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Let’s suppose the Universe is not made 
up of Blue Raspberry . . .

  Were suggested to solve problems in particle physics
   unrelated to dark matter.  

Motivation for Weakly Interacting Massive Particles

  Have weak interactions in addition to gravity.



Theoretical motivation
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Figure 2: Evolution over temperature and yielding the correct WIMP relic density Ωχh
2

= 0.11

with illustrative values of the WIMP mass mχ = 5, 100, and 1000 GeV, (a) WIMP number density,

and (b) WIMP relic density. The equilibrium lines are for mχ = 100 GeV.

3. The MSSM parameters relevant to DM studies

In SUSY theories with a conserved R-parity, the lightest supersymmetric particle (LSP) is a

viable WIMP dark matter candidate. For both theoretical and observational considerations

[?], it is believed that the best candidate is the lightest Majorana mass eigenstate as an

admixture of the Bino (B̃), Wino (W̃3), and Higgsinos (H̃1,2), with the corresponding soft

SUSY breaking mass parameters M1, M2, and the Higgs mixing µ, respectively. The

neutralino mass matrix in the Bino-Wino-Higgsino basis is given by

Mneut =





M1 0 −mz cos β sin θw mz sin β sin θw

0 M2 mz cos β cos θw −mz sin β cos θw

−mz cos β sin θw mz cos β cos θw 0 −µ

mz sin β sin θw −mz sin β cos θw −µ 0




,

where mz is the Z boson mass, and θw the Weinberg angle, and tanβ = v2/v1 is the ratio

of the vacuum expectation values for the two Higgs doublets. The lightest neutralino is a

linear combination of the superpartners as

χ0
1 = N11B̃ + N12W̃3 + N13H̃1 + N14H̃2, (3.1)

where Nij are the elements of the matrix N that diagonalizes Mneut:

N
−1

MneutN = diag{mχ, mχ2 , mχ3 , mχ4}. (3.2)

The eigenvalues of Mneut are the masses of the four neutralinos. We will focus only on the

lightest neutralino (henceforth denoted by χ0
) with a mass mχ. In particular, we assume

that it constitutes the majority of the dark matter needed for the current cosmological

observation.

Intimately related to the neutralinos is the Higgs sector. The Higgs masses at tree level

can be expressed in terms of tanβ and the CP-odd mass MA. Radiative corrections enhance
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Figure 1: (a) The number of relativistic degrees of freedom as a function of temperature. De-
manding the relic density Ωχh2 = 0.11: (b) WIMP number density evolution over temperature for
illustrative values of a, b with mχ = 100 GeV, (c) a, b values versus the WIMP mass, (d) a versus
b for mχ =5, 100, and 1000 GeV.

constant for an arbitrary mass, reflecting the “WIMP miracle” to lead to the correct relic
density. Below 4 − 5 GeV, somewhat larger values of a and b would be needed to yield
the correct relic density, due to reduction of g at the quark-hadron transition. We will not
explore the very low mass region any further in this work. The interplay between a and
b follow a linear relation empirically, and is shown in Fig. 1(d) for various WIMP mass
values.

After performing numerical integration of the Boltzmann equation as formulated in
Eq. (A.9), we show the WIMP number density in Fig. 2(a) and the WIMP relic (mass)
density in Fig. 2(b), for various WIMP mass values. The dark straight-falling line gives the
densities if the particle keeps in thermal equilibrium with the environment for mχ = 100
GeV. It is known in the literature [?] that the freeze-out temperature for a relatively light
WIMP particle is

xf = mχ/T ≈ 20. (2.5)

The horizontal curves in Figs. 2(a) and (b) present the WIMP number density and mass
density after freeze-out for mχ = 5− 1000 GeV, leading to the correct relic density.

As discussed above,
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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
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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].
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Exciting results from experiments

Drukier et al. ’86; Freese et al. ’88

See talk by P. Belli 
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observed at SUL, as is done in figure 25, less than 10%
of the low-energy spectral excess at SUL can be assigned
to partial energy depositions from 68Ge activation (both
radioisotopes undergo the same decay). This <10% is
a conservative upper limit, given that the DAQ used in
San Onofre did not feature the digitization of preampli-
fier traces necessary for rise-time cuts (i.e., the low en-
ergy component of the 71Ge template in figure 25 would
be further reduced by those).

FIG. 25. Negligible upper-limit to the contribution from cos-
mogenic activity in the near-threshold energy region of the
CoGeNT detector at SUL (see text).

C. Radon

Sec.II-A describes active measures against penetration
of radon into the detector’s inner shielding cavity. Exter-
nal gamma activity from this source is efficiently blocked
by the minimum of 25 cm of lead shielding around the
detector (the attenuation length in lead for the highest-
energy radon associated gamma emission is ∼ 2 cm).
These measures include precautions such as automatic
valving off of the evaporated nitrogen purge gas lines
during replacement of the dedicated Dewar. A time
analysis of the low-energy counting rate looking for sig-
natures of radon injection (a surge followed by a decay
with t1/2=3.8 d) revealed no such instances. Radon lev-
els at SUL are continuously measured by the MINOS
experiment, showing a large seasonal variation (a fac-
tor of ∼±2) [38, 39]. Figure 26 displays a comparison
between these measurements and the germanium count-
ing rate, showing an evident lack of correlation. While
we have not requested access to information regarding
diurnal changes in radon level at SUL, these are com-
monly observed in underground sites, and seemingly ab-
sent from CoGeNT data (figure 9). A modulated radon
signature would appear at all energies in CoGeNT spec-
tra, an effect not observed, due to partial energy deposi-
tion from Compton scattering of gamma rays emitted by

this radioactive gas and its progeny [47].

FIG. 26. Counts per 30 day bins from the 0.5 - 3.0 keVee
CoGeNT energy window (black dots) compared to the MI-
NOS radon data at SUL (dashed), averaged over the period
2007-2011, exhibiting a peak on August 28th [38, 39]. The
solid curve represents a sinusoidal fit to CoGeNT data.

D. Backgrounds from radioactivity in cryostat
materials

Materials surrounding the CoGeNT detector are se-
lected for their low radioactivity (Sec.II-A). However, due
to the proximity of these materials to the detector, even
small activities could potentially be a background to a
possible dark matter signal. We have therefore performed
simulations of these backgrounds to determine their con-
tribution to the low-energy spectrum.

1. Backgrounds from OFHC Copper and PTFE

The CoGeNT detector is contained within OFHC
copper parts, etched to reduce surface contaminations
(Sec.II-A). Gamma counting of large samples of OFHC
copper at Gran Sasso yield 238U and 232Th concentra-
tions of 18 µBq/kg and 28 µBq/kg, respectively [48]. We
have simulated the 238U and 232Th decay chains in the
copper shield, including gamma emission, betas and their
associated bremsstrahlung. The simulation also includes
the alpha-decays in both chains, since alpha-induced X-
ray emission is potentially a background. The number
of events within the 0.5–3.0 keVee region is estimated as
a negligible ∼9 events for the entire 442 day data set in
[5]. A similar calculation for the 0.5 mm PTFE liner sur-
rounding the crystal, also chemically etched, yields only
1.5 events for the same energy region and time period,
using a conservative activity of 15 mBq/kg (238U) and 7
mBq/kg (232Th) [49]. In addition to this, we calculate an
absence of measurable contribution from standard con-
centrations of 40K and 14C in the PTFE crystal liner
(<85 mBq/kg and ∼60 Bq/kg, respectively).

However:  Not seen by other d.d. expts e.g. XENON-10
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rate sensitive to the distribution of DM velocities
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Detectors have a non-zero energy threshold
 => Fast moving particles are easier to detect 
at low energies.

# of scatterings / time   = 
    
                      =
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Non-thermal features are expected from:
  1. Debris flows from breakup of many halos.

See talk by M. Lisanti 



•  The turnaround or mass-collecting radius of the Milky Way > 1 Mpc.
i.e. There is a lot of DM outside the virial radius.

•  DM occupying the outer regions of phase space have fallen in only a 
few times over the age of the Galaxy.

• High velocity particles don’t spend much time in the inner regions 
where substructure is present.

Non-thermal features are expected from:

  2. Late infall of DM onto the virialized halo.

ADMX & fine structure - see talk by D. Tanner



Non-thermal features are expected from:
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Figure 5. The same as in Fig. 3. However, now |�v| · sign(vr) insted of vr is used.

decreases and noise starts to appear. We cannot reach the regime when the amplitude of the peaks becomes

θ-independent, this will require more extensive numerical simulation.

However, the phase-space becomes significantly sharper already in the current simulation if instead of vr the

velocity modulus is chosen to display a two dimensional projection of the six dimensional phase space. In Fig. 5

we present this by plotting |�v| multiplied by the sign of vr. Multiplication by sign of vr is needed to separate

incoming and outcoming velocity streams. In this figure several largest velocity streams are separated from the

”noise” completely. They stay separated and well defined up to a small distances of order of the Sun position in

the Galaxy. Relative mass fraction in these streams is small however. The phase-space is blurred for the earlier

folds. Again, to clarify the situation in these region one needs more extensive numerical simulation.

Why the phase-space is sharper in |�v| as compared to vr? The reason can be that vr is simply not a suitable

coordinate in generic non-spherical situation. But whatever the reason, for a number of applications it is enough

to show that a choice of coordinates exists where phase streams are well defined and separated even after averag-

ing. This is relevant, for instance, for direct dark matter detection experiments, in particular for axion searches,

where |�v| is important, but not vr.
We would like to comment also on the following peculiarity of Fig. 5 related to the empty band which is

passing through the middle of the plot along line |�v| = 0. It appears because |�v| cannot be smaller than the value

of the transverse component of the velocity near the turnaround point. Therefore, this portion of the phase-space

is unoccupied, contrary to vr projection. The boundary of this band immediately tells us the value of transverse

velocity and consequently the value of angular momentum j. The fact that boundary of the band stays parallel

to |�v| = 0 axis tells that j(r) ∝ r.
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Figure 5. The same as in Fig. 3. However, now |�v| · sign(vr) insted of vr is used.

decreases and noise starts to appear. We cannot reach the regime when the amplitude of the peaks becomes

θ-independent, this will require more extensive numerical simulation.

However, the phase-space becomes significantly sharper already in the current simulation if instead of vr the

velocity modulus is chosen to display a two dimensional projection of the six dimensional phase space. In Fig. 5

we present this by plotting |�v| multiplied by the sign of vr. Multiplication by sign of vr is needed to separate

incoming and outcoming velocity streams. In this figure several largest velocity streams are separated from the

”noise” completely. They stay separated and well defined up to a small distances of order of the Sun position in

the Galaxy. Relative mass fraction in these streams is small however. The phase-space is blurred for the earlier

folds. Again, to clarify the situation in these region one needs more extensive numerical simulation.

Why the phase-space is sharper in |�v| as compared to vr? The reason can be that vr is simply not a suitable

coordinate in generic non-spherical situation. But whatever the reason, for a number of applications it is enough

to show that a choice of coordinates exists where phase streams are well defined and separated even after averag-

ing. This is relevant, for instance, for direct dark matter detection experiments, in particular for axion searches,

where |�v| is important, but not vr.
We would like to comment also on the following peculiarity of Fig. 5 related to the empty band which is

passing through the middle of the plot along line |�v| = 0. It appears because |�v| cannot be smaller than the value

of the transverse component of the velocity near the turnaround point. Therefore, this portion of the phase-space

is unoccupied, contrary to vr projection. The boundary of this band immediately tells us the value of transverse

velocity and consequently the value of angular momentum j. The fact that boundary of the band stays parallel

to |�v| = 0 axis tells that j(r) ∝ r.

Consistent with present DAMA data.
Testable with more data and lower energy threshold.

A.N.  2010, 2011.

Simulation by
Dolag, Dolgov, Tkachev 2012

  2. Late infall of DM onto the virialized halo.



Non-thermal features are expected from:
  3. Tidal disruption of dwarf galaxies.

Figure 1. Upper panels: distributions of stars and dark matter from the disrupting Sagittarius dwarf
satellite galaxy (green and gray particles, respectively), in our light Sgr and heavy Sgr models. In this
perspective, the Milky Way disk plane is denoted by concentric blue rings at 5-kpc radial intervals,
to a Galactocentric distance of 25 kpc. Lower panels: surface density maps of Sgr stars and dark
matter through the disk mid-plane for each model, computed in a slice with depth of 2 kpc, similar
to the width of the Galactic disk. Note that the leading stellar stream does not pass directly through
the solar neighborhood, although a significant amount of dark matter belonging to that stream is
found near the Sun (as shown by red particles in the upper inset panels, and by grayscale shading in
the lower panels). Indeed, the projected contours of stellar density and dark matter density are not
concentric, particularly in the more heavily-stripped light Sgr model.

tidal debris. We demonstrate that neglecting important modifications to N -body predictions,
such as the presence of a large stellar Galactic disk and the ongoing Sagittarius dwarf merger,
both structures that are known to exist, may well result in systematic misestimations of the
expected event rates and annual modulation signatures in direct detection experiments. The
stellar disk of the Milky Way itself, being in approximate equilibrium with its dark matter
host halo, has concomitantly drawn the near-midplane region of the dark matter halo into
a phase-space distribution peaked at higher velocity and with larger deviations from the
Maxwellian form than found in dark matter-only simulations. These results follow from
models of disk-halo equilibria formulated in ref. [38] and are related to numerous previous
statements of uncertainty in the local dark matter density and velocity distribution in Milky
Way models, as in the reconstructions of [39, 40] among many other efforts.

– 3 –

“Field of streams” 
Belokurov, for SDSS 2006

Sagittarius simulation by
Purcell, Zentner & Wang 2012

Lynden-Bell et al. ’95; Ibata et al ’94; Newberg et al. ’02; 
Majewski et al. ’03; Freese et al. ’04;



Motivation to consider the Sag stream
See for e.g. Belokurov et al. Jan 2013

Ongoing major merger.
Observations by Sloan (stripe 82).
Multi-band photometry possible and radial velocities known.

Main sequence turn-off stars help define the plane of the Sag debris.
Blue Horizontal Branch stars provide distance measurements
Bright red giants show us the leading and trailing tales.

Accurate simulations have been performed to study the grav. 
potential of the Milky Way and the motion of stars/DM in the 
Sagittarius stream.

DM component much wider than the stellar component.
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predicted by the self-similar model is consistent with the average plus background reported
by the DAMA collaboration. In Section V, we summarize our results and discuss various
ways in which the model may be tested by future experiments.

II. RECOIL RATE.
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FIG. 1: WIMP-nucleus scattering.

Consider an elastic collision between a dark matter particle with mass mχ and a target
nucleus of mass mN. The dark matter particle has a velocity �v = v x̂ relative to the target
nucleus. The velocity of the center of momentum is given by �vcm = mχv

mχ+mN
x̂. The velocity

of the recoiling nucleus in the CM frame is �v�N,CM = − mχv
mχ+mN

n̂. Therefore, in the lab frame

(where the detector is at rest), the recoil velocity is �v�N,lab = �v�N,CM + �vCM = mχv
mχ+mN

(x̂− n̂).
The kinetic energy of the recoiling nucleus in the lab frame is:

Q =
mNv�2N,lab

2
=

m2
Rv

2

mN
(1− cos θ) , (1)

where θ is the scattering angle in the CM frame, and mR = mχmN/(mχ+mN) is the WIMP-
nucleus reduced mass. The maximum possible recoil energy when the WIMP has a speed v
relative to the detector is obtained when θ = π:

Qmax =
2m2

Rv
2

mN
, (2)

and therefore, the minimum velocity the WIMP must have in order to effect a recoil at
energy Q is found to be

vmin =

�
QmN

2m2
R

. (3)

For example, a 100 GeV WIMP moving at a speed 10−3 c and colliding with a ≈ 120 GeV
Iodine nucleus deposits energy ≈ 25 keV (1− cos θ).

The number of recoil events seen by the detector per unit time per unit detector mass
and per unit recoil energy is

dR

dQ
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To observe recoils at Q, the DM must have a minimum velocity:

For a fixed velocity, the maximum energy recorded:
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Looking for tidal streams with a detector:



Sagittarius flow relative to the earth
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FIG. 2: CoGeNT modulation. Shown in (a) are the first

12 time bins from [23], with the mean subtracted. The solid

(red) curve is for the SHM. The dashed (blue) curve includes

a 5% contribution from the Sagittarius stream, while the dot-

dashed (pink) curve includes a 5% contribution from an un-

known stream. (b) shows the 3σ contours combining mod-

ulation information with the time averaged recoil rate, with

and without a stream contribution, assuming v0 = 220 km/s

and vesc = 600 km/s. The cross marks indicate the best fit

parameters.

the Gaussian peaks are obtained from [23]. We include

the known background in all our MC simulations. For

the halo, we take v0 = 220 km/s and vesc = 600 km/s

and we take for our fiducial dark matter mass and cross-

section mχ = 10 GeV and σp = 0.05 fb. These values

are consistent with a dark matter signal interpretation of

the excess CoGeNT events.

To first examine the impact of a stream on an experi-

mental analysis, we perform 1000 MC simulations of the

CoGeNT results for a given local stream density ξ = 0.05
(see Eq. 3). We fit each of these simulated results to

two types of halo models: (i) an SHM+stream model

with variable ξ and (ii) an SHM-only model (ξ = 0).

Fits are obtained by minimizing the chi-square (using the

10 lowest energy bins in [23]) over the mass mχ, cross-

section σp, and, for the SHM+stream model, ξ. Fig. 3(a)
shows the minimum chi-square χ2

min obtained for fits to
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FIG. 3: Monte Carlo (MC) results and fits for a ξ = 0.05

stream. The red(solid) curves show fits to an SHM+stream

model, while the blue(dashed) curves show fits to an SHM-

only model. The panels show the distribution of (a) mini-

mized χ2
and best-fit (b) relative stream density ξ, (c) dark

matter mass mχ, and (d) cross-section σp. The vertical

dashed line indicates the true parameters. (a) is fit by a χ2

distribution, while (b), (c), and (d) are fit by Gaussians.

the SHM+stream model (red, solid) and the SHM-only

model (blue, dashed). The SHM+stream model fares sig-

nificantly better with a median χ2
min of 8.2/9 d.o.f. com-

pared to a median χ2
min of 16.7/10 d.o.f. for the SHM-

only model. Fig. 3(b) shows the best fit values of ξ ob-

tained for the different simulations. Figs. 3(c) and (d)

show the best fit values of mχ and σp, respectively, for

the SHM+stream model and the SHM only model. The

SHM+stream model gives best fit values of mχ and σp

very close to the true values. The SHM-only model on

the other hand underestimates the mass by ≈ 6% and

overestimates the cross section by ≈ 11%. The Sagittar-

ius stream is clearly visible in (b) and results in erroneous

values of mχ and σp if the presence of the stream is ig-

nored, as in the SHM-only model.

To quantify the ability of CoGeNT to exclude the

SHM-only halo model in favor of a halo also containing

the Sagittarius stream, we apply a likelihood ratio test,

which in this case is equivalent to examining the statis-

tic ∆χ2
= χ2

min(SHM-only)−χ2
min(SHM+stream), where

the two χ2
min are the minimum chi-square obtained using

an SHM-only halo (minimized over mχ and σp with fixed

ξ = 0) and an SHM+stream halo (minimized over mχ,

σp, and ξ), respectively. The distribution of this statistic

for an SHM-only true halo model, as determined from

10,000 MC simulations, is shown in Fig. 4 (dashed blue).

The distribution falls off rapidly for ∆χ2
above ∼ 1, sim-

ilar to a χ2
-distribution with 1 d.o.f. [54]. The distribu-

tion is peaked about small ∆χ2
as adding a stream com-

Average recoil rate
CoGeNT 15 months x 0.33 kg (2011)

A.N., Savage, Freese, 2011



Next gen. CoGeNT C-4

• 4 large detectors

• Will increase the fiducial mass by ∼ factor of 10

• Can achieve an exposure of 10 kg.year within 3 years.

Would the Sag. stream be visible with C-4 ?



10 kg year exposure with C-4: MonteCarlo

+

+

background

95% thermal 5% stream

mass = 10 GeV
c/s = 0.05 fb
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FIG. 2: CoGeNT modulation. Shown in (a) are the first

12 time bins from [23], with the mean subtracted. The solid

(red) curve is for the SHM. The dashed (blue) curve includes

a 5% contribution from the Sagittarius stream, while the dot-

dashed (pink) curve includes a 5% contribution from an un-

known stream. (b) shows the 3σ contours combining mod-

ulation information with the time averaged recoil rate, with

and without a stream contribution, assuming v0 = 220 km/s

and vesc = 600 km/s. The cross marks indicate the best fit

parameters.

the Gaussian peaks are obtained from [23]. We include

the known background in all our MC simulations. For

the halo, we take v0 = 220 km/s and vesc = 600 km/s

and we take for our fiducial dark matter mass and cross-

section mχ = 10 GeV and σp = 0.05 fb. These values

are consistent with a dark matter signal interpretation of

the excess CoGeNT events.

To first examine the impact of a stream on an experi-

mental analysis, we perform 1000 MC simulations of the

CoGeNT results for a given local stream density ξ = 0.05
(see Eq. 3). We fit each of these simulated results to

two types of halo models: (i) an SHM+stream model

with variable ξ and (ii) an SHM-only model (ξ = 0).

Fits are obtained by minimizing the chi-square (using the

10 lowest energy bins in [23]) over the mass mχ, cross-

section σp, and, for the SHM+stream model, ξ. Fig. 3(a)
shows the minimum chi-square χ2

min obtained for fits to
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FIG. 3: Monte Carlo (MC) results and fits for a ξ = 0.05

stream. The red(solid) curves show fits to an SHM+stream

model, while the blue(dashed) curves show fits to an SHM-

only model. The panels show the distribution of (a) mini-

mized χ2
and best-fit (b) relative stream density ξ, (c) dark

matter mass mχ, and (d) cross-section σp. The vertical

dashed line indicates the true parameters. (a) is fit by a χ2

distribution, while (b), (c), and (d) are fit by Gaussians.

the SHM+stream model (red, solid) and the SHM-only

model (blue, dashed). The SHM+stream model fares sig-

nificantly better with a median χ2
min of 8.2/9 d.o.f. com-

pared to a median χ2
min of 16.7/10 d.o.f. for the SHM-

only model. Fig. 3(b) shows the best fit values of ξ ob-

tained for the different simulations. Figs. 3(c) and (d)

show the best fit values of mχ and σp, respectively, for

the SHM+stream model and the SHM only model. The

SHM+stream model gives best fit values of mχ and σp

very close to the true values. The SHM-only model on

the other hand underestimates the mass by ≈ 6% and

overestimates the cross section by ≈ 11%. The Sagittar-

ius stream is clearly visible in (b) and results in erroneous

values of mχ and σp if the presence of the stream is ig-

nored, as in the SHM-only model.

To quantify the ability of CoGeNT to exclude the

SHM-only halo model in favor of a halo also containing

the Sagittarius stream, we apply a likelihood ratio test,

which in this case is equivalent to examining the statis-

tic ∆χ2
= χ2

min(SHM-only)−χ2
min(SHM+stream), where

the two χ2
min are the minimum chi-square obtained using

an SHM-only halo (minimized over mχ and σp with fixed

ξ = 0) and an SHM+stream halo (minimized over mχ,

σp, and ξ), respectively. The distribution of this statistic

for an SHM-only true halo model, as determined from

10,000 MC simulations, is shown in Fig. 4 (dashed blue).

The distribution falls off rapidly for ∆χ2
above ∼ 1, sim-

ilar to a χ2
-distribution with 1 d.o.f. [54]. The distribu-

tion is peaked about small ∆χ2
as adding a stream com-

Reconstructing the stream density

density fraction

#
 o

f 
M

C 
m
od

el
s

mχ, σp, ξ

Qmax =
2m2

Rv2
F(t)

mN

= 1√
2πσ

exp−1
2

�
�v−�vstr

σ

�2

ftotal(�v) = ξ fstr(�v) + (1− ξ) fthermal(�v)

fstr(�v) = δ (�v − �vstr)

nχ σ v

nχ [dQ (dσ/dQ)] [dv v f(v)]

|�v| sign(vr)

a ≈ 2.2× 10−26 cm3/s, b = 0

b ≈ 17× 10−26 cm3/s, a = 0

mχ > 5 GeV

σv ≈ a + bv2 + · · ·

g̃

q̃

q

�A× �B

�C ·
�

�A× �B
�

100
√

Ωm(1+z)3+ΩΛ

1+z

Bλ
nG =

�
Beff
nG

�n+5
2

�
1

140

�n+3
2 [Γ(n+5

2 )]
n+5

4

[h(2π)n+3]
n+3

4

r = �flowfhigh�
�f2

low�1/2�f2
high�1/2

f = T 2 − �T 2�

δT
T (n̂)× e−τ(n̂)

δT
T (n̂) ∝ exp−τ(n̂)

1

Vary



Fitting for mass and cross section

#
 o

f 
M

C 
m
od

el
s

4

-40

-20

0

20

40

60

SepJunMarDec

C
ou

nt
s
ab

ov
e
m
ea
n

(a)

(b)

0.5-3.0 keVee

SHM only

5% Sag

5% stream

0.1

0.075

0.05

0.025
121086

σ
p
(f
b
)

mχ (GeV)

SHM only

SHM + 5% Sag

1

FIG. 2: CoGeNT modulation. Shown in (a) are the first

12 time bins from [23], with the mean subtracted. The solid

(red) curve is for the SHM. The dashed (blue) curve includes

a 5% contribution from the Sagittarius stream, while the dot-

dashed (pink) curve includes a 5% contribution from an un-

known stream. (b) shows the 3σ contours combining mod-

ulation information with the time averaged recoil rate, with

and without a stream contribution, assuming v0 = 220 km/s

and vesc = 600 km/s. The cross marks indicate the best fit

parameters.

the Gaussian peaks are obtained from [23]. We include

the known background in all our MC simulations. For

the halo, we take v0 = 220 km/s and vesc = 600 km/s

and we take for our fiducial dark matter mass and cross-

section mχ = 10 GeV and σp = 0.05 fb. These values

are consistent with a dark matter signal interpretation of

the excess CoGeNT events.

To first examine the impact of a stream on an experi-

mental analysis, we perform 1000 MC simulations of the

CoGeNT results for a given local stream density ξ = 0.05
(see Eq. 3). We fit each of these simulated results to

two types of halo models: (i) an SHM+stream model

with variable ξ and (ii) an SHM-only model (ξ = 0).

Fits are obtained by minimizing the chi-square (using the

10 lowest energy bins in [23]) over the mass mχ, cross-

section σp, and, for the SHM+stream model, ξ. Fig. 3(a)
shows the minimum chi-square χ2

min obtained for fits to
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FIG. 3: Monte Carlo (MC) results and fits for a ξ = 0.05

stream. The red(solid) curves show fits to an SHM+stream

model, while the blue(dashed) curves show fits to an SHM-

only model. The panels show the distribution of (a) mini-

mized χ2
and best-fit (b) relative stream density ξ, (c) dark

matter mass mχ, and (d) cross-section σp. The vertical

dashed line indicates the true parameters. (a) is fit by a χ2

distribution, while (b), (c), and (d) are fit by Gaussians.

the SHM+stream model (red, solid) and the SHM-only

model (blue, dashed). The SHM+stream model fares sig-

nificantly better with a median χ2
min of 8.2/9 d.o.f. com-

pared to a median χ2
min of 16.7/10 d.o.f. for the SHM-

only model. Fig. 3(b) shows the best fit values of ξ ob-

tained for the different simulations. Figs. 3(c) and (d)

show the best fit values of mχ and σp, respectively, for

the SHM+stream model and the SHM only model. The

SHM+stream model gives best fit values of mχ and σp

very close to the true values. The SHM-only model on

the other hand underestimates the mass by ≈ 6% and

overestimates the cross section by ≈ 11%. The Sagittar-

ius stream is clearly visible in (b) and results in erroneous

values of mχ and σp if the presence of the stream is ig-

nored, as in the SHM-only model.

To quantify the ability of CoGeNT to exclude the

SHM-only halo model in favor of a halo also containing

the Sagittarius stream, we apply a likelihood ratio test,

which in this case is equivalent to examining the statis-
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= χ2

min(SHM-only)−χ2
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the two χ2
min are the minimum chi-square obtained using

an SHM-only halo (minimized over mχ and σp with fixed

ξ = 0) and an SHM+stream halo (minimized over mχ,

σp, and ξ), respectively. The distribution of this statistic

for an SHM-only true halo model, as determined from

10,000 MC simulations, is shown in Fig. 4 (dashed blue).

The distribution falls off rapidly for ∆χ2
above ∼ 1, sim-

ilar to a χ2
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Ignoring the stream underestimates mass by 6%
                    and overestimates c/s by 11%
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FIG. 2: CoGeNT modulation. Shown in (a) are the first

12 time bins from [23], with the mean subtracted. The solid

(red) curve is for the SHM. The dashed (blue) curve includes

a 5% contribution from the Sagittarius stream, while the dot-

dashed (pink) curve includes a 5% contribution from an un-

known stream. (b) shows the 3σ contours combining mod-

ulation information with the time averaged recoil rate, with

and without a stream contribution, assuming v0 = 220 km/s

and vesc = 600 km/s. The cross marks indicate the best fit

parameters.

the Gaussian peaks are obtained from [23]. We include

the known background in all our MC simulations. For

the halo, we take v0 = 220 km/s and vesc = 600 km/s

and we take for our fiducial dark matter mass and cross-

section mχ = 10 GeV and σp = 0.05 fb. These values

are consistent with a dark matter signal interpretation of

the excess CoGeNT events.

To first examine the impact of a stream on an experi-

mental analysis, we perform 1000 MC simulations of the

CoGeNT results for a given local stream density ξ = 0.05
(see Eq. 3). We fit each of these simulated results to

two types of halo models: (i) an SHM+stream model

with variable ξ and (ii) an SHM-only model (ξ = 0).

Fits are obtained by minimizing the chi-square (using the

10 lowest energy bins in [23]) over the mass mχ, cross-

section σp, and, for the SHM+stream model, ξ. Fig. 3(a)
shows the minimum chi-square χ2

min obtained for fits to
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FIG. 3: Monte Carlo (MC) results and fits for a ξ = 0.05

stream. The red(solid) curves show fits to an SHM+stream

model, while the blue(dashed) curves show fits to an SHM-

only model. The panels show the distribution of (a) mini-

mized χ2
and best-fit (b) relative stream density ξ, (c) dark

matter mass mχ, and (d) cross-section σp. The vertical

dashed line indicates the true parameters. (a) is fit by a χ2

distribution, while (b), (c), and (d) are fit by Gaussians.

the SHM+stream model (red, solid) and the SHM-only

model (blue, dashed). The SHM+stream model fares sig-

nificantly better with a median χ2
min of 8.2/9 d.o.f. com-

pared to a median χ2
min of 16.7/10 d.o.f. for the SHM-

only model. Fig. 3(b) shows the best fit values of ξ ob-

tained for the different simulations. Figs. 3(c) and (d)

show the best fit values of mχ and σp, respectively, for

the SHM+stream model and the SHM only model. The

SHM+stream model gives best fit values of mχ and σp

very close to the true values. The SHM-only model on

the other hand underestimates the mass by ≈ 6% and

overestimates the cross section by ≈ 11%. The Sagittar-

ius stream is clearly visible in (b) and results in erroneous

values of mχ and σp if the presence of the stream is ig-

nored, as in the SHM-only model.

To quantify the ability of CoGeNT to exclude the

SHM-only halo model in favor of a halo also containing

the Sagittarius stream, we apply a likelihood ratio test,

which in this case is equivalent to examining the statis-

tic ∆χ2
= χ2

min(SHM-only)−χ2
min(SHM+stream), where

the two χ2
min are the minimum chi-square obtained using

an SHM-only halo (minimized over mχ and σp with fixed

ξ = 0) and an SHM+stream halo (minimized over mχ,

σp, and ξ), respectively. The distribution of this statistic

for an SHM-only true halo model, as determined from

10,000 MC simulations, is shown in Fig. 4 (dashed blue).

The distribution falls off rapidly for ∆χ2
above ∼ 1, sim-

ilar to a χ2
-distribution with 1 d.o.f. [54]. The distribu-

tion is peaked about small ∆χ2
as adding a stream com-
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ponent to the fit is not expected to significantly improve
the χ2

min over the SHM-only fit. Also shown in Fig. 4
is the distribution of ∆χ2 assuming the true halo also
contains the Sagittarius stream with ξ = 0.03 (solid red),
as determined from 1000 MC simulations. Including a
stream in the fit now allows a substantial improvement in
the χ2

min over an SHM-only fit, leading to a much broader
∆χ2 distribution. The median ∆χ2 is 3.1 for this halo,
whereas only 5.3% of the simulations yield ∆χ2 ≥ 3.1
when the true halo is SHM-only. In this case, 50% of the
time, the CoGeNT results can be expected to exclude the
SHM-only halo in favor of an SHM+stream halo at the
94.7% confidence level (CL).

Fig. 5 shows the CL at which a typical CoGeNT re-
sult can exclude the SHM-only halo as a function of ξ,

the true stream density. The exclusion level is shown for
streams with velocity dispersions of vσ = 0 (solid red)
and 15 km/s (dashed blue). The typical CoGeNT result
is defined as the median ∆χ2 as determined from MC
simulations. In other words, there is a 50% chance that
the CoGeNT results will exclude the SHM-only model
at the given CL or better. The horizontal dashed line
represents the 2σ level. Thus, the Sagittarius stream is
detectable at > 2σ with a ∼ 10 kg-year exposure with Co-
GeNT, provided the velocity dispersion associated with
the stream is low, and the stream contributes 3-5% of the
local dark matter density.

III. DISCUSSION

In this paper, we studied the ability of a future
CoGeNT data set to detect the presence of dark matter
streams. We performed Monte Carlo simulations of a
halo that consists of both a thermal component, and a
cold stream, and fitted 2 models to the simulations: (i) a
halo model containing the stream and (ii) the SHM-only
model. We then performed simulations of a fully thermal
halo (i.e. SHM-only), and fitted the 2 models to the null
simulations. We studied the Sagittarius stream as an
example, and showed that for stream densities ∼ 3− 5%
of the local dark matter density, the stream is detectable
at the 2σ level with an exposure of 10 kg year. Such
an exposure is attainable by CoGeNT C-4 within ∼ 3
years. We set the particle mass = 10 GeV, and assumed
knowledge of the stream velocity. Let us now briefly
consider variations in these parameters.

Varying the particle mass: The particle mass mχ=10
GeV provides an acceptable fit to the CoGeNT observa-
tion, but lies at the high end of the mass range for v0
= 220 km/s. As the mass is lowered, we lose sensitivity
to the stream (for v0 = 220 km/s) and for mχ < 8
GeV, the Sagittarius stream becomes almost completely
invisible as recoil events fall entirely below the energy
threshold of 0.47 keVee. This is however, dependent on
the assumed values of v0 and vesc [50]. We have verified
with our simulations that for mχ ≥ 8.5 GeV, we are able
to detect the presence of the stream. Other high velocity
streams should be visible for smaller WIMP masses.

Varying the stream parameters: In order to test the
importance of our knowledge of the stream parameters,
we perform fits with a random component added to the
stream velocity. The stream speed relative to the sun
is chosen at random to lie between ±50 km/s from the
true value, while the two angles that describe the stream
arrival direction are chosen to lie between ±20 degrees of
the true direction. This represents a small uncertainty in
our knowledge of the stream parameters. We performed
fits to 1000 MC simulations of the SHM+5% Sagittarius
stream, with 25 such random velocities, and obtained
χ2
min values ranging from 8.4 to 12.1, with a median value
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Conclusions

• Non-thermal features such as streams and debris flows should be 
expected due to a number of reasons. 

• Direct detection experiments such as CoGeNT and DAMA are 
sensitive to the form of the velocity distribution. 

                   -->  Need a low energy threshold.
                   -->  Good energy resolution.

•  Sagittarius is a good example of a tidal stream. 
         Debris from the Sag. stream may contribute a few percent to the 
         local DM density.

•  The next gen. of CoGeNT (C-4) will be sensitive to such streams  
         with 3 years of data.
        


