


Unknown unknowns 
and DM

• We have enough uncertainties about DM

• What kinds of signals or constraints can we 
make that do not depend on so many 
things?



Plan

• Robust signals of DM (what is the DM is 
not “the” DM?)

• Robust limits on DM (removing 
astrophysics)



Robust signals

• Why should we care about a WIMP that is 
not “the” DM?

• (Anthropic multiverse landscape 
discussion here)

• Already know 5 stable fundamental 
particles that are not “the” DM

• Know 253+34 composite particles that 
are cosmologically stable



what about 
stable particles 

here?



what can we learn from 
simple scaling 
arguments?



e.g. Duda & Gelmini 
0102200









The heuristic argument that subdominant 
WIMPs have the same scattering rate as 

dominant WIMPs is limited

that said, the failure of the argument goes 
both ways (up or down) so the qualitative 

point that subdominant WIMPs are 
detectable seems robust









Figure 1: 90% confidence level (CDMS-II, XENON100, DAMA, CoGeNT, LEP, Tevatron)
and 5σ reach (LHC) plots for direct detection and collider experiments for DMDM with
magnetic dipole moment. The dash line corresponds to the 90% confidence level plot for the
low threshold CDMS analysis.

5 Discussion and Conclusion

We have considered a dark matter particle which interacts with the Standard Model through
an electric or magnetic dipole moment. This is an interesting portal connecting the dark
sector to ordinary matter, mediated by the massless photon. As such, it is also one of the
most challenging cases for colliders, because its rate drops rapidly with the mass of the
WIMP.

We have considered updated direct detection bounds from CDMS, the thermal relic
density, and collider constraints from LEP II and the Tevatron. We have also considered
the long-term LHC prospects for a discovery in the channel of ψψ̄+ jet. Our results are
summarized in Figures 1 and 2.

For masses between a few to 100 GeV, direct detection constraints are already quite
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FIG. 1: The weighted-atomic mass and weighted-magnetic
dipole moment (Eq. (2) in units of the nuclear magneton µN

of various dark matter search targets. (C,O and Ca,Ar have
been shifted slightly so as not to overlay each other.)

II. MAGNETIC INELASTIC DARK MATTER

If one wants to understand how DAMA could have a
positive signal while other experiments do not, there are
many directions one can pursue. Narrowing the focus
on nuclear recoils induced by WIMP collisions, we must
examine what the di↵erences are between NaI and the
other existing targets.

The original iDM proposal focused on a single dimen-
sion, namely the kinematical properties of iodine. As it
is much heavier than many targets, in particular germa-
nium, this allowed a significant departure from conven-
tional elastic expectations. The fact that DAMA focuses
on relatively high energies (⇠ 20+ keV

R

o↵ iodine as-
suming the standard quenching factor qI = 0.08) and
modulation gave additional changes when comparing to
elastic scattering limits, but ultimately the key distinc-
tion was the kinematical change of a heavy target.

This simple one-dimensional analysis is important, but
iodine’s magnetic properties also distinguish it from most
other target nuclei. The quantity that we will see is most
relevant is the weighted dipole moment

µ̄ =

0

@
X

isotope

fiµ
2

i
Si + 1

Si

1

A
1/2

, (2)

where fi, µi, and Si are the elemental abundance, nu-
clear magnetic moment, and spin, respectively, of isotope
i. We show in Fig. 1 the abundance-weighted atomic
masses, and the weighted dipole moment of various tar-
get nuclei. We see that while tungsten (W) has a large
mass, its magnetic moment is rather small. Fluorine (F)
and sodium (Na) have large magnetic dipoles but are very
light. Xenon (Xe) has a couple of isotopes with apprecia-
ble dipoles, however, they are insu�cient to make it com-
petitive with iodine. The combination of large mass and

large dipole makes the iodine target used by DAMA quite
unique among the nuclear targets, with only KIMS’ [50]
cesium (Cs) target similar in its qualitative features. The
iodine dipole arises dominantly from the angular momen-
tum of unpaired protons [51], with additional contribu-
tions from the neutron and proton spin.
We are therefore led to consider models that make both

kinematical and magnetic distinctions between targets.
Since its proposal, the focus of iDM model building has
dominantly been on electrically coupled WIMPs, either
directly to charge, or to some combination of the mass
number A and the atomic number Z, such as through the
Z

0-boson. Since we wish to take advantage of the large
magnetic dipole of iodine, we instead focus on models of
magnetically-coupled inelastic dark matter (MiDM).

III. SCENARIOS FOR MIDM

The magnetic interactions of a WIMP can appear at
di↵erent orders in the multipole expansion. The first
order, namely a magnetic monopole, is interesting but
problematic [69]. Instead we choose to focus on the case
of a magnetic dipole which has a sizable interaction with
the magnetic dipole of iodine. However, a magnetically
interacting WIMP also feels a velocity-suppressed inter-
action with the charge of the nucleus, thus one cannot
simply consider scattering o↵ magnetic moments. For
iodine the contribution from Z

2

v

2 is subdominant to
µ

2, but for magnetically-challenged nuclei, such as W,
or even Xe, the charge coupling can dominate the scat-
tering.

A. Dipole-Dipole Inelastic Scattering

The idea that the WIMP could have a magnetic dipole
has been long studied (see., e.g., [53–58].) The dipole
operator is naturally o↵-diagonal [44, 59], and mediates
transitions between the ground state � and the excited
state �

⇤ ,

L �
⇣
µ�

2

⌘
�̄

⇤
�µ⌫F

µ⌫
�+ c.c. (3)

where µ� is the dipole strength and �µ⌫ = i[�µ, �⌫ ]/2.
[55] considered such transitions in the early universe for
dark matter in the range of few keV� fewMeV. [60] con-
sidered inelastic WIMP dipole-nuclear charge scattering
to explain DAMA. Such an interaction, however, does
not significantly change the relative strength of the vari-
ous experiments compared with charge-charge (i.e., vec-
tor current) interactions, and the viability of the scenario
found in [60] was largely because the significant con-
straints from the CRESST experiment were ignored. [44]
considered a related idea, studying the parameter space
under the assumption of an iDM that couples to pro-
ton nuclear spin exclusively, although no particle physics
model generating the required interaction was found.
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FIG. 5: Spectrum of events at CDMS (Ge) for vesc = 500 km/s (from lowest to highest signal)

mχ = 120, 150, 180, 250 GeV. Curves for the other benchmark points are zero.

FIG. 6: Spectrum of events at XENON for vesc = 500 km/s (from lowest signal to highest signal)

mχ = 70, 90, 120, 150, 180, 250 GeV. The dashed line is the 70 GeV benchmark.

KIMS rates are well below their measured value, which includes background, but often

only a factor of three or so smaller. As a consequence an improvement in KIMS has a strong

chance to test this scenario. We show the iodine spectrum (which is similar to the xenon

spectrum) in figure 7. The signal range is dominantly within the KIMS scope.

As a side note, it is often observed that the DAMA unmodulated spectrum does not rise

dramatically in the region where the modulation is present. In iDM scenario, this feature

is not problematic because the DAMA unmodulated spectrum is expected to go to zero at

low energies, similar to figure 7.

Finally, we consider the situation at CRESST. Although the event rates are generally
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Here µN = 0.16 GeV�1 is the nuclear magneton. This dipole strength corresponds to an

annihilation rate into gamma rays of �(�� ! ��) = 2.5⇥ 10�29 cm3
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where ⇢

0

⇡ 0.4 GeV/cm3 is the local density of a WIMP comprising all of the dark matter.

Such a scaling phenomenon is well known in many WIMP models, that when s-channel

annihilation diagrams are directly linked to t-channel scattering, the lower relic abundance

is compensated by the higher scattering cross section (see, e.g., [15])1.

A possibly more remarkable scaling is associated with the �� and �Z signatures. The
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Again, if the WIMP is thermal, the �� signal is independent of the size of the dipole, even

if the fraction of the dark matter is much smaller. There are important caveats to this,

as we shall discuss below, but they do not change the fact that even for very large dipoles

(yielding under-abundant dark matter) the signals are at the same level as that of a thermal

dominant WIMP2.

However, such a scenario is excluded unless � = m

�

⇤ � m

� ⇠> 1/2m
�

v

2 and the direct

detection scattering is either inelastic (if the excited state is accessible) or not present (if it

is not). Intriguingly, the size of the signals would be appropriate for DAMA (via the MiDM

scenario) and approximately the recently reported 130 GeV signal, given the astrophysical

uncertainties.

1 We do not consider the implications of a CP violating inelastic electric dipole moment here. Due to a

velocity-unsuppressed dipole-charge scattering (see e.g., [2]), the constraints in [14] constrain the dipole

µ� . 10�8µN . At these levels the indirect signals would be negligible, unless the excited state is inacces-

sible.
2 Once µ� is larger enough this scaling ceases because the annihilation to gauge bosons dominates. For

130 GeV this occurs at µ� ⇠
>

.05µN . At this size, we shall see that collider constraints would exclude the

scenario already.

6

Here µN = 0.16 GeV�1 is the nuclear magneton. This dipole strength corresponds to an

annihilation rate into gamma rays of �(�� ! ��) = 2.5⇥ 10�29 cm3

/s (1.6⇥ 10�28 cm3

/s ).

The collision rate in direct detection experiments scales as n

�

�

�N

, thus

R

DD

/ n

�

µ

2

�

=
⇢

0

m

�

µ

2

thermal

µ

2

�

⇥ µ

2

�

=
⇢

0

m

�

µ

2

thermal

. (6)

where ⇢

0

⇡ 0.4 GeV/cm3 is the local density of a WIMP comprising all of the dark matter.

Such a scaling phenomenon is well known in many WIMP models, that when s-channel

annihilation diagrams are directly linked to t-channel scattering, the lower relic abundance

is compensated by the higher scattering cross section (see, e.g., [15])1.

A possibly more remarkable scaling is associated with the �� and �Z signatures. The

cross section for these processes is proportional to µ

4

�

. Thus, the indirect �-ray rate scales

as

R

��

/ n

2

�

µ

4

�

=
⇢

2

0

m

2

�

µ

4

thermal

µ

4

�

⇥ µ

4

�

=
⇢

2

0

m

2

�

µ

4

thermal

. (7)

Again, if the WIMP is thermal, the �� signal is independent of the size of the dipole, even

if the fraction of the dark matter is much smaller. There are important caveats to this,

as we shall discuss below, but they do not change the fact that even for very large dipoles

(yielding under-abundant dark matter) the signals are at the same level as that of a thermal

dominant WIMP2.

However, such a scenario is excluded unless � = m

�

⇤ � m

� ⇠> 1/2m
�

v

2 and the direct

detection scattering is either inelastic (if the excited state is accessible) or not present (if it

is not). Intriguingly, the size of the signals would be appropriate for DAMA (via the MiDM

scenario) and approximately the recently reported 130 GeV signal, given the astrophysical

uncertainties.

1 We do not consider the implications of a CP violating inelastic electric dipole moment here. Due to a

velocity-unsuppressed dipole-charge scattering (see e.g., [2]), the constraints in [14] constrain the dipole

µ� . 10�8µN . At these levels the indirect signals would be negligible, unless the excited state is inacces-

sible.
2 Once µ� is larger enough this scaling ceases because the annihilation to gauge bosons dominates. For

130 GeV this occurs at µ� ⇠
>

.05µN . At this size, we shall see that collider constraints would exclude the

scenario already.

6

if an MiDM-like model exists, its 
signal sizes are pretty robust



• Searches for DM are more robust than 
you’d have guessed

• DD signals pretty generic for stable WIMPs

• Sometimes ID signals (esp gamma gamma) 
are robust



robust constraints on 
DM



no shortage of signals
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Figure 1: Experimental model-independent residual rate of the single-hit scintillation
events, measured by DAMA/LIBRA,1,2,3,4,5,6 in the (2 – 4), (2 – 5) and (2 – 6)
keV energy intervals as a function of the time. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment [15]. The
experimental points present the errors as vertical bars and the associated time bin
width as horizontal bars. The superimposed curves are the cosinusoidal functions
behaviors A cosω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained
by best fit over the whole data including also the exposure previously collected by
the former DAMA/NaI experiment: cumulative exposure is 1.17 ton × yr (see also
ref. [15] and refs. therein). The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2nd), while the dotted vertical lines correspond to
the minimum. See text.
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FIG. 1. (color online). Comparison of the energy spectra
for the candidate events and background estimates, co-added
over the 8 detectors used in this analysis. The observed event
rate (error bars) agrees well with the electron-recoil back-
ground estimate (solid), which is a sum of the contributions
from zero-charge events (dashed), surface events (+), bulk
events (dash-dotted), and the 1.3 keV line (dotted). The se-
lection efficiencies have been applied to the background es-
timates for direct comparison with the observed rate, which
does not include a correction for the nuclear-recoil acceptance.
The inset shows the measured nuclear-recoil acceptance effi-
ciency, averaged over all detectors.

all selection cuts is shown in Fig. 1. Although the shape
of the observed spectrum is consistent with a WIMP sig-
nal, we expect that a significant number of the candidates
are due to unrejected electron recoils. Figure 2 shows
the distribution of candidates in the ionization-yield ver-
sus recoil-energy plane for T1Z5. Several populations of
events which can leak into the signal region at low energy
are apparent. For each population described below, we
measure the rate and energy spectrum in sidebands where
the contribution from low-mass WIMPs would be negligi-
ble, and extrapolate the observed spectrum to lower ener-
gies to estimate the leakage. The systematic errors intro-
duced by these extrapolations are potentially large and
are difficult to quantify. However, as shown in Fig. 1 and
discussed below, these simple extrapolations can plausi-
bly explain all the observed candidates.

Events with ionization energies consistent with noise
are seen below the nuclear-recoil band. Most or all
of these “zero-charge” events arise from electron recoils
near the edge of the detector, where the charge carri-
ers can be completely collected on the cylindrical wall
rather than on the readout electrodes. At recoil energies
!10 keV, these events can be rejected using a phonon-
based fiducial-volume cut. At lower energies, reconstruc-
tion of the event radius using phonon information is un-
reliable. To maintain acceptance of low-energy nuclear
recoils, some zero-charge events are not rejected at ener-
gies "5 keV where the ionization signal for nuclear recoils
becomes comparable to noise. By extrapolating the expo-
nential spectrum observed for zero-charge events above
5 keV, we estimate that they contribute ∼50% of the
candidate events.
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FIG. 2. (color online). Events in the ionization-yield
versus recoil-energy plane for T1Z5. Events within the
(+1.25,−0.5)σ nuclear-recoil band (solid) are WIMP candi-
dates (large dots). Events outside these bands (small, dark
dots) pass all selection criteria except the ionization-energy
requirement. The widths of the band edges denote variations
between data runs. Events from the 252Cf calibration data
are also shown (small, light dots). The recoil-energy scale as-
sumes the ionization signal is consistent with a nuclear recoil,
causing electron recoils to be shifted to higher recoil energies
and lower yields.

A second source of misidentified electron recoils comes
from events interacting near the detector surfaces, where
ionization collection may be incomplete. These events
are primarily concentrated just above the nuclear-recoil
band, with an increased fraction leaking into the sig-
nal region at low energies. For recoil energies !10 keV,
nearly all such surface events can be rejected [12] be-
cause they have faster-rising phonon pulses than nuclear
recoils in the bulk of the detector. This analysis does
not use phonon timing to reject these events since the
signal-to-noise is too low for this method to be effective
for recoil energies "5 keV. Extrapolating the exponen-
tial spectrum of surface events identified above 10 keV
implies that ∼15% of the candidates are surface electron
recoils.
At recoil energies "5 keV, the primary ionization-

based discrimination breaks down as the ionization sig-
nal becomes comparable to noise even for electron recoils
with fully collected charge. Extrapolating the roughly
constant electron-recoil spectrum observed above 5 keV
indicates that ∼10% of the observed candidates arise
from leakage of this background into the signal region.
Just above threshold, there is an additional contribution
to the constant electron-recoil spectrum from the 1.3 keV
line, which leaks above the 2 keV analysis threshold since
our recoil-energy estimate assumes the ionization signal
is consistent with a nuclear recoil. The measured in-
tensity of this line at ionization yields above the signal
region indicates that the 1.3 keV line accounts for ∼10%
of the observed candidates. T1Z5 has less expected leak-
age from these fully-collected electron-recoil backgrounds
than the average detector since it has the best ionization
resolution.
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in the most conservative exclusion limits based on avail-
able data and theoretical considerations, and is consis-
tent with our neutron calibration data [32]. However,
it is in tension with the measurements of Ref. [18] be-
low ⇠ 7 keV. As discussed in [35], the rising measured
Q

y

values in this regime could be influenced by trigger
threshold bias.
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FIG. 2. The electron yield Qy of liquid xenon for nuclear re-
coils. Theoretical curves (solid and dashed) were calculated
following [28], as described in the text. Also showing mea-
surements from [18] (F), [31] (# and ⌅, uncertainty omitted
for clarity), and [32] (dash-dot curve, with ±1� contours).

We report results from a 12.5 live day exposure of the
XENON10 detector, obtained between August 23 and
September 14, 2006. This data set is distinct from the
previously reported [15–17] dark matter search data. The
di↵erence is that the present data was obtained with the
S2-sensitive trigger threshold set at the level of a single
electron.

Event selection criteria, which are summarized in Ta-
ble I, were applied as follows. A radial position r < 3 cm
was required. This central region features optimal self-
shielding by the surrounding xenon target. Discrimina-
tion of events with excessive single electron S2 noise was
obtained with a signal-to-noise cut, that required the pri-
mary pulse to represent at least 0.45 of the total area
of the event record. The energy dependence of this cut
rises monotonically from 0.94 to > 0.99 between 1.4 keV
and 10 keV. Valid single scatter events were required to
have only a single S2 pulse of size > 4 electrons. Events
in which an S1 signal was found were required to have
log10(S2/S1) within the ±3� band for elastic single scat-
ter nuclear recoils. This band was determined from the
neutron calibration data, and has been reported in a pre-
vious article [15]. Events in which no S1 signal was found
were assumed to be low-energy nuclear recoil candidates
and were retained.

TABLE I. Summary of cuts applied to 15 kg-days of dark
matter search data, corresponding acceptance for nuclear re-
coils "c and number of events remaining in the range 1.4 <
Enr  10 keV.

Cut description "c Nevts

1. event localization r < 3 cm 1.00a 125

2. signal-to-noise > 0.94 57

3. single scatter (single S2) > 0.99 37

4. ±3� nuclear recoil band > 0.99 22

5. edge (in z) event rejection 0.41b 7
a limits e↵ective target mass to 1.2 kg
b di↵erential acceptance shown in Fig. 1
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FIG. 3. (left panel) All candidate dark matter events re-
maining (⇥ and #) after the first four cuts listed in Table
I. The fifth cut is indicated by the shaded region. Events in
which an S1 was found are shown as #. The corresponding
number of electrons in the S2 signal is indicated by the inset
scale. (right panel) S2 pulse width distributions for single
scatter nuclear recoils in the top, middle and bottom third of
the detector.

The remaining events in the lowest-energy region are
shown in Fig. 3 versus their S2 pulse width �

e

. The
equivalent number of electrons is indicated by the inset
scale. A large background population of single electron
events is observed. The exact origin of this population
is uncertain, although it has been conjectured to arise
from photon scattering on impurities in the xenon [36].
Events in which an S1 signal was observed are indicated
by a circle.

We use �

e

to discriminate events in the center of the
active target from those near the top or bottom. The
right panel of Fig. 3 shows the width profiles of nuclear
recoils with known �t for three populations, defined on
the intervals 0 < z  5 cm, 5 < z  10 cm and 10 <

z  15 cm. Gaussian fits are shown to guide the eye.
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threshold in the active LXe veto, the overall prediction
is (0.31+0.22

�0.11) single scatter NRs in the 100.9 days data
sample before a S2/S1-cut, in the energy region of in-
terest and 48 kg fiducial mass, of which (0.11+0.08

�0.04) are
expected in the benchmark WIMP search region.
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FIG. 3: Observed event distribution using the discrimina-
tion parameter log10(S2b/S1), flattened by subtracting the
ER band mean, as a function of NR equivalent energy (keVnr).
All quality cuts, including those defined after unblinding, are
used. Gray points indicate the NR distribution as measured
with an 241AmBe neutron source. The WIMP search region is
defined by the energy window 8.4�44.6 keVnr (4�30PE) and
the lower bound of the software threshold S2 > 300PE (blue
dashed). The optimum interval analysis additionally uses the
99.75% rejection line from above and the 3� contour of the
NR distribution from below (green dotted). Three events fall
into this WIMP search region (red circles), with (1.8 ± 0.6)
events expected from background.

The normalized ER band, obtained by subtracting its
mean as inferred from 60Co calibration data, is well
described by a Gaussian distribution in log10(S2b/S1)
space. Gaussian leakage, dominated by the 85Kr back-
ground, is predicted from the number of background
events outside the blinded WIMP search region, taking
into account the blinding cut e�ciency and the ER re-
jection level. It is (1.14± 0.48) events in the benchmark
WIMP search region, where the error is dominated by the
statistical uncertainty in the definition of the discrimina-
tion line. Non-Gaussian (anomalous) leakage can be due
to double-scatter gamma events with one interaction in a
charge insensitive region, e.g. below the cathode, and one
in the active target volume. Such events have a lower ef-
fective S2/S1 ratio, since only one interaction contributes
to the S2, but both to the S1. Their contribution has
been estimated using 60Co calibration data, taking into
account the di↵erent exposure compared to background
data, and accounting for the fact that the background of
this data set is dominated by 85Kr which �-decays and
does not contribute to such event topologies. The spatial
distribution of leakage events for background and calibra-
tion data is similar within 10%. This is verified by Monte

Carlo simulations and by data, selecting potential leak-
age candidates by their S1 PMT hit pattern. Anomalous
leakage is estimated to give (0.56+0.21

�0.27) events, where the
uncertainty takes into account the di↵erence in the back-
ground and calibration distributions, and that the leak-
age might be overestimated because of the uncertainty
in the 85Kr concentration. In summary, the total back-
ground prediction in the WIMP search region for 99.75%
ER rejection, 100.9 days of exposure and 48 kg fiducial
mass is (1.8± 0.6) events. This expectation was verified
by unblinding the high energy sideband from 30�130PE
before unblinding the WIMP search region. The Pro-
file Likelihood analysis employs the same data and back-
ground assumptions to obtain the prediction for Gaus-
sian, non-Gaussian and neutron background for every
point in the log10(S2b/S1) parameter space.
After unblinding the pre-defined WIMP search region,

a population of events was observed that passed the S1
coincidence requirement only because of correlated elec-
tronic noise that is picked up from an external 100 kHz
source, as verified by inspection of the digitized PMT sig-
nals. These events are mostly found below the S1 analysis
threshold, with 3 events from this population leaking into
the WIMP search region close to the 4 PE lower bound.
This population can be identified and rejected with a cut
on the S1 PMT coincidence level, that takes into account
correlated pick-up noise, and by cutting on the width
of the S1 candidate. These post-unblinding cuts have a
combined acceptance of 99.75% for NRs while removing
the entire population of noise events.
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FIG. 4: Distribution of all events (gray dots) and events be-
low the 99.75% rejection line (black dots) in the TPC observed
in the 8.4 � 44.6 keVnr energy range during 100.9 live days.
All cuts are used here, including the ones introduced post-
unblinding to remove a population due to electronic noise.
The 48 kg fiducial volume (dashed, blue) and the TPC di-
mensions (gray) are also indicated.

With these additional cuts, 3 events pass all quality cri-
teria for single-scatter NRs and fall in the WIMP search
region, see Fig. 3. This observation remains unchanged
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Fig. 12. (Color online) Light yield distribution of the accepted
events, together with the expected contributions of the back-
grounds and the possible signal. The solid and dashed lines
correspond to the parameter values in M1 and M2, respec-
tively.

6.2 Significance of a Signal

As described in Section 5.1, the likelihood function can be
used to infer whether our observation can be statistically
explained by the assumed backgrounds alone. To this end,
we employ the likelihood ratio test. The result of this test
naturally depends on the best fit point in parameter space,
and we thus perform the test for both likelihood maxima
discussed above. The resulting statistical significances, at
which we can reject the background-only hypothesis, are

for M1: 4.7�
for M2: 4.2�.

In the light of this result it seems unlikely that the
backgrounds which have been considered can explain the
data, and an additional source of events is indicated.
Dark Matter particles, in the form of coherently scatter-
ing WIMPs, would be a source with suitable properties.
We note, however, that the background contributions are
still relatively large. A reduction of the overall background
level will reduce remaining uncertainties in modeling these
backgrounds and is planned for the next run of CRESST
(see Section 7).

6.3 WIMP Parameter Space

In spite of this uncertainty, it is interesting to study the
WIMP parameter space which would be compatible with
our observations. Fig. 13 shows the location of the two
likelihood maxima in the (m�,�WN)-plane, together with
the 1� and 2� confidence regions derived as described in
Section 5.1. The contours have been calculated with re-
spect to the global likelihood maximum M1. We note that
the parameters compatible with our observation are con-
sistent with the CRESST exclusion limit obtained in an
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Fig. 13. The WIMP parameter space compatible with the
CRESST results discussed here, using the background model
described in the text, together with the exclusion limits from
CDMS-II [12], XENON100 [13], and EDELWEISS-II [14], as
well as the CRESST limit obtained in an earlier run [1]. Ad-
ditionally, we show the 90% confidence regions favored by Co-
GeNT [15] and DAMA/LIBRA [16] (without and with ion
channeling). The CRESST contours have been calculated with
respect to the global likelihood maximum M1.

earlier run [1], but in considerable tension with the limits
published by the CDMS-II [12] and XENON100 [13] ex-
periments. The parameter regions compatible with the ob-
servation of DAMA/LIBRA (regions taken from [16]) and
CoGeNT [15] are located somewhat outside the CRESST
region.

7 Future Developments

Several detector improvements aimed at a reduction of the
overall background level are currently being implemented.
The most important one addresses the reduction of the al-
pha and lead recoil backgrounds. The bronze clamps hold-
ing the target crystal were identified as the source of these
two types of backgrounds. They will be replaced by clamps
with a substantially lower level of contamination. A sig-
nificant reduction of this background would evidently re-
duce the overall uncertainties of our background models
and allow for a much more reliable identification of the
properties of a possible signal.

Another modification addresses the neutron back-
ground. An additional layer of polyethylene shielding
(PE), installed inside the vacuum can of the cryostat, will
complement the present neutron PE shielding which is
located outside the lead and copper shieldings.

The last background discussed in this work is the leak-
age from the e/�-band. Most of these background events
are due to internal contaminations of the target crystals
so that the search for alternative, cleaner materials and/or
production procedures is of high importance. The mate-
rial ZnWO4, already tested in this run, is a promising
candidate in this respect.



WANT MODEL INDEPENDENT 
CONSTRAINTS

Figure 2: Velocity distribution functions: the left panels are in the host halo’s restframe, the
right panels in the restframe of the Earth on June 2nd, the peak of the Earth’s velocity relative
to Galactic DM halo. The solid red line is the distribution for all particles in a 1 kpc wide shell
centered at 8.5 kpc, the light and dark green shaded regions denote the 68% scatter around the
median and the minimum and maximum values over the 100 sample spheres, and the dotted line
represents the best-fitting Maxwell-Boltzmann distribution.

are independent of location and persistent in time and hence reflect the detailed assembly
history of the host halo, rather than individual streams or subhalos. The extrema of the
sub-sample distributions, however, exhibit numerous distinctive narrow spikes at certain
velocities, and these are due to just such discrete structures. Note that although only
a small fraction of sample spheres exhibits such spikes, they are clearly present in some
spheres in all three simulations. The Galilean transform into the Earth’s rest frame washes
out most of the broad bumps, but the spikes remain visible, especially in the high veloc-
ity tails, where they can profoundly a�ect the scattering rates for inelastic and light DM
models (see Section 4).

– 6 –
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could DAMA come 
from Iodine?

Experiments with iondine: KIMS, COUPP



KIMS

KIMS  NR vs DAMA  AM�

KIMS Nuclear recoil event rate � DAMA Modulation amplitude rate�

Modulation cannot be bigger than 100% ! 
# Iodine recoil cannot explain both KIMS and DAMA even with  
    enhanced modulation such as iDM models�

DAMA 2-4 keV� 0.0183± 0.0022

< 0.0098 counts/kg/day/keV (90% C.L.)

KIMS 3.6-5.8 keV�
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KIMS

• KIMS potentially interesting constraints

• But concern about calibration/energy 
resolution/quenching factor - is this a limit 
on the fitting model or on a WIMP signal?

• Modulation analysis should be instructive



COUPP
COUPP-4 at SNOLAB

I 17.4 live-days at 7 keV threshold
I 21.9 live-days at 10 keV threshold
I 97.3 live-days at 15 keV threshold ended June 16
I 79% acceptance for nuclear recoils after all cuts (including

fiducial and acoustic)
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Commissioning data, 37 C

Physics data, 34 C

Target exposure ~8 1 bubble events
1 2 bubble event

0.026 ± 0.015 (90% est) cpd/kg 
(no bubble efficiency corr)

For 100% DAMA modulation expect .
0.037±.007 (90% )

Talk by H.Lippincott TAUP 2011



DAMA-I

• Iodine rate from DAMA is marginal, but 
consistent for ~ O(1) modulated signal. 

• Improvements in COUPP can definitively 
exclude the I interpretation



Could CoGeNT be 
dark matter?

Experiments with Ge and low threshold: CDMS
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FIG. 8. (left) Comparison of the observed rate in CoGeNT (red, squares), CDMS coadded over all detectors (blue, circles),
and CDMS detector T1Z5 (black, triangles), which sets the strongest constraints in the 5-10 GeV/c2 mass range. All data are
corrected for the nuclear-recoil acceptance efficiencies. The CoGeNT data shown have the L-shell electron capture peaks and
a constant background subtracted [29]. The CDMS ionization spectra are based on the recoil energy reconstructed from the
phonon signal alone and have been converted to ionization energy using the ionization yields shown as the solid black curve in
Fig 6. (right) Comparison of the same data versus recoil energy. The CoGeNT data have been converted to recoil energy using
the quenching factor assumed in [8]. This quenching factor is slightly higher than the ionization yields measured by CDMS,
causing the spectra to appear more compatible than when plotted versus ionization energy. The recoil spectra for the WIMP
models considered in Fig. 1 of ref. [29] are also shown. The dotted line indicates the expected spectrum for mχ=7 GeV/c2 and
σSI=1.4×10−40 cm2, corresponding to a WIMP model from a simultaneous fit to the DAMA/LIBRA and CoGeNT data [8, 29].
The solid line shows the spectrum for the same WIMP mass and σSI=5× 10−41 cm2, which is described as the best fit for a
mχ=7 GeV/c2 WIMP to the CoGeNT data in [29]. This point lies outside the CoGeNT allowed regions from [7, 8] and is not
excluded by our analysis. The WIMP spectra assume v0=220 km/s and vesc=544 km/s.

excess to be due to an exponential background, and it
is not excluded by this analysis. To make the observed
spectra for CDMS and CoGeNT compatible would re-
quire the majority of the CoGeNT excess to be due to
low-energy backgrounds and the CDMS backgrounds to
be smaller than expected.
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Can we make sense of the light-WIMP situation?�
CoGeNT uncertainties (e.g., surface event rejection next to threshold)�

Spectral and modulation analysis in CoGeNT seem to point to a similar WIMP mass & coupling, �
BUT then modulated amplitude is definitely not what you would expect from a vanilla halo (way too large). �

PRELIMINARY (work in progress)�

With surface event subtraction no a priori conflict
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FIG. 1: Time-binned data in various energy ranges. Specifically (left) [0.5–1.5] keVee, (right) [1.5–

3.1] keVee. Overlaid are the best-fit to the modulation, as derived using the binned analysis, with

free phase (solid red curve) and peak set at 152 days (dashed blue). The best-fit points correspond to

A
0

= 7.4 (7.5) events/day/kg/keVee, A
1

= 0.14 (0.09) and t
0

= 107 (152) days, for the phase free (t
0

= 152

days) for the lower bin and A
0

= 2.7 (2.7) events/day/kg/keVee, A
1

= 0.18 (0.14) and t
0

= 116 (152) days

for the higher.

A simple algorithm is used to merge any bin that contains fewer than ten events with the next

highest bin.3 This procedure is repeated until no bin has fewer than ten events. In addition,

the centers of the bins are shifted to take into account any deadtime in the experiment. Finally,

the bin contents are e�ciency-adjusted, the L-shell background in every bin is subtracted o↵, and

the contents of the bin are converted to units of events/day/keVee. The error is based on the

total (pre-subtraction) bin contents. This error is important for determining the weighting factors

Wi. The power observed in the frequency !
0

= 2⇡/year can be converted to a significance for an

oscillating signal. The probability of observing power P at any particular frequency in data that

do not contain an oscillating signal is e�P , whereas the probability for observing power P at any

frequency (including the appropriate trial factor) is approximately 1� (1� e�P )N , where N is the

number of time bins [28].

III. A STUDY OF MODULATION

The central goal of this work is to understand the properties of a potential modulation in the

CoGeNT data. Therefore, we begin by applying the statistical techniques presented above to

analyze the properties of the modulation, without any assumptions of its origin. We reproduce the

results in [2], where a time-binned analysis is done in the energy ranges 0.5–0.9 keVee and 0.5–

3

If the last bin has fewer than ten events, it is merged with the penultimate bin.



11

M

odulation

Spectra:

N

uclear-R

ecoil

Singles

0 2.27 5 7.3 9.6 11.9

−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

Recoil Energy [keVnr]

M
od

ul
at

ed
 R

at
e 

[k
g 

da
y 

ke
V

nr
]−

1

  0 0.50 1.21 1.85 2.51 3.20
Recoil Energy [CoGeNT keVee]

0 2.27 5 7.3 9.6 11.9

−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

Recoil Energy [keVnr]

M
od

ul
at

ed
 R

at
e 

[k
g 

da
y 

ke
V

nr
]−

1

  0 0.50 1.21 1.85 2.51 3.20
Recoil Energy [CoGeNT keVee]

FIG. 9. Amplitude of modulation vs. energy, showing maximum-likelihood fits where the phase has been fixed and the
modulated rates M have been determined for both CoGeNT (light orange circles, vertical bars denoting the 68% confidence
intervals) and CDMS (dark blue rectangles, with vertical height denoting the 68% confidence intervals). The phase that best
fits CoGeNT (106 days) over the full CoGeNT energy range is shown on the left; the phase expected from interactions with a
generic WIMP halo (152.5 days) is shown on the right. The upper horizontal scales show the electron-recoil-equivalent energy
scale for CoGeNT events. The 5–11.9 keVnr energy range over which this analysis overlaps with the low-energy channel of
CoGeNT has been divided into 3 equal-sized bins (CDMS) and 6 equal-sized bins (CoGeNT). In the right plot, we also show
the DAMA modulation spectrum (small grey circles), following the method of Fox et al. [29], for which we must assume both
a WIMP mass (here, m�=10 GeV/c2) and a Na quenching factor (here, qNa = 0.3). Lower WIMP masses or higher quenching
factors can push the DAMA modulated spectrum towards significantly lower energies. No attempt has been made to adjust
for varying energy resolutions between the experiments.

CoGeNT Mod
CDMS Mod



Same target story

• DAMA - Iodine should be tested in the 
near future by COUPP+KIMS - already 
tense

• CoGeNT - Modulation tested by CDMS 
(none in higher energy range)



but can we go between 
experiments?

• If we see light WIMPs/WIMPs sensitive to 
the tail of velocity distribution, how do we 
compare experiments?
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for moderate variations in the definition of any of the data
quality cuts. These events were observed on January 23,
February 12, and June 3, at 30.2 keVnr, 34.6 keVnr, and
12.1 keVnr, respectively. The event distribution in the
TPC is shown in Fig. 4. Given the background expecta-
tion of (1.8±0.6) events, the observation of 3 events does
not constitute evidence for dark matter, as the chance
probability of the corresponding Poisson process to re-
sult in 3 or more events is 28%.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method tak-
ing into account all relevant systematic uncertainties, is shown
as the thick (blue) line together with the expected sensitivity
of this run (yellow/green band). The limits from XENON100
(2010) [7], EDELWEISS (2011) [6], CDMS (2009) [5] (re-
calculated with vesc = 544 km/s, v0 = 220 km/s), CDMS
(2011) [19] and XENON10 (2011) [20] are also shown. Ex-
pectations from CMSSM are indicated at 68% and 95% CL
(shaded gray [21], gray contour [22]), as well as the 90% CL ar-
eas favored by CoGeNT [23] and DAMA (no channeling) [24].

The statistical analysis using the Profile Likelihood
method [17] does not yield a significant signal excess ei-
ther, the p-value of the background-only hypothesis is
31%. A limit on the spin-independent WIMP-nucleon
elastic scattering cross-section � is calculated where
WIMPs are assumed to be distributed in an isothermal
halo with v0 = 220 km/s, Galactic escape velocity vesc =
(544+64

�46) km/s, and a density of ⇢� = 0.3GeV/cm3. The
S1 energy resolution, governed by Poisson fluctuations of
the PE generation in the PMTs, is taken into account.
Uncertainties in the energy scale as indicated in Fig. 1,
in the background expectation and in vesc are profiled
out and incorporated into the limit. The resulting 90%
confidence level (CL) limit is shown in Fig. 5 and has
a minimum � = 7.0 ⇥ 10�45 cm2 at a WIMP mass of
m� = 50GeV/c2. The impact of Le↵ data below 3 keVnr

is negligible at m� = 10GeV/c2. The sensitivity is the
expected limit in absence of a signal above background
and is also shown in Fig. 5. Due to the presence of
two events around 30 keVnr, the limit at higher m� is

weaker than expected. Within the systematic di↵erences
of the methods, this limit is consistent with the one from
the optimum interval analysis, which calculates the limit
based only on events in the WIMP search region. Its
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, is 1471 kg ⇥ days.
This result excludes a large fraction of previously unex-
plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [21]. Moreover, the new result challenges
the interpretation of the DAMA [24] and CoGeNT [23]
results as being due to light mass WIMPs.
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threshold in the active LXe veto, the overall prediction
is (0.31+0.22

�0.11) single scatter NRs in the 100.9 days data
sample before a S2/S1-cut, in the energy region of in-
terest and 48 kg fiducial mass, of which (0.11+0.08

�0.04) are
expected in the benchmark WIMP search region.
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FIG. 3: Observed event distribution using the discrimina-
tion parameter log10(S2b/S1), flattened by subtracting the
ER band mean, as a function of NR equivalent energy (keVnr).
All quality cuts, including those defined after unblinding, are
used. Gray points indicate the NR distribution as measured
with an 241AmBe neutron source. The WIMP search region is
defined by the energy window 8.4�44.6 keVnr (4�30PE) and
the lower bound of the software threshold S2 > 300PE (blue
dashed). The optimum interval analysis additionally uses the
99.75% rejection line from above and the 3� contour of the
NR distribution from below (green dotted). Three events fall
into this WIMP search region (red circles), with (1.8 ± 0.6)
events expected from background.

The normalized ER band, obtained by subtracting its
mean as inferred from 60Co calibration data, is well
described by a Gaussian distribution in log10(S2b/S1)
space. Gaussian leakage, dominated by the 85Kr back-
ground, is predicted from the number of background
events outside the blinded WIMP search region, taking
into account the blinding cut e�ciency and the ER re-
jection level. It is (1.14± 0.48) events in the benchmark
WIMP search region, where the error is dominated by the
statistical uncertainty in the definition of the discrimina-
tion line. Non-Gaussian (anomalous) leakage can be due
to double-scatter gamma events with one interaction in a
charge insensitive region, e.g. below the cathode, and one
in the active target volume. Such events have a lower ef-
fective S2/S1 ratio, since only one interaction contributes
to the S2, but both to the S1. Their contribution has
been estimated using 60Co calibration data, taking into
account the di↵erent exposure compared to background
data, and accounting for the fact that the background of
this data set is dominated by 85Kr which �-decays and
does not contribute to such event topologies. The spatial
distribution of leakage events for background and calibra-
tion data is similar within 10%. This is verified by Monte

Carlo simulations and by data, selecting potential leak-
age candidates by their S1 PMT hit pattern. Anomalous
leakage is estimated to give (0.56+0.21

�0.27) events, where the
uncertainty takes into account the di↵erence in the back-
ground and calibration distributions, and that the leak-
age might be overestimated because of the uncertainty
in the 85Kr concentration. In summary, the total back-
ground prediction in the WIMP search region for 99.75%
ER rejection, 100.9 days of exposure and 48 kg fiducial
mass is (1.8± 0.6) events. This expectation was verified
by unblinding the high energy sideband from 30�130PE
before unblinding the WIMP search region. The Pro-
file Likelihood analysis employs the same data and back-
ground assumptions to obtain the prediction for Gaus-
sian, non-Gaussian and neutron background for every
point in the log10(S2b/S1) parameter space.
After unblinding the pre-defined WIMP search region,

a population of events was observed that passed the S1
coincidence requirement only because of correlated elec-
tronic noise that is picked up from an external 100 kHz
source, as verified by inspection of the digitized PMT sig-
nals. These events are mostly found below the S1 analysis
threshold, with 3 events from this population leaking into
the WIMP search region close to the 4 PE lower bound.
This population can be identified and rejected with a cut
on the S1 PMT coincidence level, that takes into account
correlated pick-up noise, and by cutting on the width
of the S1 candidate. These post-unblinding cuts have a
combined acceptance of 99.75% for NRs while removing
the entire population of noise events.
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FIG. 4: Distribution of all events (gray dots) and events be-
low the 99.75% rejection line (black dots) in the TPC observed
in the 8.4 � 44.6 keVnr energy range during 100.9 live days.
All cuts are used here, including the ones introduced post-
unblinding to remove a population due to electronic noise.
The 48 kg fiducial volume (dashed, blue) and the TPC di-
mensions (gray) are also indicated.

With these additional cuts, 3 events pass all quality cri-
teria for single-scatter NRs and fall in the WIMP search
region, see Fig. 3. This observation remains unchanged

a comparable mass target: XENON
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tion light (S1) and ionization electrons, the latter being
detected through the process of proportional scintilla-
tion (S2) in the gaseous xenon above the liquid. Both
S1 and S2 signals are registered by photomultiplier tubes
(PMTs), at the bottom of the LXe target for optimal
light collection, and placed above in the gas phase. The
interaction vertex is reconstructed in 3 dimensions, with
the (x, y)-position determined from the hit pattern of the
localized S2 signal on the top PMT array, and the z-
coordinate deduced from the drift time between the S1
and S2 signals. This allows to fiducialize the target vol-
ume to exploit the excellent self-shielding capabilities of
LXe. Due to their di↵erent ionization densities, ERs (�,
� background) and NRs (WIMP signal or neutron back-
ground) have a di↵erent S2/S1 ratio, which is used as
discrimination parameter.

The 242 PMTs used in XENON100 are 100-square
Hamamatsu R8520-AL PMTs with a quantum e�ciency
of ⇠30% at the Xe light wavelength of 178 nm, and low
intrinsic radioactivity [8]. The measured average energy
threshold of the LXe veto is ⇠ 100 keVee.

The TPC is installed inside a vacuum insulated stain-
less steel cryostat which is surrounded by a passive shield
made of high purity copper, polyethylene, lead and water
in order to suppress external backgrounds. A constant
flow of high-purity nitrogen boil-o↵ gas keeps the 222Rn
level inside the shield < 1Bq/m3. A 200 W pulse tube
refrigerator, installed outside the shield structure, keeps
the detector at its operating temperature of �91�C, with
excellent stability over time (fluctuations <0.05%). To
bring calibration sources (60Co, 137Cs, 241AmBe) close
to the target, a copper tube penetrates the shield and
winds around the cryostat. XENON100 is installed un-
derground at the Italian Laboratori Nazionali del Gran
Sasso (LNGS) below an average 3600m water equivalent
rock overburden, which reduces the muon flux by a fac-
tor ⇠ 106.

At low energies, the event trigger is provided by the S2
signal. The summed signal of 84 central PMTs is shaped
and fed into a low-threshold discriminator. The trigger
e�ciency has been measured to be > 99% at 300 photo-
electrons (PE) in S2.

Three algorithms are used to reconstruct the (x, y) co-
ordinates of the events. They yield consistent results out
to a radius of 14.2 cm, with the active TPC radius be-
ing 15.3 cm. The (x, y) resolution was measured with
a collimated source and is <3 mm (1�). The algorithm
based on a Neural Network gives the most homogeneous
response and thus is used for event positioning, while
the information from the other algorithms is used for
consistency checks. The drift time measurement gives a
z-position resolution of 0.3mm (1�) and allows to dis-
tinguish two S2 interaction vertices if separated by more
than 3 mm in z. The positions are corrected for non-
uniformities of the drift field, as inferred from a finite-
element simulation and validated by data.

XENON100 uses continuous xenon purification
through a hot getter. The mean electron lifetime ⌧e is
indicative of the amount of charge lost to impurities [11].
It increased from 230µs to 380µs for the data reported
here, as measured weekly with 137Cs calibrations. A
linear fit to the ⌧e time evolution yields the z-correction
for the S2 signals with negligible systematic uncer-
tainty (< 2.5%). (x, y) variations of the S2 signal are
corrected using a map obtained with the 662 keVee line
from 137Cs.
The spatial dependence of the S1 signal due to the

non-uniform light collection is corrected for using a map
obtained with the 40 keVee line from neutrons scatter-
ing inelastically on 129Xe. It agrees within 3% with
maps inferred from data using the 662 keVee line and the
164 keVee line, from neutron-activated 131mXe. The light
yield Ly(122 keVee) = (2.20± 0.09)PE/keVee at the ap-
plied drift field of 530V/cm in the LXe is determined
by a fit to the light yields measured with all available
calibration lines [7].
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FIG. 1: All direct measurements of Le↵ [12, 13] described by a
Gaussian distribution to obtain the mean (solid line) and the
uncertainty band (shaded blue, 1� and 2�). Below 3 keVnr,
where no direct measurements exist, the trend is logarithmi-
cally extrapolated to Le↵ = 0 at 1 keVnr.

The NR energy Enr is inferred from the S1 signal us-
ing Enr=(S1/Ly)(1/Le↵)(See/Snr). The scintillation ef-
ficiency Le↵ of NRs relative to the one of 122 keVee �-
rays at zero field is taken as the parametrization shown
in Fig. 1, which is strongly supported by measurements
from the Columbia group [12] but includes all direct mea-
surements of this quantity [13]. Le↵ is logarithmically ex-
trapolated below the lowest measured energy of 3 keVnr.
The electric field scintillation quenching factors for ERs
See = 0.58 and NRs Snr = 0.95 are taken from [14].
From a comparison of the measured background rate

with Monte Carlo simulations of the XENON100 elec-
tromagnetic background [10], a natKr concentration of
(700 ± 100) ppt is inferred for the data reported here,
higher than in the 11 days data reported earlier [7].
The additional Kr was introduced by an air leak dur-
ing maintenance work on the gas re-circulation pump,
prior to the start of the data-taking period. This
results in an expected ER background of < 22 ⇥
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• simple kinematics can only take you so far
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II. VELOCITY RANGES AND ASTROPHYSICS-INDEPENDENT SCATTERING RATES

In general the di�erential rate at a direct detection experiment, for elastically scattering DM, is given by,

dR

dER
=

NTMT ⇥

2m⇥µ2
⇤(ER) g(vmin) , (1)

where µ is the DM-nucleus reduced mass. The function g(vmin) is related to the integral of the DM velocity distri-
bution, f(v, t), by,

g(vmin) =

⌥ 1

vmin

d3v
f(v, t)

v
. (2)

There is a minimum speed that the DM must have in order to deposit recoil energy ER in the detector. For elastically
scattering WIMPs this minimum velocity is

vmin =

�
MTER

2µ2
. (3)

This simple relationship allows us to compare results from di�erent direct detection experiments without making
an assumption about the distribution of DM velocities in galaxy’s halo, provided one can relate the scattering cross
sections at the various experiments. In the standard cases of SI or SD DM the nuclear scattering cross section can be
related to the nucleonic (in this case the proton) cross section as

⇤SI(ER) = ⇤p
µ2

µ2
n⇥

(fp Z + fn (A� Z))2

f2
p

F 2(ER) (4)

⇤SD(ER) =
⇤p

2J + 1

µ2

µ2
n⇥

�
a2p Spp(ER) + ap anSpn(ER) + a2nSnn(ER)

⇥2

a2p
, (5)

allowing comparison of di�erent experiments, we have defined µn⇥ as the DM-nucleon reduced mass. We first discuss
the case where it is possible to estimate backgrounds and extract a reliable spectrum for the DM signal from the
experimental data, the situation where only total rate and not di�erential rate is available will be discussed below.

Let us suppose we have two experiments to compare, with targets N1,2 with masses M1,2 which take data over
energy ranges [Ei,low, Ei,high]. These energy ranges correspond to velocity ranges [vi,low, vi,high], using (3).

This brings to the central point of our e�orts: to make a comparison between two experiments one must first
determine whether the velocity space probed by the two experiments overlaps. As a matter of practical course, a
given experiment has a lower energy threshold Emin, which can be translated into a lower bound on the velocity
range. If experiment 1 has data for the di�erential rate of DM scattering in their experiment, dR1/dER at energies

E(1)
i this can be used to predict a rate at energy E(2)

i at experiment 2, dR2/dER.
We can invert equation 1 to solve for g(v) over the velocity range [v1,low, v1,high]

g(v) =
2m⇥µ2

NTMT ⇥⇤(ER)

dR1

dE1
(6)

This then allows us to explicitly state the expected rate for experiment two, but restricted to the energy range
[E2,low, E2,high] dictated by the appropriate velocity range. would it be useful to rewrite NT MT factors
as mass fractions?

dR2

dER
(E2) =

M (2)
T N (2)

T µ2
1
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T N (1)

T µ2
2
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T
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⌃
. (7)

Equations (6) and (7) are the central results of this paper. They make no astrophysical assumptions, but only rely
upon the assumption that an actual signal has been observed.

We now focus on the SI case, since there are a greater number of experiments probing this scenario, but the analysis
for SD is similar, in this case we can use (5) to rewrite (7) in a simple form

dR2

dER
(E2) =

C(2)
T

C(1)
T

F 2
2 (E2)

F 2
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, (8)
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1) all the energy dependence is in two functions
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We now focus on the SI case, since there are a greater number of experiments probing this scenario, but the analysis
for SD is similar, in this case we can use (5) to rewrite (7) in a simple form

dR2

dER
(E2) =

C(2)
T

C(1)
T

F 2
2 (E2)

F 2
1

⇤
µ2
1 M(2)

T

µ2
2M

(1)
T

E2

⌅ dR1

dER

⇧
µ2
1 M

(2)
T

µ2
2 M

(1)
T

E2

⌃
, (8)

2) there is a 1-1 mapping 
between velocity and energy



[E1low,E1high] => [v1,lowmin, v1,highmin]

map the energy range studied in experiment 1 to a velocity 
space range

• Suppose you want to compare two experiments, 1 and 2

[v1,lowmin, v1,highmin] => [E2low,E2high]

map velocity space range back to energy space for 
experiment 2

[E1low,E1high] <=> [E2low,E2high]

we now have an energy range where the 
experiments are studying the same particles
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FIG. 1: v
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thresholds for various experiments. Solid bands are CRESST Oxygen band, 15-

40 keV (red, top), DAMA Na band 6.7-13.3 keV (green, middle), CoGeNT Ge 1.9-3.9 keV (blue,

bottom). Constraints are Xenon 1, 2 and 5 keV (dashed, dotted, and dot-dashed, thick blue), and

CDMS-Si 7 and 10 keV, (dot-dashed and dashed, thin red).

signals, some without. The possible comparisons between these various experiments will be

the subject of the subsequent sections. Using (11) scattering rates can be compared between

experiments. However, to compare to actual experimental data the relative exposures, e�-

ciencies and other detector-specific factors must be correctly taken into account. In the next

section we describe in detail the experimental parameters necessary for the comparisons in

the rest of the paper.

III. APPLICATIONS: A COMPARISON OF EXISTING EXPERIMENTS

The important consequences of (10) are immediately obvious. In principle, one can com-

pare a positive signal at one experiment with one at another, or test the compatibility of a

null result with a positive one. Unfortunately, ideal circumstances will rarely present them-

selves: additional backgrounds can complicate the extraction of g(v), resolution can smear

signals, or uncertainties in atomic physics (such as quenching factors) can complicate issues,

making a precise extraction of the true E
NR

and hence v
min

impossible. Furthermore, the

signal may appear as a modulation (as in DAMA) limiting access to g(v) to a summer/winter

7

Approx. range O Na Si Ar Ge Xe

CoGeNT (Ge): 2 - 4 4.3 - 8.6 3.9 - 7.8 3.6 - 7.2 3.0 - 6.0 2 - 4 1.3 - 2.5

DAMA (Na): 6 - 13 6.6 - 14 6 - 13 5.5 - 12 4.6 - 10 3.1 - 6.7 1.9 - 4.2

CRESST (O): 15 - 40 15 - 40 14 - 36 12 - 33 10 - 28 6.9 - 19 4.3 - 12

TABLE I: Conversion of energy ranges (all in keV) between various experiments/targets for a 10

GeV DM particle, using the expression in (7).

thresholds are generally limited to heavier masses.

Finally, we see that the CRESST results are completely tested by the low-threshold

XENON10 analysis, CDMS-Si (even with a 10 keV) threshold. While the nominal threshold,

depending on the details of L
eff

, of XENON10 (⇠ 5 keV) and XENON100 (⇠ 6 keV) is too

high, both experiments can probe down to 4 keV with moderately reduced sensitivity, and

energy smearing will given XENON sensitivity to the CRESST signal.

With these ranges in hand, we can proceed to compare the experiments directly. We

shall see that if the potential signal is large enough, g(v) can be extracted directly, even if

f(v) cannot be extracted with any reliability. In such cases, we can make slightly stronger

statements involving the spectra. However, even if g(v) cannot be reconstructed, we can

still make significant statements by integrating over the relevant velocity range.

A. Application I: Employing Spectra in Near-Ideal Situations (CoGeNT)

We consider first the situation when there is su�cient data to be able to extract a recoil

spectrum, CoGeNT is a example of such an experiment, because the putative signal is quite

large. We concentrate on the events below 3.2 keVee where the DM signal should be largest

and there are few cosmogenic backgrounds. In this range, in addition to the possible DM

signal at low energies, the data contains several clear cosmogenic peaks and a constant

background above the peaks. We average the [1.62-3.16 keVee] bins as an estimate of the

constant background and subtract this from the bins in the [0.42-0.92 keVee] range, which

we then consider as the DM signal, after this subtraction there are 92 signal events before

e�ciency correction. This allows us to determine g(v) or, equivalently, predict the rate

at any other experiment in the equivalent energy range. One can easily observe from its

definition that g(v) is monotonically decreasing as a function of v (see, for instance the

12

XENON 1,2,5 keVr thresholds

CDMS-Si 7,10 keVr threshold
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II. VELOCITY RANGES AND ASTROPHYSICS-INDEPENDENT SCATTERING RATES

In general the di�erential rate at a direct detection experiment, for elastically scattering DM, is given by,

dR

dER
=

NTMT ⇥

2m⇥µ2
⇤(ER) g(vmin) , (1)

where µ is the DM-nucleus reduced mass. The function g(vmin) is related to the integral of the DM velocity distri-
bution, f(v, t), by,

g(vmin) =

⌥ 1

vmin

d3v
f(v, t)

v
. (2)

There is a minimum speed that the DM must have in order to deposit recoil energy ER in the detector. For elastically
scattering WIMPs this minimum velocity is

vmin =

�
MTER

2µ2
. (3)

This simple relationship allows us to compare results from di�erent direct detection experiments without making
an assumption about the distribution of DM velocities in galaxy’s halo, provided one can relate the scattering cross
sections at the various experiments. In the standard cases of SI or SD DM the nuclear scattering cross section can be
related to the nucleonic (in this case the proton) cross section as
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allowing comparison of di�erent experiments, we have defined µn⇥ as the DM-nucleon reduced mass. We first discuss
the case where it is possible to estimate backgrounds and extract a reliable spectrum for the DM signal from the
experimental data, the situation where only total rate and not di�erential rate is available will be discussed below.

Let us suppose we have two experiments to compare, with targets N1,2 with masses M1,2 which take data over
energy ranges [Ei,low, Ei,high]. These energy ranges correspond to velocity ranges [vi,low, vi,high], using (3).

This brings to the central point of our e�orts: to make a comparison between two experiments one must first
determine whether the velocity space probed by the two experiments overlaps. As a matter of practical course, a
given experiment has a lower energy threshold Emin, which can be translated into a lower bound on the velocity
range. If experiment 1 has data for the di�erential rate of DM scattering in their experiment, dR1/dER at energies

E(1)
i this can be used to predict a rate at energy E(2)

i at experiment 2, dR2/dER.
We can invert equation 1 to solve for g(v) over the velocity range [v1,low, v1,high]

g(v) =
2m⇥µ2

NTMT ⇥⇤(ER)

dR1

dE1
(6)

This then allows us to explicitly state the expected rate for experiment two, but restricted to the energy range
[E2,low, E2,high] dictated by the appropriate velocity range. would it be useful to rewrite NT MT factors
as mass fractions?
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Equations (6) and (7) are the central results of this paper. They make no astrophysical assumptions, but only rely
upon the assumption that an actual signal has been observed.

We now focus on the SI case, since there are a greater number of experiments probing this scenario, but the analysis
for SD is similar, in this case we can use (5) to rewrite (7) in a simple form
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A direct prediction of the rate 
at experiment 2 from experiment 1
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discussion in [41]), and thus the value at the low end of this range is a lower bound for

lower values of v. This is not especially relevant for our analysis here, but would be likely

relevant in situations where the other experiments could probe lower energies as well.

Since we will compare this with the XENON10 experiment, we choose f
p

= 1 and f
n

= 0,

which is motivated from light mediators mixing with the photon, since it will give the most

lenient bounds. Using (11) we can map the CoGeNT signal onto a Xenon target, and study

the signal that would arise at XENON10. We show this in figure 2.

What is remarkable about this figure is that – once the CoGeNT signal is specified – the

expected rate on a Xenon target is completely unambiguous (and similarly on any other

target). This involves no assumptions about the halo escape velocity, velocity dispersion, or

even the assumption that the velocity distribution is Maxwellian, but requires only an input

of the WIMP mass.

After taking into account exposure and the detector e�ciencies (MIN, MED and MAX

cases described above) we can predict the total number of events predicted by the CoGeNT

13
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Modulation Spectra: Nuclear-Recoil Singles
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FIG. 9. Amplitude of modulation vs. energy, showing maximum-likelihood fits where the phase has been fixed and the
modulated rates M have been determined for both CoGeNT (light orange circles, vertical bars denoting the 68% confidence
intervals) and CDMS (dark blue rectangles, with vertical height denoting the 68% confidence intervals). The phase that best
fits CoGeNT (106 days) over the full CoGeNT energy range is shown on the left; the phase expected from interactions with a
generic WIMP halo (152.5 days) is shown on the right. The upper horizontal scales show the electron-recoil-equivalent energy
scale for CoGeNT events. The 5–11.9 keVnr energy range over which this analysis overlaps with the low-energy channel of
CoGeNT has been divided into 3 equal-sized bins (CDMS) and 6 equal-sized bins (CoGeNT). In the right plot, we also show
the DAMA modulation spectrum (small grey circles), following the method of Fox et al. [29], for which we must assume both
a WIMP mass (here, m�=10 GeV/c2) and a Na quenching factor (here, qNa = 0.3). Lower WIMP masses or higher quenching
factors can push the DAMA modulated spectrum towards significantly lower energies. No attempt has been made to adjust
for varying energy resolutions between the experiments.
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Bin CoGeNT Ge Na (Q=0.3) Si O Xe

1
[0.5,0.9] [2.3,3.8] [1.5,2.5] [4.5,7.6] [5.8,9.9] [1.4,2.3]

0.90± 0.72 0.23± 0.18 0.078± 0.062 0.035± 0.028 0.011± 0.009 0.72± 0.58

2
[0.9,1.5] [3.8,6.1] [2.5,4.0] [7.6,11.9] [9.9,15.6] [2.3,3.7]

0.37± 0.55 0.1± 0.149 0.035± 0.052 0.015± 0.023 0.005± 0.008 0.31± 0.46

3
[1.5,2.3] [6.1,8.9] [4.0,5.8] [11.9,17.5] [15.6,22.8] [3.7,5.4]

0.48± 0.22 0.136± 0.063 0.049± 0.022 0.021± 0.01 0.007± 0.003 0.41± 0.19

4
[2.3,3.1] [8.9,11.6] [5.8,7.6] [17.5,22.8] [22.8,29.8] [5.4,7]

0.27± 0.23 0.08± 0.068 0.029± 0.025 0.013± 0.011 0.004± 0.004 0.23± 0.2

Table 2: Predicted modulation amplitudes for example nuclear targets, given the best-fit values for
CoGeNT assuming a Maxwellian phase. The units are in counts/day/kg/keVnr for all columns, except
that labelled CoGeNT where they are counts/day/kg/keVee. The equivalent energy ranges and rates
for other targets are shown, assuming m� = 7 GeV and spin-independent scattering cross sections
proportional to A2. Note that we have not included detector e�ciencies or mass fractions in any of
the predicted rates.

Here,

C
(i)
T = (i)

⇣
fp Z

(i) + fn (A
(i) � Z(i))

⌘
2

, (4.5)

where  is the mass fraction for the target element in question, and Fi is the nuclear form

factor for each experiment.

Tables 2 and 3 show the ranges of energies at other experiments that correspond to the

CoGeNT energy bins: [0.5, 0.9], [0.9, 1.5], [1.5, 2.3], and [2.3, 3.1] keVee. Note that these

energies are given in “electron equivalent” and correspond to [2.3, 3.8], [3.8, 6.1], [6.1, 8.9],

and [8.9, 11.6] in nuclear recoil energies. These tables also show how the CoGeNT modulation

amplitude in each energy bin translates to other experiments, assuming a 7 GeV WIMP with

spin-independent scattering proportional to A2. (Note that we have not included detector

e�ciencies or mass fractions in any of the predicted rates.) Let us consider each experiment

in turn.

CDMS-Ge: A direct comparison can be made between the CoGeNT and CDMS count

rates because they both have germanium targets. Using the results of the low-energy analysis

of the CDMS experiment [16], we calculate an upper limit for the rate in each detector such

that it has a 1.3% probability of having a lower rate. This gives a probability of 10% that

any one of CDMS’s eight detectors has a lower rate than is observed. In each of the five

energy bins, the strongest limit from all the detectors is chosen and we treat this as a 90%

confidence limit.5 Figure 13 shows that the count rates at CDMS are not low enough to

constrain the CoGeNT modulation. However, the count rates are low enough that there

should be modulation at a very high level in CDMS. Thus, even weak modulation constraints

5
The probability that the particular detector that sets the limit has a strong downward fluctuation is small,

and so the confidence is actually better than 90%, but we treat it as a 90% C.L. to be conservative.
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FIG. 5: LH plot: the CRESST prediction for the total number of events at CDMS-Si (solid red)

and XENON10, for LMIN

eff

(dashed black) and LMED

eff

(dotted black), the dotted (horizontal blue)

line is the 90% C.L. upper limit on the number of events allowed by CDMS-Si, the region above

this line is excluded at 90% confidence. RH plot: the 90% C.L. upper limit on the number of

events at CRESST as predicted by CDMS-Si (solid red) and XENON10, again for LMIN

eff

(dashed

black) and LMED

eff

(dotted black), the dotted (blue) line is the number of events we estimate above

background in CRESST.

possible, as explained after (15).

As is clear from Fig. 5 any sizeable signal in this range is highly incompatible with both

the XENON10 and CDMS-Si results. While some have criticized the calibration at the

lowest energies for CDMS-Si [53], the lowest energy relevant for 15 keV Oxygen recoils is

above 10 and typically 11 keV on Silicon, depending on the WIMP mass. Thus, these

constraints are likely quite stable to future modifications, making elastic WIMP scattering

very unlikely to be the explanation of the CRESST anomalous events.

IV. OTHER APPLICATIONS AND FUTURE RESULTS

DAMA also has extracted a recoil spectrum, possibly associated with DM, but in this

case it is for the modulating part of the DM signal, i.e. DAMA allows extraction of g(v, t).

We can repeat the exercise of translating from one experiment to another to get a prediction

for the size of the modulating signal at XENON10. Since XENON10 took its data in the

winter and saw no events in the region corresponding to DAMA’s 2-6 keVee, this places an

upper limit of 2.3 events in the winter which in turn places a lower bound on the amount of
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A side comment: don’t forget CDMS-Si...

if 15 events at CRESST above 15 keV...

XENON10

CDMS-Si
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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.
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limiting g(v)
4

threshold in the active LXe veto, the overall prediction
is (0.31+0.22

�0.11) single scatter NRs in the 100.9 days data
sample before a S2/S1-cut, in the energy region of in-
terest and 48 kg fiducial mass, of which (0.11+0.08

�0.04) are
expected in the benchmark WIMP search region.
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FIG. 3: Observed event distribution using the discrimina-
tion parameter log10(S2b/S1), flattened by subtracting the
ER band mean, as a function of NR equivalent energy (keVnr).
All quality cuts, including those defined after unblinding, are
used. Gray points indicate the NR distribution as measured
with an 241AmBe neutron source. The WIMP search region is
defined by the energy window 8.4�44.6 keVnr (4�30PE) and
the lower bound of the software threshold S2 > 300PE (blue
dashed). The optimum interval analysis additionally uses the
99.75% rejection line from above and the 3� contour of the
NR distribution from below (green dotted). Three events fall
into this WIMP search region (red circles), with (1.8 ± 0.6)
events expected from background.

The normalized ER band, obtained by subtracting its
mean as inferred from 60Co calibration data, is well
described by a Gaussian distribution in log10(S2b/S1)
space. Gaussian leakage, dominated by the 85Kr back-
ground, is predicted from the number of background
events outside the blinded WIMP search region, taking
into account the blinding cut e�ciency and the ER re-
jection level. It is (1.14± 0.48) events in the benchmark
WIMP search region, where the error is dominated by the
statistical uncertainty in the definition of the discrimina-
tion line. Non-Gaussian (anomalous) leakage can be due
to double-scatter gamma events with one interaction in a
charge insensitive region, e.g. below the cathode, and one
in the active target volume. Such events have a lower ef-
fective S2/S1 ratio, since only one interaction contributes
to the S2, but both to the S1. Their contribution has
been estimated using 60Co calibration data, taking into
account the di↵erent exposure compared to background
data, and accounting for the fact that the background of
this data set is dominated by 85Kr which �-decays and
does not contribute to such event topologies. The spatial
distribution of leakage events for background and calibra-
tion data is similar within 10%. This is verified by Monte

Carlo simulations and by data, selecting potential leak-
age candidates by their S1 PMT hit pattern. Anomalous
leakage is estimated to give (0.56+0.21

�0.27) events, where the
uncertainty takes into account the di↵erence in the back-
ground and calibration distributions, and that the leak-
age might be overestimated because of the uncertainty
in the 85Kr concentration. In summary, the total back-
ground prediction in the WIMP search region for 99.75%
ER rejection, 100.9 days of exposure and 48 kg fiducial
mass is (1.8± 0.6) events. This expectation was verified
by unblinding the high energy sideband from 30�130PE
before unblinding the WIMP search region. The Pro-
file Likelihood analysis employs the same data and back-
ground assumptions to obtain the prediction for Gaus-
sian, non-Gaussian and neutron background for every
point in the log10(S2b/S1) parameter space.
After unblinding the pre-defined WIMP search region,

a population of events was observed that passed the S1
coincidence requirement only because of correlated elec-
tronic noise that is picked up from an external 100 kHz
source, as verified by inspection of the digitized PMT sig-
nals. These events are mostly found below the S1 analysis
threshold, with 3 events from this population leaking into
the WIMP search region close to the 4 PE lower bound.
This population can be identified and rejected with a cut
on the S1 PMT coincidence level, that takes into account
correlated pick-up noise, and by cutting on the width
of the S1 candidate. These post-unblinding cuts have a
combined acceptance of 99.75% for NRs while removing
the entire population of noise events.
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FIG. 4: Distribution of all events (gray dots) and events be-
low the 99.75% rejection line (black dots) in the TPC observed
in the 8.4 � 44.6 keVnr energy range during 100.9 live days.
All cuts are used here, including the ones introduced post-
unblinding to remove a population due to electronic noise.
The 48 kg fiducial volume (dashed, blue) and the TPC di-
mensions (gray) are also indicated.

With these additional cuts, 3 events pass all quality cri-
teria for single-scatter NRs and fall in the WIMP search
region, see Fig. 3. This observation remains unchanged

Note: g(v) is monotonic!

2

II. VELOCITY RANGES AND ASTROPHYSICS-INDEPENDENT SCATTERING RATES

In general the di�erential rate at a direct detection experiment, for elastically scattering DM, is given by,

dR

dER
=

NTMT ⇥

2m⇥µ2
⇤(ER) g(vmin) , (1)

where µ is the DM-nucleus reduced mass. The function g(vmin) is related to the integral of the DM velocity distri-
bution, f(v, t), by,

g(vmin) =

⌥ 1

vmin

d3v
f(v, t)

v
. (2)

There is a minimum speed that the DM must have in order to deposit recoil energy ER in the detector. For elastically
scattering WIMPs this minimum velocity is

vmin =

�
MTER

2µ2
. (3)

This simple relationship allows us to compare results from di�erent direct detection experiments without making
an assumption about the distribution of DM velocities in galaxy’s halo, provided one can relate the scattering cross
sections at the various experiments. In the standard cases of SI or SD DM the nuclear scattering cross section can be
related to the nucleonic (in this case the proton) cross section as

⇤SI(ER) = ⇤p
µ2

µ2
n⇥

(fp Z + fn (A� Z))2

f2
p

F 2(ER) (4)

⇤SD(ER) =
⇤p

2J + 1

µ2

µ2
n⇥

�
a2p Spp(ER) + ap anSpn(ER) + a2nSnn(ER)

⇥2

a2p
, (5)

allowing comparison of di�erent experiments, we have defined µn⇥ as the DM-nucleon reduced mass. We first discuss
the case where it is possible to estimate backgrounds and extract a reliable spectrum for the DM signal from the
experimental data, the situation where only total rate and not di�erential rate is available will be discussed below.

Let us suppose we have two experiments to compare, with targets N1,2 with masses M1,2 which take data over
energy ranges [Ei,low, Ei,high]. These energy ranges correspond to velocity ranges [vi,low, vi,high], using (3).

This brings to the central point of our e�orts: to make a comparison between two experiments one must first
determine whether the velocity space probed by the two experiments overlaps. As a matter of practical course, a
given experiment has a lower energy threshold Emin, which can be translated into a lower bound on the velocity
range. If experiment 1 has data for the di�erential rate of DM scattering in their experiment, dR1/dER at energies

E(1)
i this can be used to predict a rate at energy E(2)

i at experiment 2, dR2/dER.
We can invert equation 1 to solve for g(v) over the velocity range [v1,low, v1,high]

g(v) =
2m⇥µ2

NTMT ⇥⇤(ER)

dR1

dE1
(6)

This then allows us to explicitly state the expected rate for experiment two, but restricted to the energy range
[E2,low, E2,high] dictated by the appropriate velocity range. would it be useful to rewrite NT MT factors
as mass fractions?

dR2

dER
(E2) =

M (2)
T N (2)

T µ2
1

M (1)
T N (1)

T µ2
2

⇤2(E2)

⇤1

⇤
µ2
1 M(2)

T

µ2
2M

(1)
T

E2

⌅ dR1

dER

⇧
µ2
1 M

(2)
T

µ2
2 M

(1)
T

E2

⌃
. (7)

Equations (6) and (7) are the central results of this paper. They make no astrophysical assumptions, but only rely
upon the assumption that an actual signal has been observed.

We now focus on the SI case, since there are a greater number of experiments probing this scenario, but the analysis
for SD is similar, in this case we can use (5) to rewrite (7) in a simple form

dR2

dER
(E2) =

C(2)
T

C(1)
T

F 2
2 (E2)

F 2
1

⇤
µ2
1 M(2)

T

µ2
2M

(1)
T

E2

⌅ dR1

dER

⇧
µ2
1 M

(2)
T

µ2
2 M

(1)
T

E2

⌃
, (8)

Lack of events 
at low E

Gives constraints
at high E

also Fox, Kribs, Tait 1011.1910; 
McCabe 1107.0741; ;Frandsen et al 

1111.0292; Herrero-Garcia, Schwetz, 
Zupan 1112.1627, 1205.1345; Gelmini 

+ Gondolo 1202.6539



limiting g(v)

Most conservative assumption is theta function 

For positive results the comparison can be made at the spectrum level through the appli-

cation of (10). This is most easily done in the situation that the statistics are large enough,

and backgrounds low enough, that a meaningful rate dR/dE
R

can be extracted. Then, using

(10), a direct measurement of g(v) can be given. In situations where rates are too low to

simply read o↵ g(v), alternative techniques would be needed. The simplest would just be

to take a large enough bin in v such that statistics are adequate, but more sophisticated

approaches, utilizing the monotonicity of g(v) would also be possible. We leave such studies

for future work.

If an experiment does not see a su�cient number of signal events to claim discovery, then

it is likely that one will wish instead to place a constraint on the properties of dark matter.

In general, one should first ascertain the bound on the parameterized WIMP cross section at

the confidence level required. This can be simply done, using whatever confidence estimator

is already used for astrophysics-dependent � �m
�

plots.

Suppose that one wishes to employ some confidence estimator C(dR/dE
R

(m
�

)) to place

limits, where dR/dE
R

(m
�

) is the expected recoil spectrum for some �0, i.e., (1). This

estimator may simply be using Poisson statistics, evaluating the integral of the spectrum,

or using more advanced techniques that use spectral information as well, such as those

of Yellin [56]. For a given value of m
�

, for instance, one varies other parameters until

one achieves, e.g., C = 0.1 allowing one to claim a 90% exclusion for those parameters.

Assuming that such an analysis has already been performed for explicit halo models, it is

straightforward to place a bound on ⇢�g(v
min

)/m
�

, for a particular choice of DM mass, in

the general astrophysics case.

For standard � �m
�

plots, g(v) is fixed, for instance a Maxwellian distribution, with a

fixed v0 and v
esc

. The only free parameters in dR/dE
R

(m
�

) are then m
�

and �0 (in the SI

case), or a
p

and a
n

(in the SD case). In our case, since we do not want to use a Maxwellian

g(v), we have an additional free parameter.

Since g(v) is a monotonically decreasing function an upper bound on its value at some

velocity v1, g(v1)  g1, also applies to all lower velocities. Thus, the most conservative form

that the upper bound on g(v) can take is that of a step function

g(v; v1) = g1⇥(v1 � v) . (A1)

Physically, this would correspond to stream in f(v) with velocity v1.
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Using this, (1) becomes

dR

dE
R

=
N

T

M
T

⇢

2m
�

µ2
�(E

R

) g1⇥(v1 � v
min

(E
R

)) . (A2)

For a given WIMP mass m
�

, the overall scaling is now proportional to e.g., ⇢�g1/m�

in

the SI case, rather than simply ⇢�/m
�

as in the standard case where g is specified. For a

given v1, one can then place a limit on this combination using the existing estimator.

In short: to calculate the appropriate limits on g(v), one should use whatever technique

one was intending to use for the standard analysis, but now replace the Maxwellian g(v)

with the step function form. For any given m
�

, one places a limit on ⇢�g1/m�

as one would

have on ⇢�/m
�

, or, � for fixed ⇢ and m
�

, precisely as before.
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• (1) Pick some energy (velocity) upper bound

• (2) set a limit using your favorite technique 
(Poisson, Yellin...) for that velocity range on

• (i.e., just replace the usual g(v) with a theta 
function)
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threshold in the active LXe veto, the overall prediction
is (0.31+0.22

�0.11) single scatter NRs in the 100.9 days data
sample before a S2/S1-cut, in the energy region of in-
terest and 48 kg fiducial mass, of which (0.11+0.08

�0.04) are
expected in the benchmark WIMP search region.

Energy [keVnr]
10 20 30 40 50

/S
1)

-E
R

 m
ea

n
b

(S
2

10
lo

g

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

S1 [PE]
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38

FIG. 3: Observed event distribution using the discrimina-
tion parameter log10(S2b/S1), flattened by subtracting the
ER band mean, as a function of NR equivalent energy (keVnr).
All quality cuts, including those defined after unblinding, are
used. Gray points indicate the NR distribution as measured
with an 241AmBe neutron source. The WIMP search region is
defined by the energy window 8.4�44.6 keVnr (4�30PE) and
the lower bound of the software threshold S2 > 300PE (blue
dashed). The optimum interval analysis additionally uses the
99.75% rejection line from above and the 3� contour of the
NR distribution from below (green dotted). Three events fall
into this WIMP search region (red circles), with (1.8 ± 0.6)
events expected from background.

The normalized ER band, obtained by subtracting its
mean as inferred from 60Co calibration data, is well
described by a Gaussian distribution in log10(S2b/S1)
space. Gaussian leakage, dominated by the 85Kr back-
ground, is predicted from the number of background
events outside the blinded WIMP search region, taking
into account the blinding cut e�ciency and the ER re-
jection level. It is (1.14± 0.48) events in the benchmark
WIMP search region, where the error is dominated by the
statistical uncertainty in the definition of the discrimina-
tion line. Non-Gaussian (anomalous) leakage can be due
to double-scatter gamma events with one interaction in a
charge insensitive region, e.g. below the cathode, and one
in the active target volume. Such events have a lower ef-
fective S2/S1 ratio, since only one interaction contributes
to the S2, but both to the S1. Their contribution has
been estimated using 60Co calibration data, taking into
account the di↵erent exposure compared to background
data, and accounting for the fact that the background of
this data set is dominated by 85Kr which �-decays and
does not contribute to such event topologies. The spatial
distribution of leakage events for background and calibra-
tion data is similar within 10%. This is verified by Monte

Carlo simulations and by data, selecting potential leak-
age candidates by their S1 PMT hit pattern. Anomalous
leakage is estimated to give (0.56+0.21

�0.27) events, where the
uncertainty takes into account the di↵erence in the back-
ground and calibration distributions, and that the leak-
age might be overestimated because of the uncertainty
in the 85Kr concentration. In summary, the total back-
ground prediction in the WIMP search region for 99.75%
ER rejection, 100.9 days of exposure and 48 kg fiducial
mass is (1.8± 0.6) events. This expectation was verified
by unblinding the high energy sideband from 30�130PE
before unblinding the WIMP search region. The Pro-
file Likelihood analysis employs the same data and back-
ground assumptions to obtain the prediction for Gaus-
sian, non-Gaussian and neutron background for every
point in the log10(S2b/S1) parameter space.
After unblinding the pre-defined WIMP search region,

a population of events was observed that passed the S1
coincidence requirement only because of correlated elec-
tronic noise that is picked up from an external 100 kHz
source, as verified by inspection of the digitized PMT sig-
nals. These events are mostly found below the S1 analysis
threshold, with 3 events from this population leaking into
the WIMP search region close to the 4 PE lower bound.
This population can be identified and rejected with a cut
on the S1 PMT coincidence level, that takes into account
correlated pick-up noise, and by cutting on the width
of the S1 candidate. These post-unblinding cuts have a
combined acceptance of 99.75% for NRs while removing
the entire population of noise events.
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FIG. 4: Distribution of all events (gray dots) and events be-
low the 99.75% rejection line (black dots) in the TPC observed
in the 8.4 � 44.6 keVnr energy range during 100.9 live days.
All cuts are used here, including the ones introduced post-
unblinding to remove a population due to electronic noise.
The 48 kg fiducial volume (dashed, blue) and the TPC di-
mensions (gray) are also indicated.

With these additional cuts, 3 events pass all quality cri-
teria for single-scatter NRs and fall in the WIMP search
region, see Fig. 3. This observation remains unchanged

Using this, (1) becomes

dR

dE
R

=
N

T

M
T

⇢

2m
�

µ2
�(E

R

) g1⇥(v1 � v
min

(E
R

)) . (A2)

For a given WIMP mass m
�

, the overall scaling is now proportional to e.g., ⇢�g1/m�

in

the SI case, rather than simply ⇢�/m
�

as in the standard case where g is specified. For a

given v1, one can then place a limit on this combination using the existing estimator.

In short: to calculate the appropriate limits on g(v), one should use whatever technique

one was intending to use for the standard analysis, but now replace the Maxwellian g(v)

with the step function form. For any given m
�

, one places a limit on ⇢�g1/m�

as one would

have on ⇢�/m
�

, or, � for fixed ⇢ and m
�

, precisely as before.
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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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Figure 3. Measurements and exclusion bounds of the velocity integral g̃(vmin) for di↵erent DM
masses m�. The DM interaction is spin-independent and elastic with fn/fp = 1. Values of g̃(vmin)
above the lines are excluded with at least 90% confidence. The data points for CRESST-II have been
obtained using two di↵erent methods, as described in Appendix A. It is not possible to find any model
for the DM halo that provides a consistent description of all experiments.

4.1 A consistent description of CoGeNT and CRESST-II

Even though we cannot find a halo model that provides a consistent description of all ex-
periments, it is seen from Figure 3 that CRESST-II and CoGeNT probe g̃(vmin) at di↵erent
ranges of vmin. Therefore it should be possible to choose g̃(vmin) such that we obtain a con-
sistent description for these two experiments. This choice must be di↵erent from the SHM
for which the best-fit DM regions of CRESST-II and CoGeNT do not overlap [15, 23].

Of course, we cannot vary g̃(vmin) arbitrarily — in the end, the velocity integral must
arise from a reasonable self-consistent model of the DM halo. Therefore we look at the range
of predictions for g̃(vmin) from all reasonable models of the galactic halo in Figure 4. First
we note that g̃(vmin) can change considerably even in the context of the SHM, if we vary
v0 and vesc within their observational bounds (see the left panel of Figure 4). Moreover
the SHM may not accurately describe the DM halo; indeed many alternative models and
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obtained using two di↵erent methods, as described in Appendix A. It is not possible to find any model
for the DM halo that provides a consistent description of all experiments.
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periments, it is seen from Figure 3 that CRESST-II and CoGeNT probe g̃(vmin) at di↵erent
ranges of vmin. Therefore it should be possible to choose g̃(vmin) such that we obtain a con-
sistent description for these two experiments. This choice must be di↵erent from the SHM
for which the best-fit DM regions of CRESST-II and CoGeNT do not overlap [15, 23].

Of course, we cannot vary g̃(vmin) arbitrarily — in the end, the velocity integral must
arise from a reasonable self-consistent model of the DM halo. Therefore we look at the range
of predictions for g̃(vmin) from all reasonable models of the galactic halo in Figure 4. First
we note that g̃(vmin) can change considerably even in the context of the SHM, if we vary
v0 and vesc within their observational bounds (see the left panel of Figure 4). Moreover
the SHM may not accurately describe the DM halo; indeed many alternative models and
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We use this equation in the maximum gap method [14]
to bound the value of ⌘s as a function of vs for CDMS,
XENON10, XENON100, and SIMPLE unbinned data.
For compound detectors like SIMPLE, Eq. (13) is equiv-
alent but more transparent than the method in Appendix
A.1 of [12].

The data and detector properties we use are as fol-
lows. (We acknowledge criticism of some experimental
analyses [15], and try to be conservative.)

CoGeNT. We use the list of events, quenching factor,
e�ciency, exposure times and cosmogenic background
given in the 2011 CoGeNT data release [16]. We sep-
arate the modulated and unmodulated parts with a chi-
square fit after binning in energy and in 30-day time in-
tervals (we fix the modulation phase to DAMA’s best
fit value of 152.5 days from January 1). We correct
the unmodulated part by surface-event correction fac-
tors C(E) = 1 � e�E2/E2

C , which are similar to those in
[17] for EC = 1.04 keVee (“CoGeNT high”), 0.92 keVee
(“CoGeNT med.”), and 0.8 keVee (“CoGeNT low”). We
leave it to the reader to subtract a possible constant back-
ground contribution.

CDMS. For the upper limit on the total event rate
we use only the T1Z5 detector [9], which gives the most
stringent limits at low WIMP masses. The energy res-
olution is [0.2932 + (0.056E)2)]1/2, and the range for
the maximum gap method is 2 keV–20 keV. For the
modulation amplitude we use the 95% upper bound of
0.045 events/kg-day-keV for a modulation phase equal
to DAMA’s in the energy range 5 keV–11.9 keV [10].

DAMA. We read the modulation amplitudes from [1].
We consider scattering o↵ Na only, since the I component
is under threshold for low mass WIMPs and reasonable
local Galactic escape velocity. We show results for two
values of the Na quenching factor: 0.3 and 0.45 (the latter
suggested in [18]). No channeling is included, as per [19].

XENON100. The exposure is 48 kg ⇥ 100.9 days.
We convert the energies of the three candidate events
in Ref. [7] into S1 values, and use the Poisson fluctuation
formula Eq. (15) in [20] to compute the energy fluctua-
tions. We use the light e�ciency function Le↵ in Fig. 1
of [7]. We obtain the cut acceptance by multiplying two
factors: the overall cut acceptance, which we set to a
conservative value of 0.6 since it is unclear why in Fig. 2
of [7] it would depend on the WIMP mass when expressed
as a function of S1, and the S1/S2 discrimination accep-
tance, taken from the just mentioned Fig. 2. We use
a maximum gap method over the interval 4  S1  30
photoelectrons.

XENON10. We follow Ref. [6] and use only S2 without
S1/S2 discrimination. The exposure is 1.2 kg ⇥12.5 days.
We consider 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 resolu-
tion, we are more conservative than [6]: we convert the
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FIG. 1: Measurements and upper bounds on the unmod-
ulated and modulated part of the velocity integral ⌘(vmin)
as a function of vmin. For this case of spin-independent
isospin-symmetric couplings and WIMP mass of 9 GeV, the
XENON100 and CDMS bounds exclude all but the lowest
energy CoGeNT and DAMA bins.

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 [21].
SIMPLE. We consider only Stage 2, with an exposure

of 6.71 kg days and no observed candidate event. We
take an e�ciency ⌘0(E) = 1� exp{��[(Edep/Ethr)� 1]}
with � = 4.2±0.3. With no events observed, the Poisson
and maximum gap upper limits coincide.
CRESST-II.We take the histogram of events in Fig. 11

of Ref. [4]. The acceptance is obtained by adding each
module at its lower energy acceptance limit in their Ta-
ble 1. The electromagnetic background is modeled as
one e/� event in the first energy bin of each module.
The exposure is 730 kg days. We assume a maximum
WIMP velocity in the Galaxy such that W recoils can
be neglected. To take into account the Ca and O com-
ponents, we follow the same philosophy as Method 2 in
Appendix A.2 of [12], but, without having to assume a
constant e�ciency in each energy bin, we are able to
cover the CRESST-II energy range without gaps with
the following binning: three high-energy bins (i = 4, 5, 6)
with scatterings o↵ O only (assuming a maximum vmin of
⇠ 750 km/s): [17, 20], [20, 23], and [23, 26] keV; and three
corresponding low-energy bins (i = 1, 2, 3) with the same
vmin range and scatterings o↵ O and Ca: [11, 13], [13, 15],
and [15, 17] keV. To avoid complications with the over-
lap of the tails of the weight functions RSI

i (vmin), we cut
them outside the vmin interval [vmin(E0

1i), vmin(E0
2i)], i.e.

we do not enlarge the vmin interval using the energy reso-
lution. Having determined ⌘̃0i = R̂0i/ASI

O,i for i = 4, 5, 6

using O only in ASI
O,i, we estimate the Ca contribution

3

observed modulation amplitude Aobs

i by

Ãobs

⌘ (vim) =
Aobs

i q
Na

A2

Na

hF 2

Na

iifNa

. (11)

Here q
Na

= dEee/dEnr is the sodium quenching fac-
tor translating keVee into keVnr, for which we take
q
Na

= 0.3. The index i labels energy bins, with vim given
by the corresponding energy bin center using Eq. (2).
Further, hF 2

Na

ii is the sodium form factor averaged over
the bin width and f

Na

= m
Na

/(m
Na

+m
I

) is the sodium
mass fraction of the NaI crystal. For the modulation am-
plitude in CoGeNT we proceed analogously. Note that
the conversion factor from ⌘̄ to ⌘̃ is the same as for A⌘ to
Ã⌘, and does not dependent on the nucleus. Therefore,
the bounds (6) and (7) apply to ⌘̃, Ã⌘ without change,
even if the l.h.s. and r.h.s. refer to di↵erent experiments.

Let us briefly describe the data we use to derive the up-
per bounds on ⌘̃. We consider results from XENON10 [7]
(XE10) and XENON100 [8] (XE100). In both cases we
take into account the energy resolution due to Poisson
fluctuations of single electrons. XE100 is sensitive to the
interesting region of vm only because of upward fluctu-
ations from below the threshold. We adopt the best-fit
light-yield e�ciency L

e↵

from [8]. The XE10 analysis
is based on the so-called S2 ionization signal which al-
lows to go to a rather low threshold. We follow [7] and
impose a sharp cut-o↵ of the e�ciency below the thresh-
old. From CDMS we use results from a dedicated low-
threshold (LT) analysis [9] of Ge data, as well as data on
Si [16]. In the case of SD scattering on protons particu-
larly strong bounds are obtained from experiments with
a fluorine target. We consider the results from SIMPLE
[17], which uses F

5

C
2

Cl. We use the observed number
of events and expected background events to calculate
the combined Poisson probability for Stage 1 and 2. For
the prediction we include energy dependent threshold ef-
ficiencies from [17].

For all experiments we use the lower bound on the
expected events, Eq. (10), to calculate the probability of
obtaining less or equal events than observed. For XE100,
CDMS Si, and SIMPLE we just use the total number of
events in the entire reported energy range. For XE10 and
CDMS LT the limit can be improved if data are binned
and the corresponding probabilities for each bin are mul-
tiplied. This assumes that the bins are statistically in-
dependent, which requires to make bins larger than the
energy resolution. For XE10 we only use two bins. For
CDMS LT we combine the 36 bins from Fig. 1 of [9] into
9 bins of 2 keV where the energy resolution is 0.2 keV.

Results. In Fig. 1 we show the 3� limits (CL =
99.73%) on ⌘̃ compared to the modulation amplitudes
Ã⌘ from DAMA and CoGeNT for a DM mass of 10 GeV.
Similar results have been presented in [14, 15]. The Co-
GeNT amplitude depends on whether the phase is floated
in the fit or fixed at June 2nd [6], which applies to the
“general” and “symmetric” halos, respectively. Already
at this level XE100 is in tension with the modulation
from DAMA (and to some extent also CoGeNT).
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FIG. 1: Upper bounds on ⌘̃ at 3� from XENON100,
XENON10, CDMS LT, CDMS Si, and SIMPLE. The modu-
lation amplitude Ã⌘ is shown for DAMA (for qNa = 0.3) and
CoGeNT for both free phase fit (general) and fixing the phase
to June 2nd (symmetric). We assume a DM mass of 10 GeV
and SI interactions.
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FIG. 2: Integrated modulation signals,
R v2
v1

dvA⌘̃, from
DAMA and CoGeNT compared to the 3� upper bounds for
the general halo, Eq. (6). We assume SI interactions and a
DM mass of 10 GeV. The integral runs from v1 = vmin till
v2 = 743 km/s (end of the 12th bin in DAMA).

We now apply our method. As shown in Fig. 2 the
null search results become significantly more constrain-
ing after applying the bounds on the integrated annual
modulation

R v2
v1

dvA⌘̃ from Eq. (6). DAMA and GoGeNT
are strongly excluded by the bounds from XE100, XE10,
CDMS LT even for the general halo. If one were to as-
sume in addition that the halo is symmetric, the bounds
would get even stronger. Then also CDMS Si excludes
DAMA, and there is some tension with SIMPLE (not
shown).
In Fig. 3 we consider two variations of DM–nucleus

interaction. The upper panel is for the case when the
DM particle couples to the spin of the proton. The null
search result of Xe and Ge experiments are then irrel-
evant. However, the bound from SIMPLE is in strong
disagreement with the modulation signal in DAMA, due
to the presence of fluorine in their target. (A compa-
rable limit from fluorine has been published recently
by PICASSO [18].) In the lower panel of Fig. 3 we

Gondolo+Gelmini

Herrero-Garcia, Schwetz, Zupan



limiting g(v)

• you have to pick a mass

• but there is an unambiguous map between 
masses m1 ⇔ m2

• Could easily be output as supplement to 
usual σ-m plots



• DM searches are more robust than we might have 
guessed

• Can find stable particles that are not “the” DM in 
both direct and indirect detection

• As a complement to standard σ-m plots, we can 
directly compare direct detection experiments, in 
maps and g(v) limits

in summary



• For astrophysics independent limits

• iodine interpretations of DAMA are being 
squeezed

• Important to see wide range of Xe energies to 
constrain scenarios (i.e., I can imagine 10-1 
suppression easily but not 10-4)

• CDMS may not necessarily kill the possibility of a 
signal at CoGeNT but does seem to kill the 
consistency of CoGeNT and DAMA

• Evading XENON signals pushes you into the arms 
of CDMS-Si

in summary



• limits on g(v) are simple, clear baseline constraints 

• Three final asides:

• There is a certain intellectual honesty that is 
compelled by plotting things in many physical 
parameter spaces

• “plots” need no longer be static things (e.g., 
DMtools)

• Without these model independent constraints 
Subir will never pay up

in summary


