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1. Introduction

The nature of the weakly interacting massive dark matter still remains an open question despite
the growing evidence to support its existence. One of the unique features of the dark matter is that
it can, due to its weak interaction and heavy mass, lose the thermal contact with the heat bath at
the relatively early stage in the history of the Universe. The decoupling of dark matter from the
relativistic plasma has received fair amount of attention, and it led to a compelling interdisciplinary
avenue to explore from both particle physics and astrophysics perspectives [1-17].

Even after the dark matter abundance freezes out at the chemical decoupling when the anni-
hilation/creation rates fall well below the Hubble expansion rate, the dark matter still remains in
the local thermal equilibrium with the relativistic plasma by the frequent elastic scatterings. At the
kinetic decoupling when the temperature drops further, even such scatterings become ineffective
compared with the Hubble expansion rate and the dark matter leaves the heat bath staring the free-
streaming. The dark matter kinetic decoupling can determine the cutoff scale for the size of the
smallest dark matter halo (protohalo) which can have a significant consequence on the structure
formation of the Universe.

We pay particular attention to the roles of the DM-quark interactions in the process of kinetic
decoupling [1] which have not been fully explored yet compared with the studies on the roles of
the DM-lepton scatterings. In addition to the lack of due attention to the DM-quark interactions,
another big motivation of our looking into the quark interactions stems from the unprecedented
wealth of data from the LHC and direct dark matter search experiments which provide us with the
direct probe of the DM-quark interactions. Those particle physics experiments should in principle
be able to put the bounds on the dark matter protohalo size useful for the astrophysics studies.

2. The kinetic decoupling temperature and the mass of the smallest dark matter
halo

Let us first start with the heuristic order of magnitude argument for the kinetic decoupling
process. The momentum transfer from the local heat bath with the temperature 7 to the dark matter
x per each collision (with an elastic collision rate I',;) is small (of order 7') compared with the
average momentum of the dark matter around the decoupling epoch, and many collisions (~ m, /T)
would be required for the dark matter of mass m, to be in the local thermal equilibrium. The
relaxation rate Y for the dark matter to establish the thermal equilibrium would hence scale as y ~
(T /my )T,y which lets us estimate the kinetic decoupling temperature by requiring the relaxation
rate to be of the order of Hubble expansion rate. We refer the readers to Ref. [1] for the more precise
estimation using the Fokker-Planck equation. Once given Tj, , we can estimate the corresponding
length scale relevant for the dark matter protohalo mass. The mass of the smallest protohalo is
determined by the larger of the DM mass inside the horizon scale at the decoupling and the mass
within the free streaming scale.

The comoving free streaming scale A¢; = [ dt(v/a) grows logarithmically during the radiation
era (a o< t'/2) and saturates during the matter domination era (a o< 1%/3). The total WIMP mass
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Figure 1: The smallest dark matter halo mass as a function the kinetic decoupling temperature. The smallest
mass is the mass within the scale characterized by the larger of the coming horizon size at decoupling and
the comoving free streaming length.
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where 7 represents the conformal time, ap = 1 and a,, is the scale factor at the radiation-matter
equality. For the dark matter velocity vis, we use vig = \/W with the coefficient 6/5
obtained numerically [11]. This cutoff scale is supplemented by the additional damping due to
the acoustic oscillations for the modes whose scales are small enough to couple to the radiation
fluids inside the horizon during the decoupling. This cutoff scale is hence characterized by the dark
matter mass inside the horizon at the decoupling !
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where Tp represents the current temperature, p,, is the DM density and H (7;,) can be obtained from
the Friedmann equation assuming the radiation domination at the kinetic decoupling. h.ss is the
effective degrees of freedom for the entropy density and we adopted the model (equation of state
B) of Ref. [18] for the effective number of degrees of freedom as a function of the temperature.
The horizon and free streaming scales are plotted in Fig. 1. The horizon scale determines the cutoff
scale of the smallest halo size for a a wide range of the parameters while the free steaming length
becomes more important than the horizon scale for a large \/W as demonstrated in this figure.
This behavior is expected because the horizon scale scales as Ty, ~ 1/T;; while the free streaming

length scales as \/Tiq/ny Trq-

'Our expression differs from that of Ref. [11] by a factor hr1(Tia) /e r(To).
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3. Examples

3.1 Effective operator approach

It would be illustrative to consider the effective field theory approach to see the essential
features of the DM-quark interactions and their relations to the kinetic decoupling temperature.
A great feature of studying such effective DM-quark operators is that we can study the range of
the kinetic decoupling temperature allowed by the recent data from the LHC and dark matter direct
detection experiments which directly probe DM-quark interactions.

Because our purpose here is to study the potential significance of the DM-quark scattering in
the dark matter kinetic decoupling processes which can be constrained from the current LHC and
dark matter experiment data, we simply assume the dark matter is a Majorana fermion which is a
SM singlet and consider the following effective DM-quark point interaction operators relevant for
the direct dark matter search experiments

Os = Z%Z%CM (3.1
q
1
Or = Lz @'Y 0@nrq) (32)
q

These operators lead respectively to the spin-independent and spin-dependent interactions. The
other DM-quark interaction operators besides these scalar and axial-vector operators vanish in the
non-relativistic limit for the Majorana fermion dark matter.

We here make a simplifying assumption that the DM universally couples to the Standard Model
(SM) up and down type quarks via ¢, while the DM couples through the quark mass suppression
factor m, in 0y inferred from the chirality breaking.

The spin independent dependent cross section per nucleon reads

2
Os1 ~ —4“[)
TAO

5 (3.3)

where [ is the nucleon-DM reduced mass and we use the default values of the nucleon parameters
in DarkSUSY to obtain the effective coupling of the DM with the nucleon f,,. The spin dependent
cross section is

5 2
o5 ~ k2 <§A§> (3.4
where we use the value (£,A} )2 ~ 0.102 for the spin fraction carried by the quark in the nucleon
[19, 20]. For the dark matter direct search experiment constraints, we used the data from the
SIMPLE [21] for the spin dependent cross section and the data from the XENON100 [22] for the
spin-independent interaction which are currently most sensitive to the high end of the DM mass
compared with the other direct search experiments.

A complimentary set of constraints comes from the collider experiments. The collider con-
strains have the advantage over those from the direct search experiments which suffer from the
astrophysical uncertainties such as the dark matter density and velocity distributions. The recent
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Figure 2: The effective cutoff scale as a function of the dark matter mass for the effective scalar point

interaction operator.
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Figure 3: The effective cutoff scale as a function of the dark matter mass for the effective axial vector point
interaction operator.

LHC data from the CMS [23] presented the mono jet analysis which required the leading jet with
pr > 110GeV , pseudorapidity || <2.4 and the missing transverse energy ¥, > 350GeV with 1142
observed events and the Standard Model prediction of 1224+ 101 for the data sample of 4.7/fb total
integrated luminosity at a center-of-mass energy of 7 TeV. We consider the collider lower bound of
the effective coupling scale A within 2 0. We implemented the effective operators by treating the
scalar and axial vector operators separately at a time in Madgraph/Madevent. The Pythia was then
used for the hadronization including the initial/final state radiations and the jets were treated by the
pycell subroutine.

The lower bounds on A from the direct dark matter search and collider experiments are shown
in Figs.2 and 3 as a function of the dark matter mass along with the contours of the kinetic de-
coupling temperature. The current lack of the detection of the new physics or dark matter prefers
the higher kinetic decoupling temperature. The linear behavior of the kinetic decoupling tem-
perature on the log-scale as indicated in the figures was expected because 7, was obtained from
H(Tva) = ¥(Txa)/2 and the the rate coefficient y in the Fokker-Planck equation scales approxi-
mately as the powers of A,T and m, in the small momentum transfer limit.
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Our effective-operator analysis provides us with upper bounds on the smallest dark protohalo
mass directly from the current LHC and direct dark matter search limits, without having to scan
the parameters space of a specific particle model. For instance, we find that for m, = 300 GeV
the smallest allowed kinetic decoupling temperature is 350 MeV for the scalar operator and 150
MeV for the axial-vector operator, corresponding to upper limits on the smallest protohalo mass
of 3 x 107°M,, and 5 x 1078M_, respectively. Note that here the protohalo cutoff mass scales as
Mhaiomin < (Tear/8esrf(Txa)) hesf(Tra). Independently of the DM mass and spin-dependent or
-independent interaction, there is an absolute lower bounds on the kinetic decoupling temperature
of ~ 100 MeV and a corresponding absolute upper bound of ~ 107®M_, (of order of the Earth’s
mass) on the mass of the smallest dark protohalos.

3.2 Minimal Supersymmetric Standard Model(MSSM)

To see the relative significance of the quark interactions compared to the DM interactions with
the other particles besides the quarks, we shall present a more model dependent discussion in this
section. An advantage of specifying the concrete model is that we can now consider all the the
different DM interaction operators including the interference terms which were hard to specify in
a model independent approach treating the different effective operators separately.

As a concrete model, we choose the MSSM where T;, turns out to vary in a wide range even
beyond 1 GeV for a large parameter space, and hence it would be worth checking the relative
importance of the DM-quark interactions compared with the DM scatterings off the leptons which
have been discussed extensively in the literature. For the effective number of degrees of freedom,
we adopted the model of Ref. [18] and the QCD phase transition temperature was set to 154
MeV (equation of state B [18], the default model in DarkSUSY [24]). For the scattering of the
DM off the quarks, we simply turn on the DM-quark scatterings above 154 MeV. Even though
the temperature at which the asymptotically free quark description becomes valid is expected to be
higher than the QCD phase transition temperature, this simplification would suffice for our purpose
of showing the potential significance of the DM-quark scatterings in estimating the dark matter
protohalo mass. Choosing a higher temperature for the threshold of the DM-quark scatterings to
ensure the free quark descriptions does not change our conclusion of this section that adding the
DM-quark interactions in existence of the DM-lepton scatterings can well increase the protohalo
mass estimation by a factor 2 or more.

The elastic scatterings off the fermions in the supersymmetric models occur through the ex-
change of gauge bosons, Higgs and sfermions. We here again use our modified DarkSUSY and we
included all the possible dark matter interactions and interference terms in the MSSM for the dark
matter scatterings. We scanned the MSSM parameter sets [1, 25] and we can see, in Fig. 4, that
there exists a wide range of the parameter sets for which the kinetic decoupling can occur above the
QCD phase transition scale, as first pointed out in Ref. [9] which performed the analogous numeri-
cal scan without including the DM-quark interactions. The open circles represent the T, including
the DM-quark interactions, and the crosses are the cases where we did not include the DM-quark
interactions to see the difference. While, for Ty; S Tpcp, the inclusion of only leptons as widely
done for the treatment of the kinetic decoupling can be justified because the quarks were bounded
into the hadrons and those such as pions are much less abundant than the light leptons in the ther-
mal bath, Fig. 4 clearly shows 7}, can significantly be influenced by the DM-quark interactions for
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Figure 4: The kinetic decoupling temperature as a function of the dark matter mass where the MSSM
parameters were scanned randomly. The inclusion of the DM-quark scatterings can change the kinetic
decoupling temperature by 30 % and hence the dark matter protohalo mass by more than 100%.

Tiq above the QCD scale where we turned on the DM-quark scatterings. We found the typical ratio
of Ti; with and without the inclusion of the DM-quark interactions in the MSSM parameter scan
ranged between a factor unity and about 1.3. For the dark matter mass range whose protohalo mass
is characterized by the horizon size, M}y, ~ kf and hence the inclusion of the quark scatterings
can lead to a factor 2 increase in the protohalo mass for a wide range of the MSSM parameter
sets. For the dark matter mass range whose characteristic scale is determined by the free streaming
length, the mass estimation is affected less because Mjq;, ~ Tkj/ 2,

4. Discussion/Conclusion

The studies of the dark matter can provide us with the unique link between the particle physics
and astrophysics. To illustrate such connections to seek for the properties of the dark matter, we
paid particular attention to the DM-quark interactions and presented their roles in estimating the
dark matter protohalo size in a model independent and a model dependent manner. The con-
straints on the kinetic decoupling temperature from the current LHC and direct dark matter search
experiments turned out to be in the regime of the QCD phase transition, signaling the potential sig-
nificance of the DM-quark interactions in the DM kinetic decoupling processes. The forthcoming
LHC and direct dark matter search data will most likely push this 7;; bound up even further, pos-
sibly beyond the quark-hadron transition regime so that the simple description of the free quarks
can be applicable. More optimistically, if we discover the DM-quark interactions at the LHC or
direct detection experiments, it can provide us with the lower bound of the smallest dark matter
halo taking account of the additional interactions with the leptons as well.

The creation of the dark matter protohalos and their evolution would certainly deserve the
further exploration in view of their potential roles in probing the nature of the dark matter and the
structure formation of the Universe.
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