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Introduction
           annual modulation, DAMA, self similar halo model.

Results
prediction match the observations.

Testing the theory.

Outline -

Experiments in the near future can confirm/falsify the theory.
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Cross section:  
Scalar (spin independent)

Axial (spin dependent)

Scattering:
Elastic

Inelastic

See:
Goodman & Witten 1985
Griest 1988
Engel 1991

WIMP - nucleus scattering
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How do we distinguish WIMPS from background events ?

By looking for an annual modulation in the scattering rate

Drukier, Freese, and Spergel 1986
Freese, Frieman, and Gould 1988
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How do we distinguish WIMPS from background events ?
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LSR = 220 km/s

Modulation in the event rate with a period of 1 year.

Such a modulation is claimed by DAMA at 8.9 sigma significance. 

2 The model independent result

Several analyses on the model-independent investigation of the DM annual
modulation signature have been performed in [7] as previously done in ref.

2-6 keV

 Time (day)

R
es

id
ua

ls 
(c

pd
/k

g/
ke

V
)

DAMA/LIBRA ! 250 kg   (0.87 ton"yr)

Figure 1: Experimental model-independent residual rate of the single-hit scintil-
lation events, measured by DAMA/LIBRA-1,2,3,4,5,6 in the (2 – 6) keV energy
interval as a function of the time [6, 7]. The zero of the time scale is January 1st

of the first year of data taking of the former DAMA/NaI experiment. The experi-
mental points present the errors as vertical bars and the associated time bin width
as horizontal bars. The superimposed curve is the cosinusoidal function behavior
A cosω(t− t0) with a period T = 2π

ω
= 1 yr, with a phase t0 = 152.5 day (June 2nd)

and with modulation amplitude, A, equal to the central value obtained by best fit
over the whole data including also the exposure previously collected by the former
DAMA/NaI experiment. The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2nd), while the dotted vertical lines correspond
to the minimum. See refs. [6, 7] and refs. therein.

[6] and refs. therein. In particular, Fig. 1 shows the time behaviour of
the experimental residual rates for single-hit events in the (2–6) keV energy
interval; as known, here and hereafter keV means keV electron equivalent.
The hypothesis of absence of modulation in the data can be discarded [6,
7]. Moreover, when the period and the phase parameters as well as the
modulation amplitude are kept free fitting the experimental residuals of
Fig. 1 with the formula: Acosω(t - t0), values well compatible with the
expectations for a signal in the DM annual modulation signature are found
[6, 7]. In particular, the phase – whose better determination is obtained by
using a maximum likelihood analysis [6, 7] – is consistent with about June
2nd within 2σ. For completeness, we note that a slight energy dependence
of the phase could be expected in case of possible contributions of non-
thermalized DM components to the galactic halo, such as e.g. the SagDEG
stream [8] and the caustics [9].

The data have also been investigated by a Fourier analysis, obtaining a
clear peak corresponding to a period of 1 year; the same analysis in other
energy region shows instead only aliasing peaks [6, 7].

DAMA collab. 
2008,  2010
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A closer look at DAMA/LIBRA

25 pure NaI (Tl)  crystals, with a mass 9.70 kg each, taking data at Gran Sasso.

Looks for scintillation light using PMTs.

Total exposure is 0.87 ton-year (6 annual cycles).
 With earlier DAMA/NaI, exposure is 1.17 ton-year (13 annual cycles).

Single hit events can be distinguished from multiple hit events.

DAMA collab. 2010

Multiple hit events consistent with zero modulation.
Single hit events modulate with > 8 sigma confidence.
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Inconsistency with other experiments:

DAMA allowed region disfavored by recent Xenon results!

Xenon 2011

4

The shaded region defining 0.22 < σe < 0.28 µs (Table
I, line 5) corresponds to µ ± σ for the central 5 < z ≤
10 cm population. The fraction of accepted events versus
z coordinate for this region is shown in Fig. 1. Based on
nuclear recoil events with known ∆t, the acceptance of
the σe cut is a flat εc = 0.41 ± 0.01 in the range 1.4 <
Enr ≤ 10 keV.
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FIG. 4. Curves indicate 90% C.L. exclusion limits on spin-

independent σn for elastic dark matter scattering, obtained by

CDMS (dotted [11] and dashed [12]), XENON100 (dash-dot

[39]). 99% C.L. allowed regions consistent with the assump-

tion of a positive detection are also shown, for signals from

DAMA (with ion channeling) [4], and CoGeNT (assuming

30% exponential background) [4].

The energy resolution for S2 signals depends primarily
on Poisson fluctuation in the number of detected elec-
trons, with an additional component due to instrumen-
tal fluctuations. This is discussed in detail in [35], and
for higher energy signals in [20]. So as not to over-
state the energy resolution, we adopt a parameteriza-
tion which follows the Poisson component only, given by
R(Enr) = (2Enr)−1/2. We assume a sharp cutoff inQy at
Enr = 1.4 keV, and then convolve the resolution with the
predicted differential dark matter scattering rate. This
procedure ensures that exclusion limits are not influenced
by lower-energy extrapolation of the detector response.
The scattering rate as a function of nuclear recoil energy
was calculated in the usual manner [13] (cf. [15]). We
take the rotational speed of the local standard of rest
and the velocity dispersion of the dark matter halo to be
v0 = 230 km s−1, and the galactic escape velocity to be
vesc = 600 km s−1 [37].

We use the pmax method [38] to calculate 90%
CL exclusion limits on allowed regions of elastic spin-
independent dark matter parameter space in the σn−mχ

plane, treating all remaining events in the the range
Enr > 1.4 keV as potential dark matter signal. This
lower bound is indicated by the left-most edge of the
shaded region in Fig. 3, and corresponds to an S2 signal

of 5 electrons. The results are shown in Fig. 4. Sur-
prisingly, the sensitivity is poorer after applying edge (in
z) event rejection based on σe. This is due to the small
electron diffusion coefficient DL under our operating con-
ditions, and the relatively modest z = 15 cm electron
drift distance across the xenon target. Larger detectors
[39, 40], if operated with a lower value of Ed, should ex-
pect to obtain a significant improvement in sensitivity
from this technique [27].

The exclusion limits and allowed regions shown in Fig.
4 assume a simple Maxwell-Boltzman distribution for the
dark matter halo. Given the likelihood of significant de-
partures from this distribution [41], it is important to
understand if astrophysical uncertainties could alter the
incompatibility of our results with the positive detec-
tion scenarios shown in Fig. 4. A method for doing
so is described in [42], and predicts that not less than
∼ 5 counts keV−1 kg−1 day−1 (dru) should be observed
in a xenon detector, if the unexplained low-energy rise
observed by the CoGeNT detector [2] were due to dark
matter scattering. It can be seen from Table I that
we observe an event rate of ∼ 0.2 dru on the interval
1.4 < Enr < 10 keV. In other words, the order of mag-
nitude exclusion of the CoGeNT region shown in Fig. 4
is robust against astrophysical uncertainties. Due to the
preliminary nature of the CRESST-II results we do not
show a corresponding allowed region, although it appears
likely to lie above the DAMA region, as shown in Fig. 4
of Ref. [43].

We have shown for the first time that it is possible to
perform a sensitive search for dark matter with a liquid
xenon time-projection chamber, using only the electron
signal. The advantage of this analysis is an increased
sensitivity to light (� 10 GeV) dark matter candidate
particles, due to the approximate factor ×5 decrease in
the detector energy threshold. For larger particle masses,
standard analyses [15, 16, 39, 44] offer superior sensitiv-
ity. The present work appears to severely constrain re-
cent light elastic dark matter interpretations of the excess
low-energy events observed by CoGeNT and CRESST-II,
as well as interpretations of the DAMA modulation sig-
nal.

This work was initiated at the KITP workshop “Di-
rect, Indirect and Collider Signals of Dark Matter,”
Santa Barbara CA, December 7-18, 2009, which was sup-
ported in part by the National Science Foundation un-
der Grant No. PHY-05-51164. We gratefully acknowl-
edge support from NSF Grants No. PHY-03-02646 and
No. PHY-04-00596, CAREER Grant No. PHY-0542066,
DOE Grant No. DE-FG02-91ER40688, NIH Grant No.
RR19895, SNF Grant No. 20-118119, FCT Grant No.
POCI/FIS/60534/2004 and the Volskwagen Foundation.
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Non-standard halo models:

Maxwellian Maxwellian  + streams

Streams are expected due to:

(i)  Late infall of DM onto a virialized halo.

(ii)  Tidal disruption of dwarf galaxies.
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Self-similar infall:

See:
Fillmore & Goldreich 1984
Bertschinger 1985
Sikivie, Tkachev, & Wang 1997
Duffy and Sikivie 2008

r�Mi ,t ��r*�Mi��� t
t*�Mi�

��R� t �������2/3�2/9�,

�4.1a�

v�Mi ,t ��
dr�Mi ,t �

dt �
R� t �
t �1/3�2/9� d�

d�
. �4.1b�

If there is a distribution of angular momentum values, the
functions �(�), r(Mi ,t), and v(Mi ,t) carry an index k
which we have suppressed here to avoid cluttering the equa-
tions.
To solve Eq. �3.25b� for the particle trajectory ���� we

need to know the mass functionM���. This function, in turn,
is given in terms of the trajectory ���� by Eq. �3.25c� or,
equivalently, by

M���� �
n�1

„�2n�1
�2/3������2n

�2/3����…, �4.2�

where the � j(�) correspond to the moments of time when the
trajectory crosses radius r��R(t), i.e., they are the solutions
of �(�)���2/3�2/9�. Following Fillmore and Goldreich �11�,
we solve Eqs. �3.25b� and �3.25c� simultaneously by a tech-
nique of successive iterations. Starting with some arbitrary
mass profileM��� �we tookM(�)��2� we find ����, which
is then used to derive a new mass profile, from which a new
trajectory is derived, and so on. The procedure is repeated till
it converges. We find that the mass profile changes very little
after five iterations. Typically we run ten iterations to get the
final results.

Figure 5 shows the phase-space diagram for the case
��0.2 and zero angular momentum. The solid line in that
figure shows the location of all the particles in phase space at
a given time, i.e., it is the set of points „r(Mi ,t),v(Mi ,t)…
for all Mi . The radial distances are normalized to the turn-
around radius R at time t and the velocities are normalized to
�GM (t)/R(t)��R(t)/�8t which is the rotation velocity at
the turn-around radius. Figure 6 shows the phase space dia-
gram for the case ��0.2 and a single value of angular mo-
mentum j�0.2. The particle trajectory ���� for that case is
shown in Fig. 7.
A convenient way to show the mass distribution is by

showing the rotation curve. We define ���,�� by

v rot
2 �r ��GM �r ,t �/r��2� � ,

r
R� t � � GM � t �

R� t � . �4.3�

With this definition, we have �(� ,��1)�1. The functions
�(� ,�)2 obtained by numerical integration are plotted in Fig.
8 for various values of � and j�0.
To fit the model to our galactic halo, we must choose

values of the present turn-around radius R�R(t) and of
M�M (t). Equivalently, we may choose values of the
present age t and of R . M is given in terms of R and t by Eq.
�3.13b�. t is given in terms of the Hubble rate
H0�h100 km s�1 Mpc�1 by the relation t�1�3H0/2. We
will use h to state the age of the Universe. Then we fix R in
terms of h by requiring that the model reproduce the mea-
sured value, v rot�220 km s�1, of the rotation velocity in our
Galaxy. Let us call ���� the value of ���,�� in the flat part of
the rotation curve, near r�0.02R for ��0.4; see Fig. 8. ����
is related to v rot by Eq. �4.3�. This implies

Rh�1.32 �����1 Mpc. �4.4�

FIG. 5. The phase space distribution of halo dark matter par-
ticles at a fixed moment of time for the case ��0.2 and j�0. The
solid lines represent occupied phase space cells. The dotted line
corresponds to the Sun’s position if h�0.7.

FIG. 6. The phase space distribution of the dark matter particles
in the case ��0.2, h�0.7, and a single value of angular momen-
tum j�0.2.

FIG. 7. The function ���� for ��0.2, j�0.2.

FIG. 8. Rotational velocity squared curves for different values
of � and j�0.

1872 56P. SIKIVIE, I. I. TKACHEV, AND YUN WANG

spatial directions by a factor R(t) and of its size in the velocity directions by a factor V (t).
Thus, the phase space density of a fluid with self-similar evolution satisfies the ansatz

f(!r,!v; t) = A(t)F

(

!r

R(t)
,

!v

V (t)

)

(2.5)

where F (!χ, !ν) is a rescaled time-independent phase space density. The gravitational poten-
tial is then

Φ(!r, t) = A(t)R(t)2V (t)3 Ψ

(

!r

R(t)

)

(2.6)

with

Ψ(!χ) = −Gm

∫

d3χ′
∫

d3ν
F (!χ′, !ν)

|!χ − !χ′|
. (2.7)

Substituting Eqs. (2.5) and (2.6) into Eq. (2.1), one finds that the self-similarity ansatz can
be satisfied only if

R(t) ∝ tβ , V (t) =
R(t)

t
and A(t) =

t

R(t)3
. (2.8)

The rescaled phase space distribution must satisfy

(1 − 3β)F (!χ, !ν) + (!ν − β!χ) ·
∂F

∂!χ
+

(

(1 − β)!ν −
∂Ψ

∂!χ

)

·
∂F

∂!ν
= 0 . (2.9)

Thus, the evolution of a self-similar self-gravitating collisionless fluid is obtained by choosing
β and solving simultaneously Eqs. (2.9) and (2.7), with appropriate boundary conditions.
Next, we consider a collisionless fluid which is self-gravitating and cold, but not necessarily
self-similar.

B. Phase space distribution of cold dark matter

Cold collisionless dark matter (CDM) particles, such as axions or WIMPs, lie on a thin 3-
dim. hypersurface in phase space. Indeed, at a sufficiently early time tin, all CDM particles at
a given location !r have the same velocity !vin(!r), up to a small species-dependent primordial
velocity dispersion δv. We call the 3-dim. hypersurface the “phase space sheet”. The
thickness of the phase space sheet is the primordial velocity dispersion δv. For CDM δv
is small, i.e. the sheet is thin [11]. The number of particles is huge (approx. 1084 axions
and/or 1068 WIMPs per galactic halo), so that the sheet is continuous. As time goes on,
the sheet folds in phase space.

To describe the evolution of the phase space sheet we label the particles by a continuous
parameter !α = (α1, α2, α3). The position of particle labeled !α at time t is !x(!α, t). The parti-
cle has velocity !v(!α, t) = ∂#x

∂t
(!α, t). The phase space sheet is the set of points (!x(!α, t),!v(!α, t))

for all !α. It has a time-independent mass density dM
dα3 (!α) in parameter space. At any point

!r in physical space, there is a discrete set of flows. The number N(!r, t) of flows at position !r
and time t is the number of solutions !αj(!r, t), j = 1, 2...N , of the equation !r = !x(!α, t). The
jth flow has velocity

!vj(!r, t) =
∂!x

∂t
(!αj(!r, t), t) (2.10)

5

•   Velocity distribution is discrete, i.e. a sum over dark matter streams.
 

•   The model predicts the densities and velocities of DM particles at the earth’s 
location.  Hence the recoil spectrum is predicted.

•   f(v) is different from a Maxwellian.   Different annual modulation signature.
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Xenon100 (2010)
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m > 300 GeV for correct modulation phase.
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Testing the theory

1.  With detectors that have directional sensitivity.

See:
Gelmini and Gondolo 2001
Copi and Krauss 2001
Green  2001
Vergados  2001
Ling, Wick, and Sikivie 2004
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Testing the theory

2.  By measuring the amplitude at lower energies.

New PMT’s to reduce the threshold in the near future
DAMA collab. 2010
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FIG. 4: Modulation amplitudes. Points are the DAMA/LIBRA measurements. The solid (red) line
is the prediction of the self similar model, while the broken lines are drawn for the two Maxwellian
models.
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Shown are 3σ results. The 3σ contour for the self similar model is not closed at the high mass end
because for mχ much greater than the mass of an Iodine nucleus, vmin is nearly independent of
mχ. The 1σ contour (not shown) is bounded between 330 GeV and 3.3 TeV. The allowed regions
are ruled out by the CDMS and Xenon bounds (using data from [6]). Also shown are the allowed
regions for the Maxwellian halo of Eq. 18. χ2

min is found to be 31.31/34 dof at mχ = 570 GeV for
the self similar model. For the Maxwellian we find χ2

min = 30.6/34 dof at mχ = 12 GeV, and χ2
min

= 26.41/34 dof at mχ = 78 GeV.

Maxwellian model of Eq. 18. The CDMS and Xenon100 exclusion contours are also shown
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3.   By measuring the average recoil rate.
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The CoGeNT experiment 

Aalseth et al 2010, for CoGeNT

Low threshold:   0.42  keVee
Good resolution: 0.05 keVee

See also:
    Kelso, Hooper 2011
    Hooper, Collar, Hall, McKinsey, Kelso 2010
    Chang, Liu, Pierce, Weiner, Yavin 2010
    Belikov, Gunion, Hooper, Tait 2010

See talks by 
Chris Kelso and Alexander Belikov 
in this session!
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Conclusions:

•  The self similar infall model is an alternative to the isothermal halo model.
     In this model, there are several cold streams in addition to a thermal component.

•  The self similar infall model is consistent with the DAMA modulation amplitudes, 
modulation phase, and the measured background.

•  There are 2 allowed regions:

          m = 12 GeV,  0.03 fb  (channeling) for 50% thermal component
 and   m > 300 GeV.    c/s = 0.1 fb at m = 500 GeV,  for 50% streams.

•  More sensitive experiments can test the halo model.
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