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• XMASS (800 kg LXe, Kamioka, 2011-)
• SuperCDMS (25kg Ge, Soudan, 2012-)
• LUX (350 kg LXe, Homestake, 2012-)
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FIG. 4: Time evolution of the rate in several energy regions.
The last bin spans eight days. A dotted line denotes the
best-fit modulation found. A solid line indicates nominal pre-
dictions (see text). These lines overlap for the bottom panels.

the muon flux at SUL varies seasonally by ±2%, and
radon levels by a factor !4 [24]. Muon-coincident events
constitute a few percent of the low-energy spectrum [1],
limiting a muon-induced modulated amplitude to <<1%
[6]. Rejection of veto-coincident events does not alter the
observed modulation. Radon displacement via pressur-
ized LN boil-o! gas is continuously maintained at 2 l/min
within an aluminum shell encasing the lead shielding [25].
A radon-induced modulation would be expected to a!ect
a much broader spectral region than observed [26].
The CDMS collaboration has recently claimed [7] to

exclude a light-WIMP interpretation of CoGeNT and
DAMA/LIBRA observations. In view of the compatibil-
ity of a m!!7 GeV/c2, !SI ! 10!4pb WIMP with both
CoGeNT (Fig. 1) and CDMS [16], a search for an annual
modulation in CDMS data seems in order. Observations
from XENON10 [18] and XENON100 [8] have been used
to generate a similar rejection of light-WIMP scenarios.
The assumptions in [8, 18] are examined in [17], where
no presently compelling case for this exclusion is found.
In conclusion, presently available CoGeNT data favor

the presence of an annual modulation in the low-energy
spectral rate, for events taking place in the bulk of the
detector only. While its origin is presently unknown,

the spectral and temporal information are prima facie
congruent when the WIMP hypothesis is examined: in
particular, the WIMP mass region most favored by the
spectral analysis (Fig. 2) generates predictions for the
modulated amplitude in good agreement with observa-
tions, modulo the dependence of this assertion on the
choice of astrophysical parameters [21–23].
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M1 M2

e/�-events 8.00± 0.05 8.00± 0.05

↵-events 11.5+2.6
�2.3 11.2+2.5

�2.3

neutron events 7.5+6.3
�5.5 9.7+6.1

�5.1

Pb recoils 15.0+5.2
�5.1 18.7+4.9

�4.7

signal events 29.4+8.6
�7.7 24.2+8.1

�7.2

m� [GeV] 25.3 11.6

�WN [pb] 1.6 · 10�6 3.7 · 10�5

Table 4. Results of the maximum likelihood fit. Shown are
the expected total contributions from the backgrounds consid-
ered as well as from a possible WIMP signal, for the parameter
values of the two likelihood maxima. The small statistical er-
ror given for the e/�-background reflects the large number of
observed events in the e/�-band. The other errors correspond
to a 1� confidence interval as determined by MINOS (see Sec-
tion 5.1). The corresponding WIMP mass and interaction cross
section are listed for each of the two likelihood maxima.

one event per module according to the choice of the ac-
ceptance region, with a negligible statistical uncertainty
due to the large number of events in the e/�-band. The
lead recoil and the ↵-background are similar to our simple
estimates given in Section 4. Both these backgrounds are
slightly larger than the contribution from neutron scatter-
ings. In the context of the latter, the fit assigns roughly
half of the coincident events to neutrons from a radioac-
tive source and to muon-induced neutrons, respectively.
This translates into about 10% of the single neutron back-
ground being muon-induced.

In both likelihood maxima the largest contribution is
assigned to a possible WIMP signal. The main di↵erence
between the two likelihood maxima concerns the best-fit
WIMP mass and the corresponding cross section, with
m� = 25.3GeV in case of M1 and m� = 11.6GeV for the
case M2. The possibility of two di↵erent solutions for the
WIMP mass can be understood as a consequence of the
di↵erent nuclei present in our target material. The given
shape of the observed energy spectrum can be explained
by two sets of WIMP parameters: in the case of M1, the
WIMPs are heavy enough to detectably scatter o↵ tung-
sten nuclei (cp. Fig. 1), about 69 % of the recoils are on
tungsten, ⇠ 25 % on calcium and ⇠ 7 % on oxygen, while
in M2, oxygen (52 %) and calcium recoils (48 %) constitute
the observed signal and lead to a similar spectral distri-
bution in terms of the recoil energy. The two possibilities
can, in principle, be discriminated by the light yield dis-
tribution of the signal events. However, at the low recoil
energies in question, there is considerable overlap between
the oxygen, calcium, and tungsten bands, so that we can
currently not completely resolve the ambiguity. This may,
however, change in a future run of the experiment.

Fig. 11 illustrates the fit result, showing an energy
spectrum of all accepted events together with the expected
contributions of backgrounds and WIMP signal. The solid
lines correspond to the likelihood maximum M1, while
the dashed lines belong to M2. The complicated shape
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Fig. 11. (Color online) Energy spectrum of the accepted
events from all detector modules, together with the expected
contributions from the considered backgrounds and a WIMP
signal, as inferred from the likelihood fit. The solid and dashed
lines correspond to the fit results M1 and M2, respectively.

of the expectations is the result of taking into account
the energy-dependent detector acceptances. In particular,
the di↵erent energy thresholds of the individual detector
modules lead to a steep increase of the expectations when
an additional module sets in.

We note that neither the expected ↵- or lead recoil
backgrounds nor a possible neutron background resemble
a WIMP signal in terms of the shape of their energy spec-
trum. Even if our analysis severely underestimated one
of these backgrounds, this could therefore hardly be the
explanation of the observed event excess.

On the other hand, the leakage of e/�-events rises
steeply towards low energies and one may be tempted to
consider a strongly underestimated e/�-background as the
source of the observation. However, in addition to the en-
ergy spectrum, also the distribution in the light yield pa-
rameter needs to be taken into account. Fig. 12 shows the
corresponding light yield spectrum of the accepted events,
together with the expectations from all considered sources.
Again, the shape of the expectations is the result of the
individual detector acceptances being considered. As ex-
pected, the contributions from the e/�- and also from the
↵-background quickly decrease towards lower light yields
and thus di↵er significantly from the expected distribution
of a WIMP signal.

In order to check the quality of the likelihood fit, we
calculate a p-value according to the procedure summarized
in Section 5.1. We divide the energy-light yield plane into
bins of 1 keV and 0.02, respectively, and include the accep-
tance region of each module as well as the alpha- and Pb
recoil reference regions in the calculation. The two likeli-
hood maxima are found to give very similar results, with
p-values of about 0.36 and 0.35, respectively. This not very
small value for p indicates an acceptable description by our
background-and-signal model.

Unexplained

......and unmodulated

3

FIG. 2. Ionization yield versus recoil energy in all detectors
included in this analysis for events passing all signal criteria
except (top) and including (bottom) the phonon timing crite-
rion. The curved black lines indicate the signal region (-1.8�
and +1.2� from the mean nuclear recoil yield) between 7 and
100 keV recoil energies, while the gray band shows the range
of charge thresholds. Electron recoils in the detector bulk
have yield near unity. The data are colored to indicate recoil
energy ranges (dark to light) of 7–20, 20–30, and 30–100 keV
to aid the interpretation of Fig. 3.

the exposure of this analysis is equivalent to 23.4 kg-days
over a recoil energy range of 7–100 keV for a WIMP of
mass 10 GeV/c2.

Neutrons from cosmogenic or radioactive processes
can produce nuclear recoils that are indistinguishable
from those from an incident WIMP. Simulations of the
rates and energy distributions of these processes using
GEANT4 [22] lead us to expect < 0.13 false candidate
events (90% confidence level) in the Si detectors from
neutrons in this exposure.
A greater source of background is the misidentifica-

tion of surface electron recoils, which may su↵er from re-
duced ionization yield and thus contribute events to the
WIMP-candidate region; these events are termed “leak-
age events”. Prior to looking at the WIMP-candidate
region (unblinding), the expected leakage was estimated
using the rate of single scatter events with yields con-
sistent with nuclear recoils from a previously unblinded
dataset [23] and the rejection performance of the timing
cut measured on low-yield multiple-scatter events from
133Ba calibration data. Two detectors used in this anal-
ysis were located at the end of detector stacks, so scatters
on their outer faces could not be tagged as multiple scat-
ters. The rate of surface events on the outer faces of these
two detectors were estimated using their single-scatter
rates from a previously unblinded dataset presented in
[23] and the multiples-singles ratio on the interior de-
tectors. The final pre-unblinding estimate for misidenti-
fied surface electron-recoil event leakage into the signal
band in the eight Si detectors was 0.47+0.28

�0.17(stat.) events.
This initial leakage estimate informed the decision to un-
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FIG. 3. Normalized ionization yield (standard deviations
from the nuclear recoil band centroid) versus normalized
phonon timing parameter (normalized such that the median
of the surface event calibration sample is at -1 and the cut
position is at 0) for events in all detectors from the WIMP-
search data set passing all other selection criteria. The black
box indicates the WIMP candidate selection region. The data
are colored to indicate recoil energy ranges (dark to light) of
7–20, 20–30, and 30–100 keV. The thin red curves on the bot-
tom and right axes are the histograms of the data, while the
thicker green curves are the histograms of nuclear recoils from
252Cf calibration data.

blind. After unblinding, we developed a Bayesian es-
timate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[23]. Multiple-scatter events below the electron-recoil
ionization-yield region from both 133Ba calibration and
the WIMP-search data were used as inputs to this model.
Because the WIMP-search sample is sparser compared
to the calibration data, the combined estimates are more
heavily weighted towards the calibration data leakage es-
timates. Additionally the leakage estimate is corrected
for the fact that the passage fraction of singles and mul-
tiples di↵ers by a factor of 1.7+0.8

�0.6, as measured on low-
yield events outside of the nuclear recoil band. The sys-
tematic uncertainty on the leakage estimate comes from
the uncertainty on this scale factor, the choice of prior in
the Bayesian analysis, and the method used to reweigh
the energy distribution of surface events from calibration
data to reflect the distribution in WIMP search data.
The final model predicts an updated surface-event leak-
age estimate of 0.41+0.20

�0.08(stat.)
+0.28
�0.24(syst.) misidentified

surface electron-recoil events in the eight Si detectors.
Classical confidence intervals provided similar estimates
[24].

After all WIMP-selection criteria were defined, the sig-
nal regions of the Si detectors were unblinded. Three
WIMP-candidate events were observed, with recoil en-
ergies of 8.2, 9.5, and 12.3 keV, on March 14, July 1,
and September 6 of 2008, respectively. Two events were
observed in Detector 3 of Tower 4, and the third was ob-

Agnese et al (CDMS) 2013

Evidence for light dark matter particles?
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•  Detector recovered from 3 mo post-fire outage w/o 

significant changes in performance. It has been 
continuously taking data ever since. All data are usable 
(compare to 10%-40% in CDMS low-energy analyses). �

�

•  Large exposure allows optimal separation of bulk and 
surface events down to 0.5 keVee threshold. Rise-time 
behavior as predicted by simulations and calibrations 
(PRD 88 (2013) 012002). Smooth variation of fit 
parameters with energy. �
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•  Paper under review, preprint to appear soon. Data to 
be released in energy, time-stamp, and rise-time 
format. A straightforward analysis indicates a 
persistent annual modulation exclusively at low energy 
and for bulk events. Best-fit phase consistent with 
DAMA/LIBRA (small offset may be meaningful). Similar 
best-fit parameters to 15 mo dataset, but with much 
better bulk/surface separation (~90% SA for~90% BR)�
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FIG. 1. (color online) The rate of CDMS II nuclear-recoil
band events is shown for the 5.0–11.9 keVnr interval (dark
blue), after subtracting the best-fit unmodulated rate, �d,
for each detector. The horizontal bars represent the time
bin extents, the vertical bars show ±1� statistical uncertain-
ties (note that one CDMS II time bin is of extremely short
duration). The CoGeNT rates (assuming a nuclear-recoil en-
ergy scale) and maximum-likelihood modulation model in this
energy range (light orange) are shown for comparison. The
CDMS exposure starts in late 2007, while the CoGeNT expo-
sure starts in late 2009.

rates in this energy range with amplitudes greater than
0.06 [keV

nr

kg day]�1 are excluded at the 99% C.L.
For comparison, a similar analysis was carried out us-

ing the publicly available CoGeNT data [19]. Our analy-
sis of CoGeNT data is consistent with previously pub-
lished analyses [6, 7, 14]. Figure 3 shows the modu-
lated spectrum of both CDMS II and CoGeNT, assum-
ing the phase (106 days) which best fits the CoGeNT
data over the full CoGeNT energy range. Compatibil-
ity between the annual modulation signal of CoGeNT
and the absence of a significant signal in CDMS is de-
termined by a likelihood-ratio test, which involves cal-
culating � ⌘ L

0

/L
1

, where L
0

is the combined max-
imum likelihood of the CoGeNT and CDMS data as-
suming both arise from the same simultaneous best-fit
values of M and �, while L

1

is the product of the maxi-
mum likelihoods when the best-fit values are determined
for each dataset individually. The probability distribu-
tion function of �2 ln� was mapped using simulation,
and agreed with the �2 distribution with two degrees
of freedom, as expected in the asymptotic limit of large
statistics and away from physical boundaries. The simu-
lation found only 82 of the 5⇥103 trials had a likelihood
ratio more extreme than was observed for the two ex-
periments, confirming the asymptotic limit computation
which indicated 98.3% C.L. incompatibility between the
annual-modulation signals of CoGeNT and CDMS for the
5.0–11.9 keV

nr

interval.
We extend this analysis by applying the same method

to CDMS II single-scatter and multiple-scatter events
without applying the ionization-based nuclear-recoil cut.
These samples are both dominated by electron recoils.
Figure 4 shows the confidence intervals for the allowed
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FIG. 2. (color online) Allowed regions for annual modulation
of CoGeNT (light orange) and the CDMS II nuclear-recoil
sample (dark blue), for the 5.0–11.9 keVnr interval. In this
and the following polar plot, a phase of 0 corresponds to Jan-
uary 1st, the phase of a modulation signal predicted by generic
halo models (152.5 days) is highlighted by a dashed line, and
68% (thickest), 95%, and 99% (thinnest) C.L. contours are
shown.
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FIG. 3. (color online) Amplitude of modulation vs. energy,
showing maximum-likelihood fits for both CoGeNT (light or-
ange circles, 68% confidence interval shown with vertical line)
and CDMS nuclear-recoil singles (dark blue rectangles, 68%
confidence interval given by rectangle height). The phase that
best fits CoGeNT over all energies (106 days) was chosen for
this representation. The upper horizontal scale shows the
electron-recoil-equivalent energy scale for CoGeNT events.
The 5–11.9 keVnr energy range over which this analysis over-
laps with the low-energy channel of CoGeNT has been divided
into 3 (CDMS) and 6 (CoGeNT) equal-sized bins.

Ahmed et al (CDMS) 
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No significant modulation

Same target material

Not so many events

XENON100: New Spin-Independent Results

Upper Limit (90% C.L.) is 2 x 10-45 cm2  for 55 GeV/c2 WIMP
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timing that are transformed so that the WIMP accep-
tance regions of all detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7�, 4.9�, and 5.1�, while the charge threshold
had been set at 4.5� from the noise. A study on pos-
sible leakage into the signal band due to 206Pb recoils
from 210Po decays found the expected leakage to be neg-
ligible with an upper limit of < 0.08 events at the 90%
confidence level. The energy distribution of the 206Pb
background was constructed using events in which a co-
incident ↵ was detected in a detector adjacent to one
of the 8 Si detectors used in this analysis. Further-
more, as in the Ge analysis, we developed a Bayesian
estimate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[22]. Classical confidence intervals provided similar esti-
mates [23]. Multiple-scatter events below the electron-
recoil ionization-yield region from both 133Ba calibration
andWIMP-search data were used as inputs to this model.
The final model predicts an updated surface-event leak-
age estimate of 0.41+0.20

�0.08(stat.)
+0.28
�0.24(syst.) misidentified

surface events in the eight Si detectors.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [24]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [25], and the Helm form factor [26]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4⇥ 10�41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ⇠ 7%. In
addition, neutron calibration multiple scattering e↵ects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ⇠ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our

FIG. 4. Experimental upper limits (90% confidence level) for
the WIMP-nucleon spin-independent cross section as a func-
tion of WIMP mass. We show the limit obtained from the ex-
posure analyzed in this work alone (black dots), and combined
with the CDMS II Si data set reported in [22] (blue solid line).
Also shown are limits from the CDMS II Ge standard [11] and
low-threshold [27] analysis (dark and light dashed red), EDEL-
WEISS low-threshold [28] (orange diamonds), XENON10 S2-
only [29] (light dash-dotted green), and XENON100 [30] (dark
dash-dotted green). The filled regions identify possible signal
regions associated with data from CoGeNT [31] (magenta,
90% C.L., as interpreted by Kelso et al. including the e↵ect
of a residual surface event contamination described in [32]),
DAMA/LIBRA [16, 33] (yellow, 99.7% C.L.), and CRESST
[18] (brown, 95.45% C.L.) experiments. 68% and 90% C.L.
contours for a possible signal from these data are shown in
blue and cyan, respectively. The asterisk shows the maxi-
mum likelihood point at (8.6 GeV/c2, 1.9⇥ 10�41 cm2).

signal region.

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis in
which the background rates were treated as nuisance pa-
rameters and the WIMP mass and cross section were
the parameters of interest. The highest likelihood is
found for a WIMP mass of 8.6 GeV/c2 and a WIMP-
nucleon cross section of 1.9⇥10�41 cm2. The goodness-
of-fit test of this WIMP+background hypothesis results
in a p-value of 68%, while the background-only hypoth-
esis fits the data with a p-value of 4.5%. A profile like-
lihood ratio test including the event energies finds that
the data favor the WIMP+background hypothesis over
our background-only hypothesis with a p-value of 0.19%.
Though this result favors a WIMP interpretation over
the known-background-only hypothesis, we do not be-
lieve this result rises to the level of a discovery.
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Evidence for light dark matter particles?

ERRATUM: SEARCH FOR LIGHT DARK MATTER IN XENON10 DATA

XENON10 Collaboration
(Dated: May 3, 2013)

In our letter, the 90% CL exclusion limits presented in Fig. 3 were incorrect, due to a software bug. The corrected
limits are shown in Fig. 4, keeping all other assumptions and parameters as described in the original work. This leads
to a decrease in sensitivity of approximately {⇥2, ⇥4, ⇥5} at dark matter particle masses of {5, 10, 20} GeV. The
corrected limit calculation is in good agreement with the work of [1] if we make the same astrophysical assumptions.
The original conclusions of the letter are not a↵ected by this correction.

We also point out that the parameterization of the detector energy resolution contained a typo: it should read
R(E
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) = (Q
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FIG. 1: Previously published (solid curve, labeled “This work”) and corrected (solid green curve, labeled “corrected”) 90% CL
exclusion limits obtained from our data. The original figure is otherwise unmodified.

[1] M. T. Frandsen, F. Kahlhoefer, C. McCabe, S. Sarkar and K. Schmidt-Hoberg, arXiv:1304.6066 [hep-ph].
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Collar (CoGeNT) at TAUP 2013

Evidence for light dark matter particles?

Annual modulation in 3.4 yr of CoGeNT

What is new?�
•  Detector recovered from 3 mo post-fire outage w/o 

significant changes in performance. It has been 
continuously taking data ever since. All data are usable 
(compare to 10%-40% in CDMS low-energy analyses). �

�

•  Large exposure allows optimal separation of bulk and 
surface events down to 0.5 keVee threshold. Rise-time 
behavior as predicted by simulations and calibrations 
(PRD 88 (2013) 012002). Smooth variation of fit 
parameters with energy. �

�

•  Paper under review, preprint to appear soon. Data to 
be released in energy, time-stamp, and rise-time 
format. A straightforward analysis indicates a 
persistent annual modulation exclusively at low energy 
and for bulk events. Best-fit phase consistent with 
DAMA/LIBRA (small offset may be meaningful). Similar 
best-fit parameters to 15 mo dataset, but with much 
better bulk/surface separation (~90% SA for~90% BR)�

�

�

Dotted: free T�
Solid: T= 365 d�
�
�
See also�
poster by M. Kos. �
�

Additional �
four months of �
unanalyzed 
data acquired�
(run is still 
ongoing) �
�

Annual modulation exclusively at low energy 
and for bulk events.

Best-fit phase consistent with DAMA/LIBRA

Unoptimized frequentist analysis yields 
~2.2σ preference over null hypothesis

Modulation amplitude is 4-7 times larger 
than in the standard halo model

Wednesday, October 16, 13
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FIG. 2. The 241Am spectra along the analysis chain are
shown in Fig. 2(a). The distribution of the random noise
fluctuation and the discriminator threshold of our hardware
are given in Fig. 2(b). The trigger e!ciency !trig and PSD
cuts e!ciency !PSD have also been shown in the same plot.
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FIG. 3. The observed energy spectra showing raw data, data
after TT cut, TT + Ped cuts and TT + Ped + PSD cuts were
given in Fig. 3(a), respectively. The inset plot in Fig. 3(a)
showed the background spectrum after TT + Ped + PSD
cuts with both the !trig, cuts e!ciencies, fiducial mass, and
the dead time correction. Eight K-shell peaks for L-shell
peaks prediction are identified. The low energy spectrum in
the range of 0.4 - 2.4 keVee was shown in Fig. 3 (b), as well
the calculated L-shell background contribution and the flat
" background with the expanded statistical error band. The
residual spectrum was shown in Fig. 3(c) superimposed with
the predicted spectra for 5 GeV, 7 GeV, and 9 GeV WIMP
with spin-independent cross-section #!N = 1.75! 10!40 cm2.

Considering both the trigger and signal selection e!-
ciencies, the 400 eVee energy threshold is selected as our
energy threshold for physical analysis. Fig. 3(a) shows
the low energy background spectrum detected by the
PPCGe detector with corrections of the !trig and cuts e!-
ciencies, fiducial mass and the dead time. Both statistic
and systematic errors are considered with standard er-

ror propagation. Several characteristic X-ray peaks can
be seen. They are due to the cosmogenic radioactive
isotopes which are mainly generated within the germa-
nium crystal before installation into CJPL, and include
68,71Ge, 68Ga, 73,74As, 65Zn, and so on. Because of the
1.5 mm oxygen-free high-conductivity Copper cryostat
surrounding the germanium crystal, the external low en-
ergy x-rays cannot enter into the bulk of the PPCGe
detector. Energy calibration was therefore accomplished
by using these internal origin radioactive isotopes. The
decays of the K-shell (10.37 keV) and L-shell (1.29 keV)
peaks of 68,71Ge isotopes accord well with their expected
half-life [14]. As the characteristic x-rays are internal
and short-ranged, the detection e!ciency is almost 100%.
The ratios of K-shell to L-shell X-ray events calculated
based on reference [15] are used to predict the intensity
of L-shell in the lower energy ranges (< 2 keVee). The
background spectrum in the low energy range of 0.4 -
2.4 keVee and the L-shell contributions calculated from
the eight clearly visible K-shell peaks has been shown in
Fig. 3(b).
We do not apply the surface-bulk cut in this analy-

sis. Accordingly, from simulations and previous mea-
surements [4, 6, 9], there should be a flat " spec-
trum contributed by the bulk " events which is mainly
located at the internal volume of a PPCGe detector
and monotonously decreasing background spectrum from
anomalous surface events due to incomplete charge col-
lection. so that the expected background should be
monotonously decreasing. In addition to the L-shell X-
rays contributions, a conservative flat background level
was subtracted at an energy range beyond the tails of the
#-N nuclear recoil spectrum which, for m! < 12 GeV,
corresponds to 1.7-2.4 keVee. The final residual spec-
trum in the region of 0.4-2.4 keVee is shown in Fig. 3(c)
from which the constraints on WIMP are derived.
The thickness of the outer n+ layer of a p-type germa-

nium detector can be measured by a multi "-ray isotope,
such as 133Ba [16]. Due to the close match in total mass
and the structure between the CDEX-1 and TEXONO
[9] detectors, we chose the same depth of the dead layer
as 1.16 mm with an uncertainty of 10% for easy compar-
ison. This gives rise to a fiducial mass of 905 g with an
uncertainty of less than 1%, corresponding to a data size
of 14.6 kg-day.
The quenching factor of the recoiled Ge nucleus is given

by the TRIM program [17]. The parameters chosen for
the WIMP in thermal equilibrium includes Maxwellian
velocity distribution with $0 = 220 km · s!1, the escape
velocity $esc = 544 km · s!1 and the local density (%!) of
0.3 GeV ·cm!3. The energy resolution of the PPCGe was
derived from the calibration data and then extrapolated
to the region less than 1 keVee.

The predicted spectrum of WIMP-nucleon spin-
independent interaction can be evaluated. Using the
standard WIMP halo assumption [20], The light-WIMP
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FIG. 4. Exclusion plot of spin-independent coupling, super-
imposed with the results from other benchmark experiments.
The results is also shown in this figure including the 90%
confidence regions favored by CoGeNT [4], DAMA/LIBRA
[5], and CRESST-II [18], as well the exclusion limits from
CDMS-II (Si) [6], XENON100 and the low-threshold analysis
of XENON10 [8], TEXONO [9], and CRESST-1 [19].

spectra corresponding to 5 GeV, 7 GeV and 9 GeV
WIMP with spin-independent cross-section !!N = 1.75!
10!40 cm2 are also put on the spectrum in Fig. 3(c).

Assuming all of the events from our final residual spec-
trum are induced by incident WIMP, we can derive upper
limits on the WIMP-nucleon spin-independent cross sec-
tion at di!erent WIMP masses. Binned Poisson method
[21] is utilized and the exclusion curve with 90% C.L.
is displayed in Fig. 4, along with the results from other
experiments [4–8, 18]. Although we did not apply the
bulk-surface cut and the anti-Compton suppression, the
results are close to the latest sensitivities of the reference
[9]. The bulk-surface cut could reduce the background
level by a factor of 2-3 [4, 9] and we expect that our new
result with bulk-surface cut can be used to check these re-
sults. Also the residual spectrum we have achieved need
to be understood further with more data.
An anti-Compton detector will be added to test its

performance and background level in the regime of low
cosmic-ray flux. It will need to be evaluated whether
the suppression power of this anti-Compton detector
in CJPL can balance its additional contribution to the
PPCGe’s background due to its own radioactivities in
detail. This will aid in the understanding of the cosmic-
ray induced background when compared with the results
from the reference [9], and it will be very helpful for the

evaluation of the sensitivity of the possible future tonne-
scale germanium experiment in the dark matter search
by CDEX collaboration.
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3

measured gain matched the expectation for electron re-
coils with a !24 amplification reduced by readout of only
one side of a two-sided detector. There was an " 8% vari-
ation over time, which is believed to be due to humidity-
dependent leakage currents in the CDMSlite electronics.
The 10.36 keVee line was used to correct for the gain
variation and to set the overall energy scale. Time peri-
ods when this line was not intense enough to monitor the
gain, because of the length of time since the last neutron
activation, were not used in this analysis. Immediately
after biasing the detector, exponentially decaying leakage
currents were observed, with time constants that varied
from a few minutes to tens of minutes. Time periods
up to four of these time constants were removed. Af-
ter applying these data-selection criteria, the remaining
WIMP-search exposure was 10.3 live days.

A number of event-selection criteria were applied to
these data. Events with time-coincident signals in the
muon veto detectors were removed in this analysis.
Multiple-scatter events, for which at least one other Su-
perCDMS detector had reconstructed energy more than
3 ! above noise, were rejected. Electronic glitches, the
majority of which cause multiple detectors to trigger,
were removed. A class of small electronic glitches that
triggered only single detectors was observed. These glitch
pulses are sharper than phonon pulses originating from
particle interactions in the detector, so events matching
a glitch pulse-shape template were also rejected. Events
in which low-frequency noise triggered were removed by
requiring the pulse rise time to be consistent with those
measured during calibration with ionizing radiation. The
combined WIMP detection e!ciency for these criteria,
calculated from pulse-shape Monte Carlo simulations,
133Ba calibration data, and randomly triggered events
spread uniformly throughout the physics run, is 98.5%
for phonon pulses above 110 eVee.

The trigger e!ciency was measured using low-energy
events that passed these event-selection cuts. The e!-
ciency was calculated with 133Ba calibration events trig-
gered by another detector and verified with similar events
from the WIMP-search data. Because of the larger
available counts, the calibration data were used to de-
rive the final trigger e!ciency. In this measurement,
50% e!ciency was reached at 108 eVee. Low-frequency
noise dominated the trigger rate below " 100 eVee, well
above the 14 eVee baseline resolution limit. The analysis
threshold was set to 170 eVee, and the trigger e!ciency
is 100% at, and above, this energy. Figure 1 displays the
measured spectrum up to 12 keVee. The inset in Fig. 1
shows the combined veto, event-selection, and trigger
e!ciencies, with the energy spectrum of WIMP-search
events from 0.1 to 1.6 keVee. The spectrum shows two
main activation lines at 1.29 and 10.36 keVee, along with
lines corresponding to cosmogenic activation: 8.98 keVee

(68Ga) and 9.66 keVee (68Zn). No other significant lines
were found [35]. Furthermore, the rate under 1 keVee did
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FIG. 1. Recoil energy spectrum of WIMP-search events, after
application of event-selection cuts. Inset: Low-energy spec-
trum in terms of raw counts (blue); also shown is the analysis
e!ciency. Both are expressed in keVee. The analysis thresh-
old of 170 eVee is indicated by the vertical dot-dashed line.
The resolution of the 1.3 keV line is 43 eVee (1!).

not increase significantly after neutron calibration. The
spectrum is relatively flat at low energies; however the
average level is di"erent above and below the 1.29 keVee

line. The average rate is 5.2 ± 1 counts/keVee/kg-day
between 0.2 and 1 keVee, and 2.9 ± 0.3 counts/keVee/kg-
day between 2 and 7 keVee. Further precise statements
about the energy spectrum are limited by the low number
of counts in the data presented here.

To use the energy spectrum shown in Fig. 1 to search
for WIMPs, it must be converted to a nuclear-recoil-
equivalent energy scale, with units denoted as keVnr.
We do so assuming 100% charge collection for every
event. The number of charges created by nuclear recoils
is smaller than that for equivalent-energy electron recoils.
This “quenching” can be parametrized as a reduction in
the number of charges produced as Neh = EnrY (Enr)/"! ,
where Y is the ionization yield, which measures the ion-
ization energy per recoil energy, and is defined to be unity
for electron recoils. The phonon energy can be converted
to a nuclear-recoil-equivalent energy scale (Enr) using the
equation

Enr = Eee

(1 + eVb

"!
)

(1 + eVb

"!
Y (Enr))

(3)

The ionization yield is not measured in this experiment,
so a theoretical model is used. The most commonly used
yield model is from Lindhard [3, 36], given by the follow-
ing formula for a nucleus with Z protons and with atomic
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FIG. 2. The e!ciency-corrected WIMP-search energy spec-
trum is shown in keVnr, and compared with expected rates for
WIMPs with the most likely masses and cross sections sug-
gested by the analysis of CoGeNT [8] and CDMS II Si [10]
data (dashed curves). Note that the k = 0.157 Lindhard yield
model was used to convert from an electron-equivalent to a
nuclear-recoil-equivalent energy scale. The 170 eVee ioniza-
tion threshold translates to 841 eVnr (amber dot-dashed line).
The 1.3 keVee activation line appears at ! 5.3 keVnr.

mass A:

Y (Enr(keV)) = k
g(!)

1 + g(!)
, (4)

with g(!) = 3!0.15 + 0.7!0.6 + !, ! = 11.5Enr(keV)Z!7/3

and k = 0.133Z2/3A!1/2. This gives k = 0.157 for a
germanium target. The constant k is sometimes ad-
justed by experimenters to fit measurements. Though
other yield models, including simple power-law fits to
data, have been used elsewhere [8, 37], we have carried
out our conversion to nuclear-recoil equivalent using the
standard Lindhard model, as recommended by Barker
and Mei [22]. The resulting spectrum is shown in Fig. 2
with examples of expected rates from two WIMP models.

The region of interest used for limiting possible signal
events from light WIMP scatters is between the 170 eVee

analysis threshold and 7 keVee. A 90% C.L. upper limit
on the spin-independent WIMP-nucleon cross section as
a function of WIMP mass is calculated using the “opti-
mum interval” method [38], using standard assumptions
of a WIMP mass density of 0.3 GeV/c2/cm3, a most
probable WIMP velocity with respect to the galaxy of
220 km/s, a mean circular velocity of the Earth with re-
spect to the galactic center of 232 km/s, a galactic escape
velocity of 544 km/s, and the Helm form factor [3].
As shown in Fig. 3, this analysis limits new WIMP

parameter space for WIMP masses < 6 GeV/c2 and rules
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FIG. 3. The 90% upper confidence limit from the data pre-
sented here are shown with exclusion limits from other ex-
periments. These are grouped as Ge bolometers in blue:
CDMS II Ge regular (dot-dash) [39], CDMS II Ge low thresh-
old (solid) [40], EDELWEISS II low threshold (dash) [37];
point-contact Ge detectors in purple: TEXONO (dash) [41],
CDEX (dot-dash) [42]; liquid Xenon in red: XENON100 (dot-
dash) [43], XENON10 S2 only (dash) [44]; and other technolo-
gies in magenta: Low threshold reanalysis of CRESST II data
(dot-dash) [45], PICASSO (dash) [46]. The contours are from
CDMS II Si (light and dark gray correspond to 68% and 90%
CL regions respectively) [10], CRESST II (blue) [9], DAMA
(orange) [6, 7], CoGeNT (pink) [8].

out portions of both the CDMS II Si [10] and CoGeNT [8]
contours. The CDMS II Si results had 3WIMP candidate
events in !140 kg-days, with an expected background of
! 0.5 events. CoGeNT had an exposure of ! 269 kg-days
and performed a background subtraction for their results.
These CDMSlite limits were obtained with a small net
exposure of ! 6 kg-days, minimal e!ciency corrections,
and no background subtraction.

It is important to understand the systematic e"ect on
our results due to possible inaccuracy in the assumed
Lindhard ionization-yield model. The choice of a di"er-
ent yield model systematically changes the nuclear-recoil
energy scale, and therefore the interpretation of the data
as a limit on the WIMP-nucleon scattering cross section.
Figure 4 shows the limits recomputed for four di"erent
yield models that bracket the measured data for germa-
nium [22]. A low-ionization Lindhard-like model with
k = 0.1 and a high-yield model with k = 0.2 are shown,
along with the functional form used by the CoGeNT col-
laboration [8], to demonstrate the e"ect of this system-
atic. The e"ect of the di"erent yield models is mostly a
shift of the limit curve along the WIMP-mass axis. Thus,
for masses above 6 GeV/c2, where the curve is relatively
flat, the e"ect is rather small. For lighter WIMP masses,
the systematic uncertainty in yield does produce a no-
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“We consider DAMA/
LIBRA and CRESST-II 
more difficult to 
interpret at this time”

8

FIG. 5: Regions of dark matter parameter space which can account for the two events observed in XENON100’s signal region
(assuming both events are produced by dark matter interactions), using the energy-dependent model for Snr described by the
sloped dashed line in Fig. 4. In the left and right frames, respectively, we have used the Alternative (left) and Manzur (right)
models for Le↵ (see Fig. 2).

tributed (instead of Poisson), the event rate predicted at
XENON100 can be reduced by up to a factor of roughly
50%. Without a sophisticated Monte Carlo which ac-
counts for these many stochastic processes, we cannot
reliably estimate the impact of any non-Poissonian fluc-
tuations in the S1 signal of low-energy nuclear recoils.

We also remind the reader that the overall e�ciencies
of XENON100 are very sensitive to the precise value of
S1 in the range of nuclear recoil energies relevant for low-
mass dark matter particles (see Fig. 1 of Ref. [34]). Even
very small changes in the e�ciency curve could signif-
icantly alter the rate of nuclear recoil events predicted
from low-mass dark matter particles.

D. The Dark Matter Velocity Distribution

So far, we have restricted ourselves to discussing un-
certainties involved with the response of the XENON100
detector itself. Variations in the assumptions regarding
the velocity distribution of the dark matter [54–57] or its
interactions [27, 32] could also help to reconcile their con-
straint with the signals reported by CoGeNT and CDMS.
In this subsection, we consider the former of these possi-
bilities.

As is conventional, the XENON100 collaboration has
adopted a maxwellian velocity distribution for the dark
matter, with a local circular velocity of v

0

= 220 km/s
and a galactic escape velocity of v

esc

= 544 km/s [58].
The precise value of the escape velocity can be impor-
tant when considering direct detection signals appearing
very near experimental thresholds. In particular, we find
that for an 8 GeV dark matter particle, and our low
L
e↵

model, lowering v
esc

from 544 km/s to 500 km/s
(450 km/s) reduces the overall event rate predicted for
XENON100 by a factor of 1.55 (3.3). In contrast, Co-
GeNT’s signal extends well above their energy threshold,
making their signal less sensitive to the escape velocity

assumed. In Fig. 6, we show the impact of this parame-
ter on the favored dark matter parameter space. A low
value of the escape velocity can mildly help to reconcile
XENON100 with CoGeNT and CDMS. We also direct
the reader to Ref. [54], which considers a range of cos-
mologically motivated dark matter velocity distribution
models, demonstrating that the tension between the re-
sults of XENON100 and CDMS can be significantly re-
duced relative to that found in the case of a standard
Maxwellian distribution.

V. PREDICTIONS FOR LUX

In this paper, we have argued that there are su�cient
uncertainties in the details of XENON100’s response to
low-energy (⇠3-5 keV) nuclear recoils that it is possi-
ble that the results of their analysis of 224.6 live days of
data may be consistent with the regions of dark matter
parameter space favored by CoGeNT and CDMS. Fur-
thermore, we have argued that the two nuclear recoil
events reported by XENON100 are not easily accounted
for with published backgrounds, but exhibit the charac-
teristics (S1 and S2/S1) predicted for a dark matter par-
ticle in the mass range favored by CoGeNT and CDMS.
If these two events arise from the same dark matter par-
ticle being observed by CoGeNT and CDMS, then the
upcoming LUX experiment [59] should detect a signifi-
cant excess of low-energy nuclear recoil events (as should
XENON1T).

For the purposes of detecting low-mass dark matter
particles, the LUX experiment improves on XENON100
in two important respects. Firstly, their fiducial mass
of 100 kg is a factor of almost three time larger than
XENON100’s. Even more important in the case of low-
mass particles is LUX’s much higher light yield (Ly),
which has been measured to be at least 2, or perhaps
3, times as high as XENON100’s [60, 61]. For dark mat-
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FIG. 4: Measurements of Snr as a function of recoil energy, in
the presence of a 0.73 kV/cm field [38] (the closest measured
value to the 0.53 kV/cm field used in XENON100). The hor-
izontal dashed line denotes the energy-independent behavior
assumed by XENON100 (Snr = 0.95). In contrast, the mildly
sloped dashed line provides a slightly better fit to the data.

likely leading to a systematic overestimation of L
e↵

at
low-energies [46, 47]. For the sake of balance, we also
note that arguments have been put forth suggesting that
the measurements of Manzur et al. [38] may systemati-
cally underestimate L

e↵

[48].

B. The Impact of XENON100’s Electric Field

By definition, the quantity L
e↵

denotes the relative
scintillation e�ciency of liquid xenon at zero electric field.
The electric fields used to collect and observe the ioniza-
tion signal in dual-phase xenon-based detectors, however,
impact the probability that a given electron will recom-
bine with a xenon molecule, and thus alter the amount of
S1 and S2 signals that result from a nuclear recoil event.
The equation describing the mean S1 signal from a nu-
clear recoil in XENON100 (see Eq. 1) accounts for the
e↵ect of the electric field with the quantities S

nr

and S
ee

,
which represent suppression of the S1 signal by the elec-
tric field for nuclear and electronic recoils, respectively.
XENON100’s light yield, Ly, is also a field dependent
quantity.
The XENON100 collaboration, for their drift field of

0.53 kV/cm, takes these quantities to be S
nr

= 0.95 and
S
ee

= 0.58. These values are based on measurements of
56 keV nuclear recoils, and 122 keV electron recoils, re-
spectively, and are explicitly assumed to be independent
of energy [49]. In the case of S

ee

, the actual energy de-
pendence in this quantity is absorbed into the definition
of the light yield, Ly. Any energy dependence in S

nr

relative to the value measured at 56 keV, however, will
impact the interpretation of XENON100’s events.
Although there is currently no significant evidence for

an energy dependence of S
nr

, the related uncertainties
and quoted errors are large [38], leaving open the possibil-
ity that S

nr

may be smaller than assumed for low-energy

recoils. The LUX Collaboration, for example, consid-
ers it likely that S

nr

is energy-dependent, and have pro-
jected their sensitivities under the assumption that S

nr

is significantly (⇠20%) lower at keV-scale energies than
at the higher energies used by XENON100 to estimate
this quantity [47, 50].
In Fig. 4, we show S

nr

as measured in Ref. [38], for the
case of a 0.73 kV/cm electric field (of the field strengths
considered in Ref. [38], this is the closest to XENON100’s
value of 0.53 kV/cm). The horizontal dashed line repre-
sents the energy-independent value of 0.95 adopted by
the XENON100 collaboration. In contrast, the sloped
dashed line provides a slightly better fit to the data and
is similar to the model favored by the LUX collaboration.
In Fig. 5, we show that by using this choice of S

nr

, and
a model of L

e↵

near the central values of Horn et al. [39]
(the “Alternative Model”, or dotted line in Fig. 2) or
Manzur et al. [38] (the “Manzur Model”, or dot-dashed
line in Fig. 2), we can find consistency (or near consis-
tency in the case of the Manzur Model) between the re-
sults of XENON100, CoGeNT, and CDMS. Note that, in
contrast to Refs. [37, 38], Horn et al. [39] measured L

e↵

in the presence of an electric field, and thus have also
implicitly measured the energy dependance of S

nr

.
E↵orts are currently underway to measurements S

nr

(and Qy) over a range of electric fields and recoil ener-
gies [51]. Such measurements will be essential to inter-
preting low-energy nuclear recoil events in liquid xenon
detectors.

C. Low-Energy E�ciencies, S1 Fluctuations, and
Other Considerations Near Threshold

As discussed in Sec. II, XENON100’s sensitivity to
dark matter particles lighter than ⇠10 GeV is entirely
reliant on the small fraction of the highest energy re-
coil events which produce S1 signals that are well above
the mean value predicted (ie. upward fluctuations from
the mean S1 signal described by Eq. 1). In this respect,
XENON100 can only observe events which are on the tail
of the recoil energy distribution and on the tail of the
distribution of S1 PMT fluctuations. The XENON100
collaboration treats the distribution of their S1 fluctua-
tions as Poissonian. In actuality, such fluctuations are
unlikely to be so simple. For example, the LUX col-
laboration’s Monte Carlo simulation accounts for many
sources of stochastic fluctuations, including those from
light collection, quantum e�ciency, recombination, the
Fano factor, excitation vs. ionization channels, dE/dx,
and particle track history, etc [52, 53]. While some of
these variations may be well described by a Poisson dis-
tribution, others are not. If the actual distribution of S1
signals around the mean is less broad than the Poisson
distribution assumed by the XENON100 collaboration,
it could lead them to overestimate their sensitivity to
low-energy nuclear recoils [46]. As a naive example, we
note that by treating these fluctuations as binomially dis-

3

Under the same assumptions as made by the XENON100
collaboration, however, the cross section required to ac-
count for these two events is two orders of magnitude
lower than that implied by the CoGeNT and CDMS sig-
nals. If we adopt a lower value for the scintillation e�-
ciency of liquid xenon, and account for the possibility of
energy dependence in the suppression of the scintillation
signal resulting from the experiment’s electric field, we
find that it is possible that XENON100’s two events could
have arisen from the same dark matter species responsi-
ble for the excesses observed by CoGeNT and CDMS.
Other factors, such as the details of the treatment of
scintillation fluctuations and uncertainties in the dark
matter velocity distribution, could also help to alleviate
the apparent tension between these experiments.

II. DETECTING LOW-MASS DARK MATTER
WITH XENON100

Two phase liquid xenon dark matter detectors such as
XENON100 measure nuclear recoil events through a com-
bination of scintillation light and ionization. The mean
scintillation signal (in units of photoelectrons, PE) from
a nuclear recoil of energy, E

nr

, is given by:

S1 = E
nr

Ly Le↵

(E
nr

)
S
nr

S
ee

, (1)

where Ly is the light yield in photoelectrons per unit
energy (at the appropriate drift field), and L

e↵

is the
scintillation e�ciency of nuclear recoil events in liquid
xenon relative to that of 122 keV

ee

electron recoils (see
Fig. 2). The quantities S

nr

and S
ee

account for the sup-
pression of the scintillation signal resulting from the ex-
periment’s electric field, for nuclear and electronic recoils,
respectively. The XENON100 collaboration takes these
quantities to be S

nr

=0.95 and S
ee

= 0.58, for their drift
field of 0.53 kV/cm, and assumes that they are inde-
pendent of energy (we will return to this assumption in
Sec. IV). XENON100’s light yield at 122 keV

ee

is taken
to be Ly = 2.28 ± 0.04 PE/keV

ee

, based on an inter-
polation of measurements made at 40, 80, 164, and 662
keV

ee

[35, 36].
In addition to scintillation light, the drift field of the

XENON100 experiment allows for the observation of elec-
trons which are ionized as the result of nuclear or elec-
tronic recoils. The mean ionization signal resulting from
a nuclear recoil of energy, E

nr

, is given by:

S2 = E
nr

Qy(E)Y, (2)

where Qy is the charge yield (the number of free electrons
per unit energy), and Y is the secondary amplification
factor, or the ratio of S2 photoelectrons observed to elec-
trons produced. The XENON100 collaboration quotes a
measurement of Y = 19.5 ± 0.1 photoelectrons per elec-
tron, with fluctuations fit to a Gaussian distribution of
width �Y = 6.7 photoelectrons per electron.

FIG. 2: Recent measurements of the liquid xenon’s relative
scintillation e�ciency, Le↵ [37–39]. The solid black curve de-
notes the values adopted by the XENON100 collaboration in
their most recent analysis [34, 40]. The dashed, dotted and
dot-dashed curves are other Le↵ models that we will consider
in Secs. III and IV.

The basic strategy employed in past dual phase xenon-
based searches has been to use the S1 signal to approx-
imately determine the energy of a given nuclear recoil
event, and then to use the ratio of S2 and S1 signals
to distinguish nuclear recoil events from electron recoil
backgrounds (the ratio of S2 to S1 is significantly larger
for electron recoils than for nuclear recoils). For rel-
atively heavy dark matter particles (>⇠ 20 GeV), this
strategy is straightforward. For lighter dark matter par-
ticles, however, a number of subtle and potentially sig-
nificant uncertainties come into play, making robust con-
clusions more di�cult to draw. For dark matter parti-
cles with m

DM

'7-10 GeV, assuming a standard choice
for the velocity distribution (XENON100 derives their
limits assuming a standard Maxwellian distribution with
v
0

= 220 km/s and v
esc

= 544 km/s, and a local den-
sity of 0.3 GeV/cm3), a large majority of nuclear recoils
will impart a few keV or less, corresponding to an aver-
age S1 signal of less than 1 photoelectron. In contrast,
in the analysis producing their most recent constraints,
the XENON100 collaboration imposed a threshold of
S1� 3 PE (and S1> 0.3 PE in at least two coincident
photomultiplier tubes). For their assumed velocity dis-
tributions and scintillation e�ciency, L

e↵

(E
nr

) [40] (see
Fig. 2), a 7-10 GeV dark matter particle will produce
no events with S1� 3 PE unless fluctuations around the
mean predicted signal are considered. In other words,
all of XENON100’s events from a low-mass dark mat-
ter particle represent significant upward fluctuations in
the S1 signal, well above the mean given in Eq. 1. If
we assume that these fluctuations are simply Poisson-
distributed (as the XENON100 collaboration does), and
include a Gaussian S1 resolution with � = 0.5

p
S1(PE)

PE [35], a 7 GeV (10 GeV) dark matter particle with an
elastic scattering cross section of �

SI

= 2⇥ 10�41 cm2 is
predicted to produce ⇠0.0055 (0.10) events per kg-day
with S1� 3 PE, corresponding to '40 (800) events over

Evidence for light dark matter particles?

XENON100 detects events too!

Is XENON100’s sensitivity overestimated?

COMPATIBLE!
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Particle physics model

Is a nuclear recoil detectable?

Probability of detecting an event with energy (or number of 
photoelectrons) E, given an event occurred with recoil energy ER.

Counting efficiency, energy resolution, scintillation response, etc.
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Particle physics model

WIMP-nucleus cross section:
spin-independent, spin-dependent, 

electric, magnetic, ...

What force couples dark matter to nuclei?
Coupling to nucleon number density, nucleon spin density, ...

WIMP speed

WIMP mass Nucleus recoil energy
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Astrophysics model

How much dark matter comes to Earth?

Local halo density
Velocity distribution

Minimum WIMP speed to impart recoil energy ER
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Annual modulation

Drukier, Freese, Spergel 1986

⌘(vmin, t) = ⌘0(vmin) + ⌘1(vmin) cos(!t+ ')

dR

dE
= S0(E) + S1(E) cos(!t+ ')

Unmodulated signal Modulation amplitude
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Traditionally, v2 dσ/dER = const × (nuclear form factor), with the 
same coupling to protons and neutrons (spin-independent case)

The recoil spectrum (scattering rate per unit target mass)

Recoil spectrum

dR

dER
=

A2F 2(ER)

2µ2
�p

⌘̃(vmin)

with ⌘̃(vmin) =
��p

m�
⌘(vmin) = ��p

⇢�
m�

Z 1

vmin

f(v)

v
d3v

Wednesday, October 16, 13



– put additional velocity or energy dependence in v2 dσ/dER

– set different couplings to neutrons and protons (“isospin-violating”)

In trying to explain the data, modify the cross section

The recoil spectrum (scattering rate per unit target mass)

Recoil spectrum
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or modify the velocity distribution.
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Chart of the NuclidesZ

N

Z/N
=1 Z/N

=0.7

Ge

Na

Cs

Xe
I

Ca
Si

O

W

Nfn + Zfp ⇡ 0 fn/fp ⇡ �Z/Ncoupling for 

Why fn/fp =-0.7 
suppresses the 
coupling to Xe

Spin-independent couplings to protons stronger than to neutrons 
allow modulation signals compatible with other null searches

Kurylov, Kamionkowski 2003; Giuliani 2005; Cotta et al 2009; Chang et al 2010; Kang et al 
2010; Feng et al 2011; Del Nobile et al 2011; .....

Isospin-violating dark matter
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nucleus DM
v2 dσ/dERv2 dσ/dER

nucleus DM
light mediator heavy mediator

“charge” “charge” 1/ER2 1/M4

“charge” dipole 1/ER ER/M4

dipole dipole const + ER/v2 ER2/M4

See e.g.  Barger, Keung, Marfatia 2010; Fornengo, Panci, Regis 2011; An et al 2011

All terms may be multiplied by nuclear or DM form factors F(ER)

Energy and/or velocity dependent scattering cross sections

Particle physics model
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Gondolo, Ko, Omura 2011

• An extra U(1) gauge boson Z’ 
coupled to quarks but no 
leptons, with no significant 
kinetic mixing

• Works for mZ’~10-20 GeV and 
α’~10-5

Example: Leptophobic Z’

Light WIMPs with light Z′ boson

For simplicity, and as a benchmark for our discussion,
we take the DAMA/CoGeNT region outlined in [13],
shown in orange (gray) on the mX-!Xp plane in Fig. 1.
Other analyses of the CoGeNT exponential excess (e.g.
[4,7,14]) recover different regions in the mX-!Xp plane,
mostly to the right of the orange (gray) region shown, some
compatible and some incompatible with the DAMA/
LIBRA modulation region. Our choice of region is to be
considered only as indicative of the general location of a
possible region of DAMA/CoGeNT compatibility, and so
should the numerical values of masses and couplings we
obtain in the following. Were we to choose another region
in the vicinity of that outlined in [13], the corresponding X,
Z0, and g0 values would be different, but an explanation in
terms of an extra Abelian gauge boson would still exist.

Figure 1(a) corresponds to a Dirac fermion X, Fig. 1(b)
to a scalar X (the direct detection constraints are identical
in the two panels). Figure 1 also shows the best current
bounds from negative dark matter searches [the excluded
region in blue (dark shaded)]: CRESST at lower masses
(from [4]) and XENON10 at larger masses. Two curves are

shown for the XENON10 bound, one from [12], the other
from [4]. They reflect different assumptions on the light
detection efficiency near the threshold of the detector: the
assumption with the higher detector sensitivity excludes
the DAMA/CoGeNT region, the other does not.

IV. RELIC DENSITY

The thermal density of the CDM particles X is given by
the Boltzmann equation,

dn

dt
! 3Hn " #h!annvi$n2 # n2eq%; (14)

where n is the X number density and neq is its value in
thermal equilibrium.
To compute the relic density, we use the procedure in

[25] as implemented in DARKSUSY [34]. For this
purpose, we introduced into DARKSUSY the invariant anni-
hilation rate W " 8Ep!ann, where !ann "

P
f!XXy!ff !

!XXy!Z0Z0 is the total XX& or X !X annihilation cross section
given above.
We impose that the computed cosmic density of X

particles "Xh
2 (in units of 1:8783' 10#26 kg=m3) equals

the observed value of the cold dark matter density"ch
2 "

0:1123( 0:0035 [35]. The thermal relic density depends
on "0, mZ0 , and mX. If we fit the DAMA/CoGeNT region,
the resulting parameters "0 and mZ0 lead to a thermal
density that is too large unless the annihilation is close,
but not too close, to the resonance at mX ) mZ0=2.
Contour lines of "X " "c in the mX-!Xp plane are

shown in Fig. 1 for several values of mZ0 (the error bars
on "ch

2 are within the thickness of the lines drawn). The
parameter"0 changes along each line. Below each line, one
has "X >"c. The thick red and purple contours corre-
spond to mZ0 " 12 GeV=c2 and 20 GeV=c2, respectively.
Each contour shows a dip at mX " mZ0=2 due to the
annihilation through the Z0 resonance. As a function of
mX, the resonance dip is highly asymmetric, being wider at
mX <mZ0=2. This is the correct behavior expected from
the finite-temperature momentum distribution of particles
X during annihilation in the early universe [25].
We see that the "X " "c contour lines sweep the

DAMA/CoGeNT region for Z0 masses in the range *1 to
*20 GeV=c2, touching the DAMA/COGeNT region on
the left at the lowest mZ0 and on the right at the highest
mZ0 . Figure 2 gives a better visualization of the range of
masses mZ0 and coupling constants "0 that fit the DAMA/
CoGeNT region.
Notice that a heavy Z0 with mZ0 * 150 GeV=c2, such as

in suggested explanations of the CDF Wjj anomaly, has
trouble matching the DAMA/CoGeNT region. If such a
heavy Z0 couples universally to quarks, "X in the DAMA/
CoGeNT region would be too high, as seen by the location
of the 150-GeV=c2 dashed line in Fig. 1. A correct X
density may be obtained with nonuniversal couplings to

FIG. 1 (color online). Contour lines of "X " "c for several
values of the Z0 boson mass mZ0 . On each contour, the cosmic
density of particles X [fermions in (a) and scalars in (b)] equals
the cosmic density of cold dark matter. Also shown are the
DAMA/CoGeNT region [in orange (gray)], direct detection
constraints [in blue (dark gray)], and accelerator constraints [in
yellow (light gray)].

P. GONDOLO, P. KO, AND Y. OMURA PHYSICAL REVIEW D 85, 035022 (2012)

035022-4

Fermi dwarfs
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3 kpc

8.3 kpc

Rotation curve (Clemens 1985)

Image by R. Powell using DSS data

Sun

Our galaxy is inside a halo of dark matter particles
1 kpc = 2.06×1011 AU

×1012

Astrophysics model

12 orders of magnitude extrapolation
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Astrophysics model: local density

4 P. Salucci et al.: Dark Matter density at the Sun’s location

maximal value and it corresponds, out to R�, to a solid body
halo profile: Vh / R↵h with ↵h = 1. Instead, all mass model-
ing performed so far for the MW and for external galaxies have
found a lower value ↵h(3RD)  0.8, which yields �M = 0.77.
We can also set a lower limit for the disk mass, i.e. �m: first,
the microlensing optical depth to Baade’s Window constrains
the baryonic matter within the solar circle to be greater than
3.9 1010M� (McMillan, Binney 2009). Moreover, the MW disk
B-band luminosity LB = 2 ⇥ 1010L� coupled with the very rea-
sonable value MD/LB = 2 again implies MD ' 4 1010M�. All
this implies �m = �M/1.3 ' 0.65.3 We thus take � = 0.72+0.05

�0.07 as
reference range.

Using the reference values, we get

⇢� = 0.43
GeV
cm3

"
1 + 2.9↵� � 0.64

✓
� � 0.72

◆
+ 0.45

✓
r�D � 3.4

◆

� 0.1
 

z0

kpc
� 0.25

!
+ 0.10

✓
q � 0.95

◆

+ 0.07
 

!

km/s kpc
� 30.3

! #
. (11)

This equation, which is the main result of our paper, estimates
the DM density at the Sun’s location in an analytic way, in terms
of the involved observational quantities at their present status
of knowledge. The equation is written in a form such that, for
the present reference values of these quantities, the term in the
square brackets on the r.h.s equals 1, so that the central result is
⇢� = 0.43 GeV/cm3. As such, the determination is ready to ac-
count for future changes, improved measurement or any choice
of ↵�, �, z0, !, r�D, q di↵erent from the reference values adopted
here, by simply inserting them in the r.h.s. of eq (11).

The next step is to estimate the uncertainty in the present de-
termination of ⇢�, which is triggered entirely by the uncertainties
of the quantities entering the determination. From equation (11)
and the allowed range of values discussed above, we see that
the main sources of uncertainty are ↵�, � and r�D, which appear
in the first line. The other parameters give at most variations of
2-3%, and can be neglected in the following.

Then, first, it is illustrative to consider ↵�, � and r�D as inde-
pendent quantities. We thus have:

⇢� =
✓
0.43 ± 0.094(↵�) ⌥ 0.016(�) ± 0.096(r�D)

◆GeV
cm3 , (12)

where A(x) means that A is the total e↵ect due to the possible
span of the quantity x.

At this point, we can go one step further, assuming that the
MW is a typical spiral, and using recent results for the distribu-
tion of matter in external galaxies, namely that DM halos around
spirals are self similar (Salucci et al. 2007) and that the frac-
tional amount of stellar matter � shapes the rotation curve slope
↵� (Persic, Salucci 1990):

� = 0.72 � 0.95↵� . (13)

3 While these constraints of the disk mass reduce the uncertainty in
the present determination of ⇢�, they improve the performance of the
traditional method very little, where the uncertainties in the disk mass
value do not trigger the most serious uncertainties of the mass modeling,
as discussed in the Introduction.

Using this relation in equation (11) we find (neglecting the irrel-
evant q and z0 terms)

⇢� = 0.43
GeV
cm3

"
1 + 3.5↵� + 0.45

✓
r�D � 3.4

◆
+

+ 0.07
 

!

km/s kpc
� 30.3

! #
. (14)

From the current known uncertainties, with the estimated range
of ↵�, we find

⇢� =
✓
0.430 ± 0.113(↵�) ± 0.096(r�D)

◆GeV
cm3 . (15)

This is our final estimate, which is somewhat higher than pre-
vious determinations. Its uncertainty mainly reflects our poor
knowledge of the velocity slope ↵� and the uncertainty in the
galactocentric Sun distance.

3. Discussion and conclusion

In this work we have provided a model-independent kinemati-
cal determination of ⇢�. The method proposed here derives ⇢�
directly from the solution of the equation of centrifugal equi-
librium, by estimating the di↵erence between the ‘total’ density
and that of the stellar component.

The method leads to an optimal kinematical determination
of ⇢�, avoiding model-dependent and dubious tasks mandatory
with the standard method, i.e., a) to assume a particular DM den-
sity profile and a specific dynamical status for the tracers of the
gravitational potential, b) to deal with the non-negligible uncer-
tainties of the global MW kinematics, c) to uniquely disentangle
the flattish RC into the di↵erent bulge/disk/halo components.

While the measure of ⇢� can be performed in an ingenious
way, it cannot escape the fact that it ultimately depends at least
on three local quantities, the slope of the circular velocity at the
Sun, the fraction of its amplitude due to the DM, and the ratio be-
tween the Sun galactocentric distance and the disk scale-length,
whose uncertainty unavoidably propagates in the result.

Two of these three quantities can be related by noting that the
MW is a typical Spiral and using the relations available for these
kind of galaxies (Salucci et al. 2007), so that the final uncertainty
can be slightly reduced.

We found that some oblateness of the DM halo and the small
finite thickness of the stellar disk play a limited role in the mea-
sure. However, we took them into account by the simple correc-
tion terms described.

The resulting local DM density that we find, ⇢� = (0.43 ±
0.11(↵�) ± 0.10(r�D)) GeV/cm3, is still consistent with previous
determinations, or slightly higher. However, the determination is
free from theoretical assumptions and can be easily updated by
means of equation (11) as the relevant quantities will become
better known.4

A final comment is in order. The values of ⇢� found in pre-
vious studies by means of the traditional methods (e.g. Sofue
et al. 2009; Weber, de Boer 2009) di↵er among themselves and
also from the present value only by a small factor. This rela-
tively good agreement in the values does not imply a concor-
dance in the underlying mass models, in the various assumptions
taken or in the data set employed, but is mainly due to the fact

4 Again, in the traditional method most of the uncertainty in the mea-
sure of ⇢� discussed in the Introduction cannot be overcome by having
more and better data.
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FIG. 5: Constraints on the Dark Matter distribution parameters ⇢0 and ↵ for a generalised NFW (left) and an Einasto (right)
profile using the baryonic model 5. The thick dot-dashed curve is the 2� constraint already shown in Figure 3, while the
contours show the parameter space producing a good fit to the rotation curve (��2 = 2.30, 6.18) with the best-fit configuration
indicated by the cross. The shadowed rectangle encompasses the ranges of profile slopes found in numerical simulations and the
values of ⇢0 found in the recent literature (see Section II), while the red filled circle in the left frame marks the parameter set
(⇢0 = 0.4 GeV/cm3,↵ = 1.0) used to produce Figure 2. The empty up-triangle, circle and down-triangle in the left frame show
the local density and shape of the DM profile upon adiabatic contraction of the initial profile indicated by the corresponding
filled symbols. The adiabatic contraction was applied using model 5 to fix the baryonic distribution Mb(< r), that entails
fb = 5.2%, 4.0%, 3.0% for the up-triangle, circle and down-triangle, respectively. In both frames we have fixed rs = 20 kpc,
R0 = 8.0 kpc and v0 = 230 km/s.

5 for the baryonic component, we have contracted the
initial profiles indicated in Figure 5 (left) by the filled
up-triangle, circle and down-triangle with f

b

= M
b

(<
200 kpc)/M

tot

(< 200 kpc) = 5.2%, 4.0%, 3.0%, respec-
tively. The final DM profile turns out to be well fitted by
a generalised NFW function with parameters marked by
the empty symbols in the same Figure (the contracted
profile corresponding to the filled circle is indicated by
the red long-dashed line in the bottom right frame of
Figure 2). In particular, we find enhanced local DM den-
sities and slopes ↵ ' 1.6 � 1.7, which are slightly above
the value ↵ = 1.5 found elsewhere [73] (see also refer-
ences therein) but note that we are using the original
adiabatic contraction model [57] and not one of its refine-
ments [58, 59]. Although our analysis cannot rule out the
presence of adiabatically compressed profiles since they
depend on the initial total mass distribution and on the
specific baryonic model adopted, it definitely allows us to
claim that if the present-day DM profile is steeply rising
towards the centre, then the local DM density must be
small. For the specific case of ↵ = 1.5 (1.7) we find an
1� range ⇢0 ' 0.25� 0.35 (0.22� 0.30) GeV/cm3. Some
of the extreme models discussed in the literature, e.g. in
the context of indirect DM searches [73, 74], are therefore
found to be ruled out by a combination of microlensing
and dynamical observations.

VI. CONCLUSIONS

We have studied the constraints that microlensing and
dynamical observations can set on the distribution of
Dark Matter in the Galaxy, keeping into account all
experimental uncertainties. Starting from state-of-the-
art models for the galactic baryonic component, we have
rescaled them to match the observed microlensing optical
depth towards the galactic bulge, and compared the re-
sulting rotation curve with the one inferred from terminal
velocities of gas clouds and other kinematical probes.

This allowed us to revisit the compatibility of di↵erent
observational probes with the results that emerge from
numerical simulation in ⇤CDM cosmologies. We have
followed two di↵erent approaches. In the first one, we
have set conservative upper limits on the Dark Matter
local density and profile shape towards the centre of the
Galaxy, working with generalised NFW and Einasto pro-
files. The fiducial parameters usually adopted in the lit-
erature for both profiles have been found to be safely
within the allowed regions set by our analysis, contrary
to earlier claims of inconsistency between observations
and cuspy Dark Matter profiles.

In our second approach, we focussed on the only bary-
onic model among those discussed here that also contains
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placed on the slope of the DM profile in our Galaxy: for
the fiducial density ⇢0 = 0.4 GeV/cm3, Figure 3 excludes
↵ & 1.5 (↵ . 0.06) for the generalised NFW (Einasto)
profile. Notice that in the NFW (Einasto) case one can
set an upper (a lower) limit on ↵ – this is simply be-
cause for r ⌧ r

s

, @ log ⇢
DM

/@ log r = �↵ for NFW and
@ log ⇢

DM

/@ log r = �2(r/r
s

)↵ for Einasto. Therefore,
unlike in the NFW case, a larger ↵ for the Einasto pro-
file corresponds to a faster roll of the slope to 0 as r ! 0
and thus a less steep profile.

Deviations from spherical symmetry can in principle
a↵ect the constraints. By modelling an NFW oblate halo
as detailed in Section II, we obtain the exclusion curve
labelled “q=0.7” in Figure 3 (left) for the case of model
1: at first glance this constraint appears weaker than
the spherical one, but it should be noted that an oblate
profile corresponds to a higher ⇢0 (about 20% higher ac-
cording to [52]). Departures from spherical symmetry are
therefore not able to weaken significantly our constraints.

Up to now we have fixed the scale radius, galactocen-
tric distance and local circular velocity to the respective
fiducial values, r

s

= 20 kpc, R0 = 8.0 kpc, v0 = 230
km/s. These astrophysical parameters, whose uncertain-
ties are sizeable, a↵ect in distinct ways our calculations.
The scale radius r

s

, for instance, sets the concentration
of the DM profile; the smaller r

s

the larger the DM con-
tribution to the rotation curve. On the other hand, a
smaller R0 shrinks the bulge and the disk leading to an
increase in the bulge central density to produce the same
optical depth; however, a smaller R0 also leads to a less
constraining v

c

data set so that overall the larger R0

the more aggressive our DM constraints. The local cir-
cular velocity v0, instead, sets essentially the plateau of
the rotation curve and thus tighter constraints result for
smaller v0.

In view of these considerations and using the ranges for
r
s

, R0 and v0 outlined in Sections II and IV (r
s

= 20+15
�10

kpc, R0 = 8.0± 0.5 kpc, v0 = 230± 30 km/s), we define
three astrophysical setups: (i) conservative, with r

s

= 35
kpc, R0 = 7.5 kpc, v0 = 260 km/s; (ii) mean, with
r
s

= 20 kpc, R0 = 8.0 kpc, v0 = 230 km/s; and (iii)

aggressive, with r
s

= 10 kpc, R0 = 8.5 kpc, v0 = 200
km/s. The mean configuration was used in Figures 2
and 3. Figure 4 shows the e↵ect of adopting the con-
servative or aggressive setups on the derived DM upper
limits for the generalised NFW profile. For simplicity
we only show the upper limits encompassed by all mod-
els, instead of individual constraints. We see from this
Figure that, for reasonable local DM densities, an NFW
profile in line with the findings of numerical simulations
can only be (barely) excluded at the expenses of push-
ing some astrophysical parameters to somewhat extreme
values (in particular v0 = 200 km/s). We are thus led to
the conclusion that the results of Ref. [31] do not hold,
given the available microlensing and dynamical data and
our present knowledge on astrophysical parameters such
as r

s

, R0 or v0.

NFW

conservative
mean
aggressive
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FIG. 4: The bracketing of the 2� upper limits on the Dark
Matter distribution parameters ⇢0 and ↵ for the generalised
NFW profile and three astrophysical setups: conservative
(dashed; rs = 35 kpc, R0 = 7.5 kpc, v0 = 260 km/s), mean
(solid; rs = 20 kpc, R0 = 8.0 kpc, v0 = 230 km/s) and aggres-
sive (dotted; rs = 10 kpc, R0 = 8.5 kpc, v0 = 200 km/s). The
two lines for each setup encompass the upper limits set using
the baryonic models 1–5. In particular, the mean shadowed
area as well as the shadowed rectangle are the same as in the
left frame of Figure 3.

B. Determination of (⇢0,↵)

Models 1–4 include no gas component, which in prin-
ciple makes the corresponding exclusion curves in Figure
3 conservative. Model 5, instead, includes a gas disk and
therefore we can go one step further and ask which DM
parameters (⇢0,↵) provide the best fit to the measured
rotation curve.
The results of this fitting procedure are shown by the

contours (corresponding to ��2 = 2.30, 6.18 for a two-
parameters fit) in Figure 5: for DM parameters inside
the contours, model 5 manages to explain both the mi-
crolensing optical depth towards the bulge and the rota-
tion curve of our Galaxy. It is interesting (and reassur-
ing) that the contours fall nicely on top of the expected
ranges indicated by the shadowed rectangles. In partic-
ular, we find

⇢0 = 0.20� 0.55 GeV/cm3 (16)

at 1� for both generalised NFW and Einasto, which is
consistent with previous estimates obtained with di↵er-
ent techniques [42, 51].
We have also tested the adiabatic contraction model

of Ref. [57] (outlined in Section II and equation (8)) in
the case of the NFW profile. Using once again model

Ullio, Catena 2009

Figure 6: Marginal posterior pdf for the local Dark Matter density.Top left panel: assuming an Einasto
profile and applying all the constraints. Top right panel: assuming an Einasto profile and applying
di!erent subsets of constraints. Global constraints include M(< 50kpc), M(< 100kpc) and "|z|<1.1kpc.
Tracers constraints include the local standard of rest data, the terminal velocities and data referring to
the high mass star forming regions. Bottom left panel: assuming a NFW profile and applying all the
constraints. Bottom right panel: assuming a Burkert profile and applying all the constraints. Curves
and bars have the same meaning as in the previous plots.
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Abstract

We present a novel study on the problem of constructing mass models for the

Milky Way, concentrating on features regarding the dark matter halo component.

We have considered a variegated sample of dynamical observables for the Galaxy,

including several results which have appeared recently, and studied a 7- or 8-

dimensional parameter space - defining the Galaxy model - by implementing a

Bayesian approach to the parameter estimation based on a Markov Chain Monte

Carlo method. The main result of this analysis is a novel determination of the

local dark matter halo density which, assuming spherical symmetry and either an

Einasto or an NFW density profile is found to be around 0.39 GeV cm!3 with a 1-!

error bar of about 7%; more precisely we find a "DM (R0) = 0.385±0.027GeV cm!3

for the Einasto profile and "DM (R0) = 0.389±0.025GeV cm!3 for the NFW. This

is in contrast to the standard assumption that "DM(R0) is about 0.3 GeV cm!3

with an uncertainty of a factor of 2 to 3. A very precise determination of the

local halo density is very important for interpreting direct dark matter detection

experiments. Indeed the results we produced, together with the recent accurate

determination of the local circular velocity, should be very useful to considerably

narrow astrophysical uncertainties on direct dark matter detection.

aEmail: catena@sissa.it
bEmail: ullio@sissa.it
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the dispersion. Errors in quantities which are calculated
using the fitted parameters are computed by considering
propagation through the corresponding equations.

5. The Best-Fit Galactic Parameters and

Rotation Curve

Table 5.2 shows the best-fit parameters for individual
mass components of the Galaxy, and figures 5 and 6 show
the calculated rotation curves from these parameters.

5.1. Radii and Masses of the Bulge and Disk

The scale radius, i.e. the half-projected-mass radius,
ab = 522 pc, and the total mass Mb = 1.652! 1010M! of
the bulge are consistent with those given in the literature.
The disk scale radius ad = 3.19 kpc is within the range of
often quoted values, and the disk mass of is Md = 3.41!
1010M!. The bulge-to-disk mass ratio is Mb/Md = 0.48.
This ratio is closer to that for Sbc galaxies: it is 1.0 for Sb
and 0.38 for Sbc galaxies (Koeppen and Arimoto 1997).

5.2. Dark halo radius and density

The best fit scale radius of the dark halo was obtained
to be

h = 12.53± 0.88 kpc, (20)

and the scale (representative) density

!0 = (1.06± 0.14)! 10"2M!pc"3 (21)

or

!0 = 0.403± 0.051 GeV cm"3, (22)

which give the least " value of

" = 9.6 km s"1 (23)

The local value near the Sun at R = 8 kpc is estimated
to be

!!0 = (6.12± 0.80)! 10"3M! pc"3, (24)

or

!!0 = 0.235± 0.030 GeV cm"3. (25)

6. Discussion

6.1. The Grand Rotation Curve

We have constructed the grand rotation curve of the
Milky Way Galaxy using the data compiled in Paper I
as well as by adding the most recent accurate measuring
results. The grand rotation curve cover covers a wide area
from the Galactic Center to the Local Group space. The
curve well coincides with the circular velocity curve by
Xue et al. (2008) from 7.5 to 55 kpc.

By the least-squares fitting to the thus obtained ro-
tation curve within the boundary of the Milky Way at
R " 400 kpc, the parameters of the three mass compo-
nents, the de Vaucouleurs bulge, exponential disk and
dark halo with NFW profile, were determined at high ac-
curacy.

The fitting was obtained more quantitatively and ac-
curately compared to our earlier works (Paper I, II) by
removing the artificial assumption of the critical radius at
which the dark halo contribution becomes equal to that
from the disk. The resulting fitting parameters are listed
in table 5.2, and the fitted rotation curve is shown in fig-
ures 5 and 6.

6.2. The Best-Fit Rotation Curve

In the linear representation in figure 5, the calculated
rotation curve well reproduces the observed data, except
for the wavy and bumpy behaviors, which are attributable
to local rings and/or arm structures as discussed in Paper
I. The fitting seems satisfactory almost equally both in the
two cases with and without including the dark halo. In
other words, it is di!cult to discuss the dark halo problem
using the current rotation curves up to R " 20# 30 kpc.

Obviously the logarithmic expression in figure 6 makes
it much easier to discriminate the dark halo contribution.
Comparison of figures 5 and 6 demonstrates how the grand
rotation curve is e!cient and essential to discuss the dark
halo in the Milky Way. The NFW model appears to re-
produce the observations su!ciently well within the data
scatter.

Another interesting fact is that the most inner part at
R<0.2 kpc systematically deviates from the observations:
the observations more rapidly decrease toward the nucleus
than the model. This indicates that the de Vaucouleurs
law may not be the best expression of the innermost mass
distributione.

6.3. The Galactic Parameters

Table 5.2 summarizes the obtained parameters by the
present analysis, and figures 5 and 6 show the fitted ro-
tation curves. The parameters for the bulge is not much
di"erent from the current works, because the correspond-
ing rotation profile at R" 1 kpc has a steep peak and the
least square fitting is more independent and e"ective com-
pared to the fit to other extended components like the disk
and halo. The total mass of the bulge and disk system,
Mb+d =Mb+Md =5.06!1010M!, is larger than the dark
mass Mh(R$R0)" 2.75!1010M! inside the solar circle.
The bulge-to-disk mass ratio was found to be 0.48 is closer
to that for Sbc (0.38: Koeppen and Arimoto (1997)). Our
Galaxy may be, thus, a slightly late Sb galaxy.

We here confirm that the total mass of the bulge, disk
and the dark halo within the solar circle Mb+d +Mh(R $
R0) = 7.8! 1010M! % MG. is comparable to the simple
spherical mass estimate for V0 = 200 km s"1at R0 = 8
kpc, MG =R0V 2

0 /G=7.44!1010M!. The presently larger
value is mainly due to the disk e"ect, and partly due to
extended bulge and disk components beyond the solar cir-
cle.

Xue et al. (2008) obtained total mass of 4.0 ± 0.7 !
1011M! within R = 60 kpc, which corresponds to 3.6!
1011M! for V0 =200 km s"1. In our fitting result, the total
mass within 60 kpc is calculated to be 2.4±0.4!1011M!,
and is consistent with their value within the error.

Sofue 2011
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Fig. 5. Least-squares fit by bulge, disk and dark halo to the grand rotation curve. Thick line represents the fitted rotation curve,
and thin lines show individual contributions from bulge, disk and halo. Observed velocities V (Ri) are shown by open circles, and
the most recent accurate results from VERA (Honma et al. 2007; Oh et al. 2010) are shown by squares.
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Fig. 6. Same as figure 5, but in logarithmic scaling displaying up to 1 Mpc. The dark halo is satisfactorily fitted by the NFW
model. This figure demonstrates that a grand rotation curve up to ! 1 Mpc is essential in order to quantitatively analyze the dark
halo.

sion measure is much smaller than the observed value
of ! "10!2pc cm2 toward the North Galactic Pole by
ROSAT (Sidher et al. 1999; McCammon et al. 2002).
Hence, it is possible that the apparently ’missing’ baryons
are in the form of hot halo gas, and are already ’seen’ in
the ROSAT X-ray background emission, sharing its small
portion.
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Astrophysics model: local density

4 P. Salucci et al.: Dark Matter density at the Sun’s location

maximal value and it corresponds, out to R�, to a solid body
halo profile: Vh / R↵h with ↵h = 1. Instead, all mass model-
ing performed so far for the MW and for external galaxies have
found a lower value ↵h(3RD)  0.8, which yields �M = 0.77.
We can also set a lower limit for the disk mass, i.e. �m: first,
the microlensing optical depth to Baade’s Window constrains
the baryonic matter within the solar circle to be greater than
3.9 1010M� (McMillan, Binney 2009). Moreover, the MW disk
B-band luminosity LB = 2 ⇥ 1010L� coupled with the very rea-
sonable value MD/LB = 2 again implies MD ' 4 1010M�. All
this implies �m = �M/1.3 ' 0.65.3 We thus take � = 0.72+0.05

�0.07 as
reference range.

Using the reference values, we get

⇢� = 0.43
GeV
cm3

"
1 + 2.9↵� � 0.64

✓
� � 0.72

◆
+ 0.45

✓
r�D � 3.4

◆

� 0.1
 

z0

kpc
� 0.25

!
+ 0.10

✓
q � 0.95

◆

+ 0.07
 

!

km/s kpc
� 30.3

! #
. (11)

This equation, which is the main result of our paper, estimates
the DM density at the Sun’s location in an analytic way, in terms
of the involved observational quantities at their present status
of knowledge. The equation is written in a form such that, for
the present reference values of these quantities, the term in the
square brackets on the r.h.s equals 1, so that the central result is
⇢� = 0.43 GeV/cm3. As such, the determination is ready to ac-
count for future changes, improved measurement or any choice
of ↵�, �, z0, !, r�D, q di↵erent from the reference values adopted
here, by simply inserting them in the r.h.s. of eq (11).

The next step is to estimate the uncertainty in the present de-
termination of ⇢�, which is triggered entirely by the uncertainties
of the quantities entering the determination. From equation (11)
and the allowed range of values discussed above, we see that
the main sources of uncertainty are ↵�, � and r�D, which appear
in the first line. The other parameters give at most variations of
2-3%, and can be neglected in the following.

Then, first, it is illustrative to consider ↵�, � and r�D as inde-
pendent quantities. We thus have:

⇢� =
✓
0.43 ± 0.094(↵�) ⌥ 0.016(�) ± 0.096(r�D)

◆GeV
cm3 , (12)

where A(x) means that A is the total e↵ect due to the possible
span of the quantity x.

At this point, we can go one step further, assuming that the
MW is a typical spiral, and using recent results for the distribu-
tion of matter in external galaxies, namely that DM halos around
spirals are self similar (Salucci et al. 2007) and that the frac-
tional amount of stellar matter � shapes the rotation curve slope
↵� (Persic, Salucci 1990):

� = 0.72 � 0.95↵� . (13)

3 While these constraints of the disk mass reduce the uncertainty in
the present determination of ⇢�, they improve the performance of the
traditional method very little, where the uncertainties in the disk mass
value do not trigger the most serious uncertainties of the mass modeling,
as discussed in the Introduction.

Using this relation in equation (11) we find (neglecting the irrel-
evant q and z0 terms)

⇢� = 0.43
GeV
cm3

"
1 + 3.5↵� + 0.45

✓
r�D � 3.4

◆
+

+ 0.07
 

!

km/s kpc
� 30.3

! #
. (14)

From the current known uncertainties, with the estimated range
of ↵�, we find

⇢� =
✓
0.430 ± 0.113(↵�) ± 0.096(r�D)

◆GeV
cm3 . (15)

This is our final estimate, which is somewhat higher than pre-
vious determinations. Its uncertainty mainly reflects our poor
knowledge of the velocity slope ↵� and the uncertainty in the
galactocentric Sun distance.

3. Discussion and conclusion

In this work we have provided a model-independent kinemati-
cal determination of ⇢�. The method proposed here derives ⇢�
directly from the solution of the equation of centrifugal equi-
librium, by estimating the di↵erence between the ‘total’ density
and that of the stellar component.

The method leads to an optimal kinematical determination
of ⇢�, avoiding model-dependent and dubious tasks mandatory
with the standard method, i.e., a) to assume a particular DM den-
sity profile and a specific dynamical status for the tracers of the
gravitational potential, b) to deal with the non-negligible uncer-
tainties of the global MW kinematics, c) to uniquely disentangle
the flattish RC into the di↵erent bulge/disk/halo components.

While the measure of ⇢� can be performed in an ingenious
way, it cannot escape the fact that it ultimately depends at least
on three local quantities, the slope of the circular velocity at the
Sun, the fraction of its amplitude due to the DM, and the ratio be-
tween the Sun galactocentric distance and the disk scale-length,
whose uncertainty unavoidably propagates in the result.

Two of these three quantities can be related by noting that the
MW is a typical Spiral and using the relations available for these
kind of galaxies (Salucci et al. 2007), so that the final uncertainty
can be slightly reduced.

We found that some oblateness of the DM halo and the small
finite thickness of the stellar disk play a limited role in the mea-
sure. However, we took them into account by the simple correc-
tion terms described.

The resulting local DM density that we find, ⇢� = (0.43 ±
0.11(↵�) ± 0.10(r�D)) GeV/cm3, is still consistent with previous
determinations, or slightly higher. However, the determination is
free from theoretical assumptions and can be easily updated by
means of equation (11) as the relevant quantities will become
better known.4

A final comment is in order. The values of ⇢� found in pre-
vious studies by means of the traditional methods (e.g. Sofue
et al. 2009; Weber, de Boer 2009) di↵er among themselves and
also from the present value only by a small factor. This rela-
tively good agreement in the values does not imply a concor-
dance in the underlying mass models, in the various assumptions
taken or in the data set employed, but is mainly due to the fact

4 Again, in the traditional method most of the uncertainty in the mea-
sure of ⇢� discussed in the Introduction cannot be overcome by having
more and better data.

Salucci et al 2010

10

v0=230 km ês, R0=8.0 kpc
NFW, rs=20 kpc

model 5

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.0

0.5

1.0

1.5

2.0

r0 @GeVêcm3D

a

v0=230 km ês, R0=8.0 kpc
Einasto, rs=20 kpcmodel 5

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.1

0.2

0.3

0.4

0.5

r0 @GeVêcm3D

a

FIG. 5: Constraints on the Dark Matter distribution parameters ⇢0 and ↵ for a generalised NFW (left) and an Einasto (right)
profile using the baryonic model 5. The thick dot-dashed curve is the 2� constraint already shown in Figure 3, while the
contours show the parameter space producing a good fit to the rotation curve (��2 = 2.30, 6.18) with the best-fit configuration
indicated by the cross. The shadowed rectangle encompasses the ranges of profile slopes found in numerical simulations and the
values of ⇢0 found in the recent literature (see Section II), while the red filled circle in the left frame marks the parameter set
(⇢0 = 0.4 GeV/cm3,↵ = 1.0) used to produce Figure 2. The empty up-triangle, circle and down-triangle in the left frame show
the local density and shape of the DM profile upon adiabatic contraction of the initial profile indicated by the corresponding
filled symbols. The adiabatic contraction was applied using model 5 to fix the baryonic distribution Mb(< r), that entails
fb = 5.2%, 4.0%, 3.0% for the up-triangle, circle and down-triangle, respectively. In both frames we have fixed rs = 20 kpc,
R0 = 8.0 kpc and v0 = 230 km/s.

5 for the baryonic component, we have contracted the
initial profiles indicated in Figure 5 (left) by the filled
up-triangle, circle and down-triangle with f

b

= M
b

(<
200 kpc)/M

tot

(< 200 kpc) = 5.2%, 4.0%, 3.0%, respec-
tively. The final DM profile turns out to be well fitted by
a generalised NFW function with parameters marked by
the empty symbols in the same Figure (the contracted
profile corresponding to the filled circle is indicated by
the red long-dashed line in the bottom right frame of
Figure 2). In particular, we find enhanced local DM den-
sities and slopes ↵ ' 1.6 � 1.7, which are slightly above
the value ↵ = 1.5 found elsewhere [73] (see also refer-
ences therein) but note that we are using the original
adiabatic contraction model [57] and not one of its refine-
ments [58, 59]. Although our analysis cannot rule out the
presence of adiabatically compressed profiles since they
depend on the initial total mass distribution and on the
specific baryonic model adopted, it definitely allows us to
claim that if the present-day DM profile is steeply rising
towards the centre, then the local DM density must be
small. For the specific case of ↵ = 1.5 (1.7) we find an
1� range ⇢0 ' 0.25� 0.35 (0.22� 0.30) GeV/cm3. Some
of the extreme models discussed in the literature, e.g. in
the context of indirect DM searches [73, 74], are therefore
found to be ruled out by a combination of microlensing
and dynamical observations.

VI. CONCLUSIONS

We have studied the constraints that microlensing and
dynamical observations can set on the distribution of
Dark Matter in the Galaxy, keeping into account all
experimental uncertainties. Starting from state-of-the-
art models for the galactic baryonic component, we have
rescaled them to match the observed microlensing optical
depth towards the galactic bulge, and compared the re-
sulting rotation curve with the one inferred from terminal
velocities of gas clouds and other kinematical probes.

This allowed us to revisit the compatibility of di↵erent
observational probes with the results that emerge from
numerical simulation in ⇤CDM cosmologies. We have
followed two di↵erent approaches. In the first one, we
have set conservative upper limits on the Dark Matter
local density and profile shape towards the centre of the
Galaxy, working with generalised NFW and Einasto pro-
files. The fiducial parameters usually adopted in the lit-
erature for both profiles have been found to be safely
within the allowed regions set by our analysis, contrary
to earlier claims of inconsistency between observations
and cuspy Dark Matter profiles.

In our second approach, we focussed on the only bary-
onic model among those discussed here that also contains

Iocco, Pato, Bertone, Jetzer 2010
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placed on the slope of the DM profile in our Galaxy: for
the fiducial density ⇢0 = 0.4 GeV/cm3, Figure 3 excludes
↵ & 1.5 (↵ . 0.06) for the generalised NFW (Einasto)
profile. Notice that in the NFW (Einasto) case one can
set an upper (a lower) limit on ↵ – this is simply be-
cause for r ⌧ r

s

, @ log ⇢
DM

/@ log r = �↵ for NFW and
@ log ⇢

DM

/@ log r = �2(r/r
s

)↵ for Einasto. Therefore,
unlike in the NFW case, a larger ↵ for the Einasto pro-
file corresponds to a faster roll of the slope to 0 as r ! 0
and thus a less steep profile.

Deviations from spherical symmetry can in principle
a↵ect the constraints. By modelling an NFW oblate halo
as detailed in Section II, we obtain the exclusion curve
labelled “q=0.7” in Figure 3 (left) for the case of model
1: at first glance this constraint appears weaker than
the spherical one, but it should be noted that an oblate
profile corresponds to a higher ⇢0 (about 20% higher ac-
cording to [52]). Departures from spherical symmetry are
therefore not able to weaken significantly our constraints.

Up to now we have fixed the scale radius, galactocen-
tric distance and local circular velocity to the respective
fiducial values, r

s

= 20 kpc, R0 = 8.0 kpc, v0 = 230
km/s. These astrophysical parameters, whose uncertain-
ties are sizeable, a↵ect in distinct ways our calculations.
The scale radius r

s

, for instance, sets the concentration
of the DM profile; the smaller r

s

the larger the DM con-
tribution to the rotation curve. On the other hand, a
smaller R0 shrinks the bulge and the disk leading to an
increase in the bulge central density to produce the same
optical depth; however, a smaller R0 also leads to a less
constraining v

c

data set so that overall the larger R0

the more aggressive our DM constraints. The local cir-
cular velocity v0, instead, sets essentially the plateau of
the rotation curve and thus tighter constraints result for
smaller v0.

In view of these considerations and using the ranges for
r
s

, R0 and v0 outlined in Sections II and IV (r
s

= 20+15
�10

kpc, R0 = 8.0± 0.5 kpc, v0 = 230± 30 km/s), we define
three astrophysical setups: (i) conservative, with r

s

= 35
kpc, R0 = 7.5 kpc, v0 = 260 km/s; (ii) mean, with
r
s

= 20 kpc, R0 = 8.0 kpc, v0 = 230 km/s; and (iii)

aggressive, with r
s

= 10 kpc, R0 = 8.5 kpc, v0 = 200
km/s. The mean configuration was used in Figures 2
and 3. Figure 4 shows the e↵ect of adopting the con-
servative or aggressive setups on the derived DM upper
limits for the generalised NFW profile. For simplicity
we only show the upper limits encompassed by all mod-
els, instead of individual constraints. We see from this
Figure that, for reasonable local DM densities, an NFW
profile in line with the findings of numerical simulations
can only be (barely) excluded at the expenses of push-
ing some astrophysical parameters to somewhat extreme
values (in particular v0 = 200 km/s). We are thus led to
the conclusion that the results of Ref. [31] do not hold,
given the available microlensing and dynamical data and
our present knowledge on astrophysical parameters such
as r

s

, R0 or v0.

NFW
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mean
aggressive
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FIG. 4: The bracketing of the 2� upper limits on the Dark
Matter distribution parameters ⇢0 and ↵ for the generalised
NFW profile and three astrophysical setups: conservative
(dashed; rs = 35 kpc, R0 = 7.5 kpc, v0 = 260 km/s), mean
(solid; rs = 20 kpc, R0 = 8.0 kpc, v0 = 230 km/s) and aggres-
sive (dotted; rs = 10 kpc, R0 = 8.5 kpc, v0 = 200 km/s). The
two lines for each setup encompass the upper limits set using
the baryonic models 1–5. In particular, the mean shadowed
area as well as the shadowed rectangle are the same as in the
left frame of Figure 3.

B. Determination of (⇢0,↵)

Models 1–4 include no gas component, which in prin-
ciple makes the corresponding exclusion curves in Figure
3 conservative. Model 5, instead, includes a gas disk and
therefore we can go one step further and ask which DM
parameters (⇢0,↵) provide the best fit to the measured
rotation curve.
The results of this fitting procedure are shown by the

contours (corresponding to ��2 = 2.30, 6.18 for a two-
parameters fit) in Figure 5: for DM parameters inside
the contours, model 5 manages to explain both the mi-
crolensing optical depth towards the bulge and the rota-
tion curve of our Galaxy. It is interesting (and reassur-
ing) that the contours fall nicely on top of the expected
ranges indicated by the shadowed rectangles. In partic-
ular, we find

⇢0 = 0.20� 0.55 GeV/cm3 (16)

at 1� for both generalised NFW and Einasto, which is
consistent with previous estimates obtained with di↵er-
ent techniques [42, 51].
We have also tested the adiabatic contraction model

of Ref. [57] (outlined in Section II and equation (8)) in
the case of the NFW profile. Using once again model

Ullio, Catena 2009

Figure 6: Marginal posterior pdf for the local Dark Matter density.Top left panel: assuming an Einasto
profile and applying all the constraints. Top right panel: assuming an Einasto profile and applying
di!erent subsets of constraints. Global constraints include M(< 50kpc), M(< 100kpc) and "|z|<1.1kpc.
Tracers constraints include the local standard of rest data, the terminal velocities and data referring to
the high mass star forming regions. Bottom left panel: assuming a NFW profile and applying all the
constraints. Bottom right panel: assuming a Burkert profile and applying all the constraints. Curves
and bars have the same meaning as in the previous plots.
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Abstract

We present a novel study on the problem of constructing mass models for the

Milky Way, concentrating on features regarding the dark matter halo component.

We have considered a variegated sample of dynamical observables for the Galaxy,

including several results which have appeared recently, and studied a 7- or 8-

dimensional parameter space - defining the Galaxy model - by implementing a

Bayesian approach to the parameter estimation based on a Markov Chain Monte

Carlo method. The main result of this analysis is a novel determination of the

local dark matter halo density which, assuming spherical symmetry and either an

Einasto or an NFW density profile is found to be around 0.39 GeV cm!3 with a 1-!

error bar of about 7%; more precisely we find a "DM (R0) = 0.385±0.027GeV cm!3

for the Einasto profile and "DM (R0) = 0.389±0.025GeV cm!3 for the NFW. This

is in contrast to the standard assumption that "DM(R0) is about 0.3 GeV cm!3

with an uncertainty of a factor of 2 to 3. A very precise determination of the

local halo density is very important for interpreting direct dark matter detection

experiments. Indeed the results we produced, together with the recent accurate

determination of the local circular velocity, should be very useful to considerably

narrow astrophysical uncertainties on direct dark matter detection.

aEmail: catena@sissa.it
bEmail: ullio@sissa.it
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the dispersion. Errors in quantities which are calculated
using the fitted parameters are computed by considering
propagation through the corresponding equations.

5. The Best-Fit Galactic Parameters and

Rotation Curve

Table 5.2 shows the best-fit parameters for individual
mass components of the Galaxy, and figures 5 and 6 show
the calculated rotation curves from these parameters.

5.1. Radii and Masses of the Bulge and Disk

The scale radius, i.e. the half-projected-mass radius,
ab = 522 pc, and the total mass Mb = 1.652! 1010M! of
the bulge are consistent with those given in the literature.
The disk scale radius ad = 3.19 kpc is within the range of
often quoted values, and the disk mass of is Md = 3.41!
1010M!. The bulge-to-disk mass ratio is Mb/Md = 0.48.
This ratio is closer to that for Sbc galaxies: it is 1.0 for Sb
and 0.38 for Sbc galaxies (Koeppen and Arimoto 1997).

5.2. Dark halo radius and density

The best fit scale radius of the dark halo was obtained
to be

h = 12.53± 0.88 kpc, (20)

and the scale (representative) density

!0 = (1.06± 0.14)! 10"2M!pc"3 (21)

or

!0 = 0.403± 0.051 GeV cm"3, (22)

which give the least " value of

" = 9.6 km s"1 (23)

The local value near the Sun at R = 8 kpc is estimated
to be

!!0 = (6.12± 0.80)! 10"3M! pc"3, (24)

or

!!0 = 0.235± 0.030 GeV cm"3. (25)

6. Discussion

6.1. The Grand Rotation Curve

We have constructed the grand rotation curve of the
Milky Way Galaxy using the data compiled in Paper I
as well as by adding the most recent accurate measuring
results. The grand rotation curve cover covers a wide area
from the Galactic Center to the Local Group space. The
curve well coincides with the circular velocity curve by
Xue et al. (2008) from 7.5 to 55 kpc.

By the least-squares fitting to the thus obtained ro-
tation curve within the boundary of the Milky Way at
R " 400 kpc, the parameters of the three mass compo-
nents, the de Vaucouleurs bulge, exponential disk and
dark halo with NFW profile, were determined at high ac-
curacy.

The fitting was obtained more quantitatively and ac-
curately compared to our earlier works (Paper I, II) by
removing the artificial assumption of the critical radius at
which the dark halo contribution becomes equal to that
from the disk. The resulting fitting parameters are listed
in table 5.2, and the fitted rotation curve is shown in fig-
ures 5 and 6.

6.2. The Best-Fit Rotation Curve

In the linear representation in figure 5, the calculated
rotation curve well reproduces the observed data, except
for the wavy and bumpy behaviors, which are attributable
to local rings and/or arm structures as discussed in Paper
I. The fitting seems satisfactory almost equally both in the
two cases with and without including the dark halo. In
other words, it is di!cult to discuss the dark halo problem
using the current rotation curves up to R " 20# 30 kpc.

Obviously the logarithmic expression in figure 6 makes
it much easier to discriminate the dark halo contribution.
Comparison of figures 5 and 6 demonstrates how the grand
rotation curve is e!cient and essential to discuss the dark
halo in the Milky Way. The NFW model appears to re-
produce the observations su!ciently well within the data
scatter.

Another interesting fact is that the most inner part at
R<0.2 kpc systematically deviates from the observations:
the observations more rapidly decrease toward the nucleus
than the model. This indicates that the de Vaucouleurs
law may not be the best expression of the innermost mass
distributione.

6.3. The Galactic Parameters

Table 5.2 summarizes the obtained parameters by the
present analysis, and figures 5 and 6 show the fitted ro-
tation curves. The parameters for the bulge is not much
di"erent from the current works, because the correspond-
ing rotation profile at R" 1 kpc has a steep peak and the
least square fitting is more independent and e"ective com-
pared to the fit to other extended components like the disk
and halo. The total mass of the bulge and disk system,
Mb+d =Mb+Md =5.06!1010M!, is larger than the dark
mass Mh(R$R0)" 2.75!1010M! inside the solar circle.
The bulge-to-disk mass ratio was found to be 0.48 is closer
to that for Sbc (0.38: Koeppen and Arimoto (1997)). Our
Galaxy may be, thus, a slightly late Sb galaxy.

We here confirm that the total mass of the bulge, disk
and the dark halo within the solar circle Mb+d +Mh(R $
R0) = 7.8! 1010M! % MG. is comparable to the simple
spherical mass estimate for V0 = 200 km s"1at R0 = 8
kpc, MG =R0V 2

0 /G=7.44!1010M!. The presently larger
value is mainly due to the disk e"ect, and partly due to
extended bulge and disk components beyond the solar cir-
cle.

Xue et al. (2008) obtained total mass of 4.0 ± 0.7 !
1011M! within R = 60 kpc, which corresponds to 3.6!
1011M! for V0 =200 km s"1. In our fitting result, the total
mass within 60 kpc is calculated to be 2.4±0.4!1011M!,
and is consistent with their value within the error.

Sofue 2011
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Fig. 5. Least-squares fit by bulge, disk and dark halo to the grand rotation curve. Thick line represents the fitted rotation curve,
and thin lines show individual contributions from bulge, disk and halo. Observed velocities V (Ri) are shown by open circles, and
the most recent accurate results from VERA (Honma et al. 2007; Oh et al. 2010) are shown by squares.
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Fig. 6. Same as figure 5, but in logarithmic scaling displaying up to 1 Mpc. The dark halo is satisfactorily fitted by the NFW
model. This figure demonstrates that a grand rotation curve up to ! 1 Mpc is essential in order to quantitatively analyze the dark
halo.

sion measure is much smaller than the observed value
of ! "10!2pc cm2 toward the North Galactic Pole by
ROSAT (Sidher et al. 1999; McCammon et al. 2002).
Hence, it is possible that the apparently ’missing’ baryons
are in the form of hot halo gas, and are already ’seen’ in
the ROSAT X-ray background emission, sharing its small
portion.
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Expect even better at  VERA completion and 
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The most direct method, requiring only local 
measurements of the disk contribution and the 
slope of rotation curve at the Sun’s distance. 
Now even more precise with preliminary VERA: 
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Rescaled astrophysics factor

Astrophysics-independent approach
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Figure 14: Astrophysics independent comparison of CoGeNT and DAMA modulation amplitudes.

4.3.2 Summary of Halo-Independent Comparisons

A direct comparison of the modulated amplitude allows us to make interesting comparisons

between di↵erent experiments. The most direct, to CDMS-Ge, shows that the modulation is

compatible with CDMS, but only if the modulation is nearly 100%. As a consequence, the

modulation should be easily apparent in the CDMS data.

Ultimately, while there is a rough agreement between the size of the CoGeNT modulation

and the DAMA modulation, the energy range over which the modulation is spread seems

in conflict with previous interpretations [35] invoking a high Q
Na

, without disregarding a

modulation in an energy range which is statistically as significant as in the lower energy

range.

Indeed, as expected, the presence of modulation in the high energy range brings about

the greatest tensions overall. The absence of a signal at CDMS-Si requires the signal to be

highly modulated, while XENON100 should have seen a signal unless L
eff

is significantly

smaller than the measurements of [50].

Such comparisons are only in the context of SI scattering proportional to A2. Invoking

interference between protons and neutrons to alleviate XENON100 constraints would exacer-

bate tensions with CDMS-Si, and likely cannot address these questions. Other models, such

as SD couplings or iDM would fall outside this analysis, however.

Clearly, if the modulation in the high energy regime persists, any interpretation in terms

of spin-independent elastic scattering will be challenging.

5. Conclusions

The search for dark matter is a central element of modern astrophysics, modern cosmology

and particle physics. The discovery of particle dark matter is of such importance that any

claim must be corroborated by another experiment, and within a single experiment, before

it can be believed. The presence of modulation of events in the CoGeNT experiment makes

22
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Figure 7. Measured values of �g̃(vmin) from DAMA and CoGeNT compared to the exclusion limits
from other experiments. For the upper panels, no assumptions on the modulation fraction have
been made, for the lower panels, we assume that the modulation fraction is bounded by the red
line in the right panel of Figure 8. Even for weak assumptions on the modulation fraction, there
is significant tension between the di↵erent experiments, most notably it is impossible to find a DM
velocity distribution that describes the observed modulations and evades the bound from XENON100.

constrain �g̃(vmin). We consider therefore whether it is reasonable to make stronger assump-
tions about the modulation fraction and thus obtain more stringent experimental bounds.

5.1 Constraining the modulation fraction

We will now discuss what can be reasonably assumed about the modulation fraction given
known models of the galactic halo, and how it can be constrained once the velocity integral
has been measured. The predicted modulation fraction for various halo models are shown in
the left panel of Figure 8. We observe that for most values of vmin it is significantly below
100%. Note that a modulation fraction of 100% implies that no signal is observed at t0+0.5
yr, which is possible only if vmin > vesc + vE(t0 + 0.5 yr).
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FIG. 7: A comparison of measurements and constraints of the astrophysical observable g(v) [see

relevant expressions in (1),(2),(8)] for m
�

= 10 GeV: CoGeNT (blue), CDMS-Si (red, solid),

CDMS-Ge (green, dot-dashed), XENON10 - MIN L
eff

(purple, dashed), and XENON10 - MED

L
eff

(gray, dotted). CoGeNT values assume the events arise from elastically scattering dark

matter, while for other experiments, regions above and to the right of the lines are excluded at

90% confidence. The jagged features of the CDMS-Ge curve arise from the presence of the two

detected events.

how one quantifies a constraint. However, one can exploit the fact that g is a monotonically

decreasing function, so for our constraints, we simply assume that g(v) is constant below

v, and assume a Poisson limit on the integral of (8) from the experimental threshold to v.

However, other techniques could also be used, see the Appendix for more details.

This approach with a g � v plot has numerous advantages over the traditional m
�

� �

plots. It makes manifest what the relationships between the di↵erent experiments are in

terms of what v
min

-space is probed, and shows (for a given mass) whether tensions exist.

Moreover, the quantity g(v) is extremely tightly linked to the data, with only a rescaling

by form factor as in (8). Thus, unlike m
�

� � plots, which have a tremendous amount of

processing in them, this provides a direct comparison of experimental results on the same
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Astrophysics-independent approach

Recoil energy
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to impart recoil energy ER
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f(v)
v

d3v

Rescaled astrophysics factor 
common to all experiments

Maxwellian
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min
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v
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Extract ῆ(vmin) from dR/dER (both measurements and upper limits).

Astrophysics-independent approach

Fox, Liu, Weiner 2011

Alternative approach: solve the recoil rate equation for f (v)
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Fox, Kribs, Tait 2010

Requires derivatives of experimentally measured dR/dER, 
which is a notoriously unstable procedure.

⌘̃(vmin) =
2µ2

�p

A2F 2(ER)

dR

dER
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All these ideas refer to the recoil spectrum dR/dER, which is 
not accessible to experiments because of energy-dependent 
efficiencies and energy resolution, and the fact that often only 
part of the recoil energy is actually measured.

Astrophysics-independent approach

Recoil energyMeasured energy Effective energy 
response function

dR

dE
=

Z 1

0
G(E,ER)

dR

dER
dER

Use quantities accessible to experiments, i.e., include effective 
energy response function. Gondolo Gelmini 1202.6359
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Astrophysics-independent approach

Change variables:

Minimum WIMP speed
to impart recoil energy ER

Astrophysics factor, same for all  
direct detection experiments

Gondolo Gelmini 1202.6359; Del Nobile, Gelmini, Gondolo, Huh 1304.6183,1306.5273

Include effective energy response function.

And integrate over measured energy intervals:

vmin =

s
mTER

2µ2
T

����� ⌘̃(vmin) = �ref
⇢�
m�

Z 1

vmin

f(v)

v
d3v

Constant reference cross section

R[E1,E2] =

Z E2

E1

dE
dR

dE
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R =

Z 1

0
dvR(v) ⌘̃(v)

Astrophysics-independent approach

Gondolo Gelmini 1202.6359; Del Nobile, Gelmini, Gondolo, Huh 1304.6183,1306.5273

Include effective energy response function.

Response function

• Every experiment is sensitive to a “window in velocity space” 
given by the response function.

R[E1,E2](v) =

Z E2

E1

dE
@

@v

Z 2µ2
T v2/mT

0
dER G(E,ER)

v2

�refmT

d�

dER

Measured rate Rescaled astrophysics factor

• The measured rate is a “weighted average” of the astrophysical factor.
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Astrophysics-independent approach

Del Nobile, Gelmini, Gondolo, Huh 2013
Examples of response functions
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Figure 1: Response functions v�r
min

R
[E0

1

,E0
2

]

(v
min

) with arbitrary normalization
for several detected energy intervals and detectors for SI interactions (gray
dashed line) and for MDM.

XENON10. We take the data from Ref. [6] and use only S2 without
S1/S2 discrimination. The exposure is 1.2 kg ⇥ 12.5 days. We con-
sider the 32 events within the 1.4 keV–10 keV acceptance box in the
Phys. Rev. Lett. article (not the arXiv preprint, which had an S2 window
cut). We take a conservative acceptance of 0.94. For the energy resolution,
we convert the quoted energies into number of electrons ne = EQy(E), with
Qy(E) as in Eq. 1 of [6] with k = 0.11, and use the Poisson fluctuation
formula in Eq. (15) of [66].

In Fig. 1 we illustrate the e↵ect of various choices of r on the response
function v�r

min

R
[E0

1

,E0
2

]

(v
min

) for MDM for several energy bins and experiments:
the first energy bin of DAMA/LIBRA [1], 2 to 2.5 keVee, the 7 to 9 keV
CoGeNT-II used for the Si data [5] and the first, 0.43 to 1.11 keVee, and
last, 2.49 to 3.18 keVee, of CoGeNT [2, 3]. We also include RSI

[E0
1

,E0
2

]

(v
min

)

for the standard SI interaction (gray dashed line) for a comparison. The
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Astrophysics-independent approach

Measure or bound astrophysics factor in velocity interval [v1,v2]

⌘̃[v1,v2] =
Rmeasured

[E1,E2]R1
0 R[E1,E2](vmin) dvmin

⌘̃(v) <
Rupper limit

[E1,E2]R v
0 R[E1,E2](vmin) dvmin

Gondolo Gelmini 1202.6359; Del Nobile, Gelmini, Gondolo, Huh 1304.6183,1306.5273

Include effective energy response function.
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Astrophysics-independent approach

Still depends on 
particle model

Halo modifications 
alone cannot save 
the SI signal regions 
from the Xe bounds

Del Nobile, Gelmini, Gondolo, Huh 2013

Spin-independent interactions ��A = A2��pµ2
�A/µ2

�p

CDMS-Si event rate 
is similar to annual 
modulated rates
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Notice that the 
CDMS-Si events lie 
“below” the CoGeNT/
DAMA modulation 
amplitudes

Del Nobile, Gelmini, Gondolo, Huh 2013

Isospin-violating dark matter 

Dark matter coupled 
differently to protons 
and neutrons may 
have a chance

Astrophysics-independent approach
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Astrophysics-independent approach

Del Nobile, Gelmini, Gondolo, Huh 2013

Anomalous magnetic moment dark matter

Still depends on 
particle model

Halo modifications 
alone cannot save the 
MDM signal regions 
from the Xe bounds

CDMS-Si event rate 
is similar to yearly 
modulated rates
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Conclusions

• New generalized astrophysics-independent method to analyze 
direct detection data.

• Results depend on particle model: mass and type of interaction.

• Tension between XENON upper limits and CoGeNT/DAMA 
modulation amplitudes

• General tension: CDMS-Si events occur at a rate comparable 
to the DAMA and CoGeNT annual modulation amplitudes 
(large modulation?)
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