 � mX

1800GeV

⇥2 � mH

100GeV

⇥�4
. (9)

Therefor Higgs-mediated annihilation su⇥ces to remove the symmetric component in this scenario.
While electro-weak precision tests (EWPT) are potentially a constraint, the contribution is negligibly small [23]. We

also comment on detectability. Collider signatures are di⇥cult due to the large mass. The charged state could possibly

TD = 200 GeV

1009.0270

2 + TeV

Sunday, February 5, 12



Matthew Buckley
45

Creating Lepton Number
• Could explicitly break          symmetries.

•      created via SM sphaleron processes
• Non-relativistic solution implies heavy 

sneutrinos in vanilla models.
•                          allows for interesting solutions

• “Intermediate mass” ADM, as excess 
particle number “bleeds” into neutrino sector

24

X, L

B

L � 1
M

XXL̃Hu

TD < Tsphaleron
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Predictions of ADM
• Out of the many models on the market, are there 

any universal statements that can be made?

• That is, what can we say about all ADM models?

• Mass?

• Interactions?

• Indirect Detection?

25
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A is A
• Asymmetric dark matter is asymmetric

• Meaning that it has no significant symmetric 
(thermal) component

• (definition of significant up for debate, here I’ll 
assume            )

• This means that ADM must have significant 
annihilation cross section into something

26

< 10%

�ADM � �Thermal � 1 pb
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Dark Matter Interactions

27

SM

SM

X

X

Direct Detection

Collider Production

Early Universe Annihilation

Indirect Detection

effective
operator
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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

28
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Collider Bounds
• Complete theory of dark matter often expected to 

have additional (              charged) particles
• Minimal theory has only dark matter, plus some 

effective operator which may not be accessible at 
colliders.

• Only definite signal:

• Main background

• Searches using ATLAS and CMS (          ), and 
CDF results .
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Effective Operators
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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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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 the effective operator formalism doesn’t apply.

• 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.

33
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Predictions of ADM
• Out of the many models on the market, are there 

any universal statements that can be made?

• That is, what can we say about all ADM models?

• Mass?

• Interactions?

• Indirect Detection?

34
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Indirect Detection
• ADM consists of     but not    

• Naive expectation is therefore no indirect detection 
signals are possible

• 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

35

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

36

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)

37

� tfreeze�out

� � tfreeze�out

��v�
�

2

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).

Working with the Lagrangians of Eqs. (1)-(2), we desig-
nate the lighter mass eigenstate as m

1

and the heavier as
m

2

. Starting with a pure state of a non-relativistic | i
particle, the probability of finding | ̄i after time t is

P (| i ! | ̄i) = sin2

✓
�mt

2

◆
. (3)

We choose two benchmark masses for dark matter,
m

1

= 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 [7]. 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 ⌘ m

1

/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. [8])
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and h

e↵

and g

e↵

are the e↵ective energy and entropy
density degrees of freedom [8]. �ij is the rate of  !  ̄

conversion:

�ij = �ji ⌘ � = �m ⌘ ⌧

�1

. (6)

In the large-x regime, defined as x � x

freeze�out

⌘ x

f.o.,
the system of di↵erential equations simplifies to

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

�m . h

e↵
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⇤
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45
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. (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 ob-
served cosmological dark matter density. Assuming dom-
inate pair annihilation via s-wave processes, we find a
⌧ -independent lower bound on the annihilation rate (la-
beled “Thermal Depletion” in Fig. 2) by solving the
early-Universe Boltzmann equation with  / ̄ asymmet-
ric initial conditions.

Depending upon the hierarchy between ⌧ and the
freeze-out time, one generically has four cases:

1. ⌧ ⇠ 1/�m ⌧ t

f.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

/h�vi 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 � t

f.o., and residual annihilations at
t & ⌧ do not substantially modify the total  +  ̄

MRB, Profumo 1109.2164 ��v� = 1.5 � 10�25 cm3/s
m1 = 10 GeV

�m = 10�25 GeV
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Constraints & Implications

38

MRB, Profumo 1109.2164m = 10 GeV

m = 1000 GeV

• Fairly stringent constraints 
on oscillation time

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

• Implies some symmetry 
absolute forbids                
mass terms

� = �m�1

��v�
mM � 10�41 GeV

�X = 2
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A Note on Thawing

39

• Previous bounds derived under the assumption that 
ADM density             of total

• But interesting to note that, if                        , can 
drive two final abundances together
• I’m not aware of this sort of solution to the 

Boltzmann Eqn. used in a cosmological context
• Could have interesting model-building uses

2

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 ⇧ + ⇧̄

� 90%
� � tfreeze�out

MRB, Profumo 1109.2164
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Constraints & Implications
• Work by Cirelli et al (1110.3809) and Tulin et al 

(1202.0283) followed up in more detail.
• Found interactions that distinguish between        

X             at Lagrangian level can forbid 
reannihilation after oscillation without 
scattering off of thermal bath

40

X � Xc

!"

H

Ωosc

1 10 100 1000 104
10$20

10$16

10$12

10$8

10$4

1

x % mX !T

R
at
e
"e
V
# YX

_
YX

YX&YX
_

'DM

ΗDM

fast oscillations

Flavor$blind, any Κ

20 50 100 200 500 1000

0.01

0.1

1

10

100

1000

x % mX !T

C
om
ov
in
g
de
ns
ity
Y
*
10
10

YX
_

YX

YX&YX
_

'DM

ΗDM

fast oscillations

Flavor$sensitive, Κ %0

20 50 100 200 500 1000

0.01

0.1

1

10

100

1000

x % mX !T

C
om
ov
in
g
de
ns
ity
Y
*
10
10

YX
_

YX

YX&YX
_

'DM

ΗDM

Flavor$sensitive, Κ %10$4

20 50 100 200 500 1000

0.01

0.1

1

10

100

1000

x % mX !T

C
om
ov
in
g
de
ns
ity
Y
*
10
10

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
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Implications of Oscillation
• If Majorana mass interpreted as result of a seesaw 

mechanism, implies high scale 
• Such terms can be forbidden by simple global 

symmetries, but these are expected to be violated 
by gravitational-strength interactions

• Implies that successful ADM models require a 
symmetry that forbids                mass terms that are 
not violated even at extremely high energies
• Possibly a gauge symmetry?

41

> MPlanck

�X = 2
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Conclusions
• WIMPs are a very good idea, but not the only 

game in town
• The coincidence between           and        

provides an fruitful alternative for dark matter 
model-building.

• I’ve outlined the wide variety of asymmetry 
transfer methods potentially available
• Leads to a wide range of potential masses 

for ADM
• Not just 

42

�DM �B

mX/mproton = �DM/�B

Sunday, February 5, 12



Matthew Buckley
45

Conclusions
• Can attempt to narrow down the possible 

theory space:
• To be asymmetric, ADM must have:

• Large annihilation cross section to eliminate 
symmetric component

• Either affinity for leptons or new light states 
to annihilate into or to mediate annihilations.

43
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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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Conclusions
• Either affinity for leptons or new light states to 

annihilate into or to mediate annihilations.
• Must forbid                 mass-terms down to 

44

�X = 2
�m � ��1

Universe � 10�41 GeV
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Conclusions
• Either affinity for leptons or new light states to 

annihilate into or to mediate annihilations.
• Must forbid                 mass-terms down to 

• Implies a dark sector with a rich 
phenomenology:
• New states with sizable couplings
• New dark symmetries conserved to very 

high scales.
• Perhaps pointing back to something 

technicolor-ish?

45

�X = 2
�m � ��1

Universe � 10�41 GeV
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Back-Up Slides
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Squark Masses in 

• Non-rel. solution requires
•       set when            ,    assuming       not too 

large, solutions when
• Implies  

48

/B
� = n��v� �

�
mXT

2�

�3/2 �m2
X

(16�2)2M4
e�(3mq̃�mX)/T

mX � 10TD

� � H�1TD M
(3mq̃ �mX) � 45TD

mq̃ � 10� 20TD

Searches for SUSY at CMS 

Update on Searches for New Physics in CMS             E. Halkiadakis 35 

•  A number of channels and methods 
pursued 

•  Focus has been on simple signatures 
-  Common to wide variety of models 

•  Gearing toward dedicated sbottom and 
stop searches 
-  Stay tuned! 

•  Our results have been most commonly 
presented in the CMSSM m0 vs m1/2 
plane 
-  Shows breadth of analyses and 

large gain in coverage 

CMS
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Sphalerons & ADM
•                 chiral doublet dark matter excluded by 

direct detection.
• Can look at mixing doublet                                           

with               singlets.
• Can set up system so that                                    

light state is primarily singlet:                              
detection suppressed by    , sphalerons create 
mostly heavy state (mass     ), which later decays 
to state of mass 

49

1� 2 TeV16 G. Angloher et al.: Results from 730 kg days of the CRESST-II Dark Matter Search
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Fig. 12. (Color online) Light yield distribution of the accepted
events, together with the expected contributions of the back-
grounds and the possible signal. The solid and dashed lines
correspond to the parameter values in M1 and M2, respec-
tively.

6.2 Significance of a Signal

As described in Section 5.1, the likelihood function can be
used to infer whether our observation can be statistically
explained by the assumed backgrounds alone. To this end,
we employ the likelihood ratio test. The result of this test
naturally depends on the best fit point in parameter space,
and we thus perform the test for both likelihood maxima
discussed above. The resulting statistical significances, at
which we can reject the background-only hypothesis, are

for M1: 4.7⇥
for M2: 4.2⇥.

In the light of this result it seems unlikely that the
backgrounds which have been considered can explain the
data, and an additional source of events is indicated.
Dark Matter particles, in the form of coherently scatter-
ing WIMPs, would be a source with suitable properties.
We note, however, that the background contributions are
still relatively large. A reduction of the overall background
level will reduce remaining uncertainties in modeling these
backgrounds and is planned for the next run of CRESST
(see Section 7).

6.3 WIMP Parameter Space

In spite of this uncertainty, it is interesting to study the
WIMP parameter space which would be compatible with
our observations. Fig. 13 shows the location of the two
likelihood maxima in the (m�,⇥WN)-plane, together with
the 1⇥ and 2⇥ confidence regions derived as described in
Section 5.1. The contours have been calculated with re-
spect to the global likelihood maximum M1. We note that
the parameters compatible with our observation are con-
sistent with the CRESST exclusion limit obtained in an
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Fig. 13. The WIMP parameter space compatible with the
CRESST results discussed here, using the background model
described in the text, together with the exclusion limits from
CDMS-II [12], XENON100 [13], and EDELWEISS-II [14], as
well as the CRESST limit obtained in an earlier run [1]. Ad-
ditionally, we show the 90% confidence regions favored by Co-
GeNT [15] and DAMA/LIBRA [16] (without and with ion
channeling). The CRESST contours have been calculated with
respect to the global likelihood maximum M1.

earlier run [1], but in considerable tension with the limits
published by the CDMS-II [12] and XENON100 [13] ex-
periments. The parameter regions compatible with the ob-
servation of DAMA/LIBRA (regions taken from [16]) and
CoGeNT [15] are located somewhat outside the CRESST
region.

7 Future Developments

Several detector improvements aimed at a reduction of the
overall background level are currently being implemented.
The most important one addresses the reduction of the al-
pha and lead recoil backgrounds. The bronze clamps hold-
ing the target crystal were identified as the source of these
two types of backgrounds. They will be replaced by clamps
with a substantially lower level of contamination. A sig-
nificant reduction of this background would evidently re-
duce the overall uncertainties of our background models
and allow for a much more reliable identification of the
properties of a possible signal.

Another modification addresses the neutron back-
ground. An additional layer of polyethylene shielding
(PE), installed inside the vacuum can of the cryostat, will
complement the present neutron PE shielding which is
located outside the lead and copper shieldings.

The last background discussed in this work is the leak-
age from the e/�-band. Most of these background events
are due to internal contaminations of the target crystals
so that the search for alternative, cleaner materials and/or
production procedures is of high importance. The mate-
rial ZnWO4, already tested in this run, is a promising
candidate in this respect.
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�4

6

200 400 600 800 1000
0.02

0.05

0.10

0.20

M (GeV) 200 400 600 800 1000

0.100

0.050

0.020

0.200

0.030

0.150

0.070

M  (GeV)

FIG. 3: Numeric solution to Eq. (11) for ✏ = 0.16 (left) and ✏ = 0.2 (right). The blue dotted line is the left-handed side of
Eq. (11) and the red line is the right-handed side.

couple to all three generations of the SM. As these masses are related to the vev by vR = 2MR/gR, assuming a
perturbative gauge coupling, vR (and thus TD) must be heavier than ⇠ 8TeV. In a SUSY model, cancellations in the
FCNCs can reduce the bound to 4TeV [31]. If only the third generation coupled to the new gauge force, then the
bounds are much weaker. Assuming coupling to �/Z, LEP-II places a bound of 105GeV on MWR , and thus TD must
be greater than ⇠ 200GeV, similar to the SU(2)L example.

Repeating the calculation of chemical equilibrium, the correct dark matter abundance is found when

f(mX/TD) =
3f(0)

N 0
fN

2

X

⇢
DM

⇢B

m
proton

mX
. (12)

where N 0
f is the number of SM generations coupling to SU(2)R. For Nf = 3 and NX = 1, TD ⇠ 8TeV and

mX ⇠ 52TeV. For only the third generation coupling, the non-relativistic solution for NX = 1 is mX ⇠ 1500GeV. In
both cases, the Yukawa couplings yX are again O(10).

C. Left-Right Annihilation

In the previous sections we found that minimal sphaleron models require a non-perturbative Yukawa coupling for
the dark matter candidate. In the SU(2)L case, we are able to avoid this constraint and evade direct detection bounds
by the addition of light singlets. Here we present a second model that avoids the large Yukawa problem; one that
establishes the right dark matter density even if mX/TD is much less than O(10). Asymmetries are still exchanged
via SU(2)R sphalerons, but we assume in addition to a single left-handed doublet charged under SU(2)R there is also
a second right-handed doublet as well as a massive singlet.2 In the absence of the singlet, the sphaleron would create
a left-handed particle XL and destroy a right-handed particle XR. As a result, the X number would not be changed
by the sphaleron, and no Xogenesis could occur.

With the addition of the singlet, the three fields can mix. For simplicity, we assume only singlet-XR coupling, so
the neutral Lagrangian is

L ◆ mLRXLX̄R + yXS�X̄R +mSXSX̄S + h.c. (13)

Including a Higgs vev, the mixing mass term becomes mR ⌘ yv. Assuming mLR,mR ⌧ mS , the two light eigenstates
(X

1

and X
2

) are mLR ±m2

R/2mS and the heavy state X
3

is mS +m2

R/mS .
The primarily singlet particle we define as X

3

has a small mixing angle sin ✓ ⇡ mR/mS with the right-handed
doublet. Thus, if mS � T

sphaleron

, when T & T
sphaleron

, X
3

freezes out and the sphaleron creates one unit of left-
handed field (in a combination of X

1

and X
2

) and destroys (1 � sin2 ✓) unit of right-handed doublet (again in a
linear combination of X

1

and X
2

). Thus, after the freeze-out of the heavy state, the sphaleron changes X number by
sin2 ✓ = m2

R/m
2

S .

2

Graham Kribbs [22] has considered similar ideas.

� = 0.16

M
�2M

� = 0.2

�2M = 9 GeV 1009.0270
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Singlet-Doublet mixing
• Specific example.
• 2 “left-handed states,” singlet      , doublet 
• 2 “right-handed states,” singlets 

• Form Dirac masses only

• Select
• Then action of sphaleron is to create       

states of mass          and              of mass 

50

X1 XL

X2, X3

L � v1vXLX̄2 + y2vXLX̄3 + m12X1X̄2 + m13X1X̄3

v1v = M, v2v � �M, m12 � �M, m13 � 0
�2

�2M 1� �2 M
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Intermediate Masses

51

• Lepton-violating models transfer           asymmetry 
via higher dim. operators, and transfer        
asymmetry via sphalerons 
• If                          , then after                        stops,   

XXXX   continues, bleeding “excess” DM into 
invisible neutrinos
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L/B

TD < Tsphaleron X � L� B
X � L 11
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FIG. 5: Numeric solutions to Eq. (27). The black dotted line is the right-hand side of Eq. (27), while the left-hand side is
shown assuming TD is 10 (red), 25 (blue), 50 (orange), or 100GeV (green). For TD < 25GeV, no solutions occur, while for
larger values, two solutions exist.

III. CONCLUSION

The near coincidence of scales that follows from dark matter relic thermal abundance (the “WIMP Miracle”), has
been the primary theoretical motivation in the field for many years. Though theoretically well-motivated, we should
remember that it has not yet been experimentally proven. In light of the many recent anomalies from direct and
indirect detection, which are di⇥cult to reconcile with the expectations of WIMP dark matter, we should continue to
seek alternative motivating principles.

The near coincidence between baryon and dark matter energy densities leads to to concept of asymmetric dark
matter, in which dark matter consists of a particle without a sizable relic density of the corresponding antiparticle.
To explain the coincidence of energy densities,, the relic number density of dark matter is related to that of baryons,
which requires operators that violate baryon and dark matter number. In this paper, we show that the energy densities
can be appropriately related in a natural framework involving a weak scale dark matter candidate, in addition to the
light asymmetric dark matter often considered (see e.g. [14, 17–19]).

With such heavy dark matter, searches are di⇥cult. Indirect detection requires additional structure to allow X� X̄
oscillations in the late Universe, and only in specific cases will direct detection be expected. If the candidate is truly
weak scale, it can be part of some larger sector detectable at the LHC, although identifying it as dark matter will
be challenging. Nonetheless, given the uncertainty in the nature of dark matter, it is worth considering further this
alternative as it seems to address one of the most striking features about the energy densities in the Universe.
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FIG. 1: Current experimental limits on spin-independent WIMP direct detection from CRESST

[52], CDMS [53], Xenon 10 [54], CoGeNT [13], and Xenon 100 [15], (solid lines as labeled), as well

as the CoGeNT favored region [13] and future reach estimates for SCDMS [55] and Xenon 100

[56], where we have chosen the line using a threshold of 3PE and the conservative extrapolation

of Leff (dashed lines as labeled). Also shown are the current Tevatron exclusion for the operator

D11 (solid magenta line) as well as LHC discovery reaches (dashed lines as labeled) for relevant

operators.

collider bounds. The case of a light mediator with a particular

dark matter + dark matter ↔ SM-neutral mediator ↔ SM + SM

completion structure was considered in [9]. Beyond these particular constructions, many

models have additional light states which UV complete the interactions between the dark

matter and the Standard Model through a

dark matter + SM ↔ SM-charged mediator ↔ dark matter + SM

topology. It would be relatively simple to consider a complete set (as dictated by SM gauge

and Lorentz invariance) of UV completions, and it would be interesting to see how our

bounds are modified in the presence of such new states, and whether new collider signals

12

Matthew Buckley
45

Tevatron Search
• Follows CDF searches:

• Require
• Allow                         , veto on 3+ jets

52

pT,j > 80 GeV /ET > 80 GeV
pT,j2 > 30 GeV

Goodman et al 1008.1783

0807.3132 
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LHC Search

• Largest uncertainty is systematic error
• Pure “cut-and-count” analysis
• More sophisticated studies using event shapes 

going on now.
53

Fox et al 1109.43986
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Figure 2: Measured missing energy spectra of j + /ET for the three ATLAS analyses and the CMS analysis
discussed in the text (black data points with error bars) compared to the collaborations’ background pre-
dictions (yellow shaded histograms) and to our Monte Carlo prediction with (blue histograms) and without
(black dotted lines) a dark matter signal. In all cases the DM signal comes from the vector operator, OV ,
and m� = 10GeV, ⇤ = 400GeV. Our simulations are rescaled to match the overall normalization of the
collaborations’ background predictions.

account for the inaccuracy of our detector simulation. We define a quantity

�N =

(
0 expected bound

N
obs

�N
SM

observed bound ,
(7)

where N
obs(SM)

is the number of observed (predicted background) events. With the exception of
the LowPT analysis at ATLAS, all analyses experienced a downward fluctuation in the background
and hence give stronger bounds on DM than expected. Since this lucky accident is unlikely to be
repeated in the future we will in the following show both the observed and expected bounds. The
limits on ⇤ for the operator OV , with coupling to up quarks only, is shown in figure 3. As expected
the strongest bounds come from the analysis with the hardest jet pT and /ET cuts, and in all cases
but LowPT the observed bound is stronger than expected due to the downward fluctuations in the
data.
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Figure 5: ATLAS limits on (a) spin-independent and (b) spin-dependent dark matter–nucleon scattering,
compared to limits from the direct detection experiments. In particular, we show constraints on spin-
independent scattering from CDMS [42], XENON-10 [43], XENON-100 [44], DAMA [45], CoGeNT [46,
47] and CRESST [48], and constraints on spin-dependent scattering from DAMA [45], PICASSO [49],
XENON-10 [50], COUPP [51] and SIMPLE [52]. DAMA and CoGeNT allowed regions are based on our
own fits [11, 47, 53] to the experimental data. Following [54], we have conservatively assumed large systematic
uncertainties on the DAMA quenching factors: qNa = 0.3± 0.1 for sodium and qI = 0.09± 0.03 for iodine,
which leads to an enlargement of the DAMA allowed regions. All limits are shown at 90% confidence level,
whereas for DAMA and CoGeNT we show 90% and 3� contours. For CRESST, the contours are 1� and 2�
as in [48].

searches. The dark matter annihilation rate is proportional to the quantity h�v
rel

i, where � is the
annihilation cross section, v

rel

is the relative velocity of the annihilating particles, and the average h·i
is over the dark matter velocity distribution in the particular astrophysical environment considered.
Working again in the e↵ective field theory framework, we find for dark matter coupling to quarks
through the dimension 6 vector operator, equation (1), or the axial-vector operator, equation (2),
respectively [11],

�V v
rel

=
1

16⇡⇤4

X

q

s

1� m2

q

m2

�

 
24(2m2

� +m2

q) +
8m4

� � 4m2

�m
2

q + 5m4

q

m2

� �m2

q
v2
rel

!
, (10)

�Av
rel

=
1

16⇡⇤4

X

q

s

1� m2

q

m2

�

 
24m2

q +
8m4

� � 22m2

�m
2

q + 17m4

q

m2

� �m2

q
v2
rel

!
. (11)

Here the sum runs over all kinematically accessible quark flavors, and mq denotes the quark masses.
We see that, for both types of interaction, the leading term in �v

rel

is independent of v
rel

when there
is at least one annihilation channel with m2

q & m2

�v
2

rel

. Note that for DM couplings with di↵erent
Lorentz structures (for instance scalar couplings), the annihilation cross section can exhibit a much
stronger v

rel

-dependence. For such operators, collider bounds on h�v
rel

i can be significantly stronger
than in the cases considered here, especially in environments with low

⌦
v2
rel

↵
such as galaxies (see,

for instance, reference [11] for a more detailed discussion).
In figure 6, we show ATLAS constraints on h�v

rel

i as a function of the dark matter mass m�

for a scenario in which dark matter couples equally to all quark flavors and chiralities, but not

5

ATLAS LowPT ATLAS HighPT ATLAS veryHighPT CMS

1.0 fb�1 1.0 fb�1 1.0 fb�1 36 pb�1

Expected 15100± 700 1010± 75 193± 25 297± 45

Observed 15740 965 167 275

Table I: The expected and observed number of events at ATLAS and CMS, the error is a combination of a)
Monte Carlo statistical uncertainties, and b) control sample statistical uncertainties and other systematic
uncertainties. For the case of ATLAS we have combined a) and b) in quadrature.

We have simulated the dominant Standard Model backgrounds (Z ! ⌫⌫)+j and (W ! `inv⌫)+j
using MadGraph [26, 27] at the matrix element level, Pythia 6 [28] for parton showering and
hadronization, and PGS [29] as a fast detector simulation. We have checked that results obtained
with Delphes [30] as an alternative detector simulation, would change our results by only a few per
cent. In figure 2, we compare our simulation of the dominant backgrounds to both the data and
the MC predictions of both collaborations4, we also show the spectrum for candidate dark matter
models. In each case we rescale the normalization of the two backgrounds by a correction factor
chosen to fit the number of events predicted by the collaborations. After this rescaling we find
excellent agreement in shape between our predictions and theirs. When predicting the dark matter
signal, we rescale the rate by the correction factor found for the invisible Z background, since this
background is most similar to the DM signal. The correction factors are approximately 0.9, 1.1
and 1.2 for the three ATLAS analyses (from low to very high respectively), and approximately 0.7
for the CMS analysis.

As can be seen in figure 2, our simulation of Standard Model backgrounds is in very good
agreement with the CMS and ATLAS background predictions and with the data, so that we can
have confidence in our simulations also for the signal predictions. Turning to those, we see from
figure 2 that a dark matter signal mainly changes the slope of the distribution, leading to the
most significant e↵ects at high /ET [4, 11, 31]. The main reason for the di↵erence in shape is that
dark matter production in the e↵ective theory framework is a 2 ! 3 process proceeding through
non-renormalizable operators, whereas the dominant Standard Model backgrounds have 2 ! 2
kinematics.

Despite this clear di↵erence in shape between the signal and the background we will nonetheless
use only the total event rate to place constraints on dark matter properties since we cannot reliably
model systematic uncertainties in the background shape. However, the existence of three ATLAS
analyses with di↵erent pT cuts allows a crude version of a shape analysis to be carried out. Since the
DM signal spectrum is harder than the background spectrum one would expect harder selection
cuts to improve the ratio of signal to background, as is reflected in figure 2. To quantify this
we compute the expected and observed 90% exclusion limits on the dark matter–SM coupling,
parameterized by the suppression scale ⇤, for a given dark matter mass m� by requiring

�2 ⌘ [�N �N
DM

(m�,⇤)]2

N
DM

(m�,⇤) +N
SM

+ �2

SM

= 2.71 . (6)

Here �
SM

is the uncertainty in the predicted number of background events, see table I. In computing
the number of expected signal events, N

DM

, we include the correction factor discussed above to

4 Note that the MC predictions of the collaborations are for all backgrounds. For the highest /ET bins the background
is completely dominated by W + j and Z + j, but in the lowest bins there can be ⇠ 10% contributions from tt̄,
QCD and other reducible backgrounds which we did not simulate.
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