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Outline	

•  IntroducTon:	  What	  is	  kineTc	  decoupling?	  

•  Why	  bother	  with	  decoupling:	  Smallest	  dark	  ma1er	  halo	  
ConnecTng	  parTcle	  physics	  and	  cosmology	  

•  Results:	  	  
	  	  	  The	  upper	  bound	  on	  the	  smallest	  dark	  ma1er	  halo	
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Brief	  thermal	  history	  of	  Dark	  Ma1er	  (DM)	
Ø  In	  thermal	  equilibrium.	  	  
Ø  Chemical	  decoupling	  (Temperature	  ~	  10	  GeV)	  
DM	  annihilaTon	  rate	  <	  expansion	  rate	  of	  the	  Universe	  
(DM	  abundance	  freezes	  out)	  
	  
Ø  KineTc	  decoupling	  (Temperature	  ~	  10	  MeV)	  
DM	  sca1ering	  rate	  <	  expansion	  rate	  of	  the	  Universe	  
(Structures	  start	  forming)	  
	  
ParTcle	  physics	  and	  cosmology:	  	  
DM	  abundance,	  First	  DM	  halo	  	  	  
Collider,	  DM	  experiments	  also	  probe	  interacTon	  rate	  between	  DM	  and	  SM	  
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•  Chemical	  decoupling:	  	  
	  	  	  	  	  	  	  	  AnnihilaTon	  <	  Hubble	  expansion,	  	  	  	  	  T~	  mχ/20	  
• 	  	  	  	  KineTc	  decoupling:	  	  
	  	  	  	  	  	  	  	  ElasTc	  sca1ering	  <	  Hubble	  expansion,	  	  	  T~mχ/2000	  

(Kolb&Turner)	

Chemical	  decoupling	  and	  kineTc	  decoupling	
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Methods of WIMP Dark Matter detection:

• Discovery at accelerators (Fermilab, LHC,..)

• Direct detection of halo particles in 
terrestrial detectors

• Indirect detection of neutrinos, gamma 
rays, X-rays, radio waves, antiprotons, 
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The Milky Way halo in gamma-rays as measured by 
EGRET (D.Dixon et al, 1997)

J. Angle et al., preprint, 2007 (cf E. Aprile’s talk)

Based on 50 days
in Gran Sasso

ith  5 k  li idwith a 5 kg liquid
Xe detector. 
Technology may
be scalable to 1 
ton!
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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],
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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
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Why	  bother	  with	  DM	  kineTc	  decoupling?	

•  Probe	  on	  the	  nature	  of	  dark	  ma1er	  (DM)	  
connecTng	  the	  parTcle	  physics	  and	  cosmology	  

An	  applicaTon:	  	  
The	  size	  of	  smallest	  dark	  ma1er	  halo	  	  
(protohalo	  or	  smallest	  gravitaTonally	  bound	  objects)	  
	  
•  Analogous	  to:	  	  
Physics	  of	  baryon	  decoupling	  
probing	  the	  nature	  of	  Universe	  via	  BAO	  and	  CMB	  
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FIG. 2. Transfer function of the CDM density pertur-
bation amplitude (normalized by the primordial amplitude
from inflation). We show two cases: (i) Td/M = 10−4 and
Td/Teq = 107; (ii) Td/M = 10−5 and Td/Teq = 107. In each
case the oscillatory curve is our result and the other curve is
the free-streaming only result that was derived previously in
the literature [4,7,8].

kpeak = (8, 15.7, 24.7, ..)η−1
d ∝

Mpl

T0Td
. (22)

This same scale determines the “oscillation” damping.
The free streaming damping scale is,

ηdcd(ηd) ln(ηeq/ηd) ∝
MplM1/2

T0T
3/2
d

ln(Td/Teq), (23)

where Teq is the temperature at matter radiation equal-
ity, Teq ≈ 1 eV. The free streaming scale is parametri-
cally different from the “oscillation” damping scale. How-
ever for our fiducial choice of parameters for the CDM
particle they roughly coincide.

The vanishing of the sound speed during the QCD
phase transition amplifies perturbations which have
ω∆ηQCD > 1, where ∆ηQCD is the duration of the tran-
sition. In Figure 2 the affected modes are those with
xd = kηd >

√
3 (ηQCD/∆ηQCD) (ηd/ηQCD). Typical

values of ηd/ηQCD ∼ 10−15 and ηQCD/∆ηQCD ∼ 3−10
relate this condition to modes with xd > 50− 260. Thus
the affected scales are severely damped by the effects con-
sidered in this paper.

Finally we want to stress the fact that the damping
scale is significantly smaller than the scales observed di-
rectly in the Cosmic Microwave Background or through
large scale structure surveys. For example, the ratio of
the damping scale to the scale that entered the horizon
at equality is ηd/ηeq ∼ Teq/Td ∼ 10−7 and to our present
horizon ηd/η0 ∼ (TeqT0)1/2/Td ∼ 10−9. In the context
of inflation, these scales were created 16 and 20 e–folds
apart. Given the large extrapolation, one could certainly
imagine that a change in the spectrum could alter the
shape of the power spectrum around the damping scale.

However, for smooth inflaton potentials with small de-
partures from scale invariance this is not likely to be the
case. On scales much smaller than the horizon at matter
radiation equality, the spectrum of perturbations density
before the effects of the damping are included is approx-
imately,

∆2(k) ∝ exp

[

(n − 1) ln(kηeq) +
1

2
α2 ln(kηeq)

2 + · · ·
]

× ln2(kηeq/8) (24)

where the first term encodes the shape of the primordial
spectrum and the second the transfer function. Primor-
dial departures from scale invariance are encoded in the
slope n and its running α. The effective slope at scale k
is then,

∂ ln ∆2

∂ ln k
= (n − 1) + α ln(kηeq) +

2

ln(kηeq/8)
. (25)

For typical values of (n − 1) ∼ 1/60 and α ∼ 1/602

the slope is still positive at k ∼ η−1
d , so the cut-off in the

power will come from the effects we calculate rather than
from the shape of the primordial spectrum. However
given the large extrapolation in scale, one should keep in
mind the possibility of significant effects resulting from
the mechanisms that generates the density perturbations.

Implications We have found that acoustic oscilla-
tions, a relic from the epoch when the dark matter cou-
pled to the cosmic radiation fluid, truncate the CDM
power spectrum on a comoving scale larger than effects
considered before, such as free-streaming and viscosity
[4,7,8]. For SUSY dark matter, the minimum mass of
dark matter clumps that form in the universe is there-
fore increased by more than an order of magnitude to a
value of ∗

Mcut =
4π

3

(

π

kcut

)3

ΩMρcrit

' 10−4

(

Td

10 MeV

)−3

M#, (26)

where ρcrit = (H2
0/8πG) = 9 × 10−30 g cm−3 is the crit-

ical density today, and ΩM is the matter density for the
concordance cosmological model [2]. We define the cut-
off wavenumber kcut as the point where the transfer func-
tion first drops to a fraction 1/e of its value at k → 0.
This corresponds to kcut ≈ 3.3 η−1

d .
Recent numerical simulations [15,16] of the earliest and

smallest objects to have formed in the universe [17], need

∗Our definition of the cut-off mass follows the convention of
the Jeans mass, which is defined as the mass enclosed within
a sphere of radius λJ/2 where λJ ≡ 2π/kJ is the Jeans wave-
length [14].

5

Loeb	  and	  Zaldarriaga	  (2005)	

Smallest	  dark	  ma1er	  halo	  size:	  	  	  
Max	  (Free	  streaming	  scale,	  Horizon	  size)	  	
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Comparison	  with	  previous	  works	
•  DM	  &	  lepton-‐photon	  fluids	  
	  
	  
	  
(e.g.	  Schmid,	  Shwarz,Widerin,Fayet,	  Chen,Kamionkowski,	  
ZhangKasahara,Hoffman,Green,	  Profumo	  ,Ullio,,Sigurdson,	  	  
Berezinsky,Dokuchaev,Eroshenko,	  Boehm,	  
Loeb,Zaldarriaga,Bertchinger,Bringmann,	  Cornell,…)	  

l Our	  work	  	  	  (P.	  Gondolo,	  J.	  Hisano,	  KK	  (2012))	

Quark-‐DM	  interac/ons	  
LHC,	  DM	  direct	  detecTon	  
experiments	

χ
χ

q
q

Tkd :O(10 MeV ~ a couple of GeV) 
Profumo, Sigurdson,Kamionkowski  (2006)
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Os = Σq
mq

Λ3 χχqq,  OA = Σq
1
Λ2 (χγ µγ 5χ )(qγµγ

5q)

DM-‐quark	  interacTons:	  EffecTve	  operators	  	

χ

χ

q

q

Mono-‐jet	  events	  by	  the	  CMS	  4.7/m	  @7TeV	  
Pt>110GeV,|η|<2.4	  
Missing	  transverse	  energy	  >350GeV	  Kenji	  Kadota	 Taiwan	  Dark	  Workshop	 14	
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Conclusion	

•  Bo1om-‐up	  effecTve	  operator	  approach:	  KineTc	  
decoupling	  temp	  >	  100	  MeV	  

Smallest	  dark	  ma1er	  halo:	  The	  earth	  mass	  
(regardless	  of	  the	  spin	  and	  mass	  of	  the	  dark	  ma1er)	  
	  
•  Quark	  interacTons	  important	  for	  DM	  kineTc	  
decoupling	
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