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1016 G. Weidenspointner et al.: The sky distribution of positronium continuum emission
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Fig. 1. A Richardson-Lucy sky map of extended emission in the summed Ps analysis intervals (the combination of the intervals 410–430,
447!465, and 490–500 keV). The contour levels indicate intensity levels of 10!2, 10!3, and 10!4 ph cm!2 s!1 sr!1. Details are given in the text.

above about 300 keV, and since we are analyzing rather nar-
row energy intervals above 400 keV the fact that we do not
yet detect them is not surprising. We therefore conclude that
the point sources found by us using SPIROS are all spurious,
resulting from SPIROS’ attempt to account for intrinsically dif-
fuse emission with a set of point sources.

3.2. Model fitting

A more quantitative approach for studying the Galactic dis-
tribution of the observed extended emission is model fit-
ting, which we performed using a maximum likelihood multi-
component fitting algorithm (Knödlseder et al. 2005) outlined
in Sect. 2.

We first modelled the emission in the three summed
Ps analysis intervals4 by an ellipsoidal distribution with a
Gaussian radial profile and determined the best-fit centroid
location (l0, b0) and extent in Galactic longitude and latitude
(FWHMl, FWHMb). We then combined this Galactic bulge
model with one of two models for emission from the Galactic
disk: both HI (Dickey & Lockman 1990) and CO (Dame et al.
1987) distributions are tracers of Galactic matter and are be-
lieved to correlate with di!use emission (cf. Harris et al. 1990;
Kinzer et al. 1999; Strong et al. 2004). The results of these fits
are summarized in Table 1. In each of these fits, the Crab and
Cygnus X-1 were included as steady point sources whose in-
tensities were fitted. When including the four highest-energy
sources reported by Bouchet et al. (2005) the quality of the fits
is only slightly improved and the fit results do not change sig-
nificantly; therefore these point sources were excluded from the
final analysis.

As can be seen from Table 1, the centroid of the bulge
emission is the same within errors for all three models. There
is marginal evidence for a slight o!set of the centroid from
the GC, but it is of a magnitude that could easily result from

4 Results for the individual energy intervals are consistent within
statistical uncertainties.

the combined e!ects of statistical and systematic biases in the
background model (indeed, there is a similarly marginal, but
opposite, o!set of the centroid in the 511 keV line emission;
Knödlseder et al. 2005). The extent of the bulge emission, and
its flux, do depend on the sky model. If the extended emission
is modelled by a bulge component only, then there is marginal
evidence for the bulge emission to be more extended in lon-
gitude than in latitude (the ellipticity ! " FWHMb/FWHMl

deviates by about 1.5" from unity). However, inclusion of a
Galactic disk component improves the fits, with the signifi-
cances of the HI distribution and of the CO distribution being
about 2.8" and 4.0", respectively, favouring the latter. Another
reason to adopt the CO distribution as the better disk model
of the two is the fact that the resulting total sky flux of about
(2.8±0.5)#10!3 ph cm!2 s!1 agrees well with the value of about
2.5 # 10!3 ph cm!2 s!1 determined with SMM5 in the Ps anal-
ysis intervals, whereas the total bulge and HI disk model flux
of (5.4 ± 1.5) # 10!3 ph cm!2 s!1 is only marginally consistent
with the SMM spectrum of Harris et al. (1990).

Inclusion of a Galactic disk component in the fits also ren-
ders evidence for ellipticity of the bulge component insignif-
icant. The bulge shape is consistent with circular symmetry,
with a FWHM of about 8$, in agreement with our results for the
511 keV line (Knödlseder et al. 2005). As is the case for the an-
nihilation line, the extent of the Ps continuum bulge emission
is slightly larger than that derived by Kinzer et al. (2001) from
OSSE observations. However, the di!erence is not very signif-
icant, and it is possible that there is bias in the OSSE analysis
favouring a smaller bulge extent (Kinzer et al. 2001).

The fluxes that are attributed to the disk components exceed
the bulge flux by factors of 2!4 (see Table 1). However, since
the disk flux is distributed over a much larger sky region, the
corresponding surface brightness is much lower. The model fits
therefore confirm the mapping result: the intensity of extented

5 The Gamma Ray Spectrometer on board the Solar Maximum
Mission (Forrest et al. 1980).
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Fig. 25.— The inner slope of the dark matter density profile plotted against the radius of the

innermost point. The inner-slopes of the mass density profiles of IC 2574 and NGC 2366 are

overplotted with earlier work; they are consistent with previous measurements. Open circles: de

Blok et al. (2001); squares: de Blok & Bosma (2002); open stars: Swaters et al. (2003). The

pseudo-isothermal model is preferred over the NFW model to explain the observational data.
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FIG. 3: The annihilation diagrams !! ! "" both with (a) and without (b) the Sommerfeld enhancements.

for ordinary WIMP annihilations, mediated by W/Z/! exchange).

Because of the presence of a new light state, the annihilation "" " ## can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <! 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ! GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller $0 and p̄ signals. Consequently, an

important question is the tendency of # to decay to leptons. This is a simple matter of how # couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar # can couple with a dilaton-like coupling #Fµ!Fµ! , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e! spectrum. A more promising approach would be to mix

# with the standard model Higgs with a term %#2h†h. Should # acquire a vev ##$ ! m", then we yield a small mixing

with the standard model Higgs, and the # will decay into the heaviest fermion pair available. For m"
<! 200 MeV

it will decay directly to e+e!, while for 200 MeV<! m"
<! 250 MeV, # will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e! and µ+µ! give good fits to the PAMELA data,

while e+e! gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F "
µ!Fµ! . This possibility was considered

some time ago in [40]. Such an operator will cause a vector #µ to couple directly to charge. Thus, for m"
<! 2mµ it

will decay to e+e!, while for 2mµ
<! m"

<! 2m# it will decay equally to e+e! and µ+µ!. Above 2m#, it will decay

40% e+e!, 40%µ+µ! and 20%$+$!. At these masses, no direct decays into $0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the # will decay to quarks, producing a wider range of hadronic states, including $0’s, and, at

suitably high masses m"
>! 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ! m" [44].

A LIGHT (< GEV) SECTOR

!

l!
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for ordinary WIMP annihilations, mediated by W/Z/! exchange).

Because of the presence of a new light state, the annihilation "" " ## can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <! 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ! GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller $0 and p̄ signals. Consequently, an

important question is the tendency of # to decay to leptons. This is a simple matter of how # couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar # can couple with a dilaton-like coupling #Fµ!Fµ! , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e! spectrum. A more promising approach would be to mix

# with the standard model Higgs with a term %#2h†h. Should # acquire a vev ##$ ! m", then we yield a small mixing

with the standard model Higgs, and the # will decay into the heaviest fermion pair available. For m"
<! 200 MeV

it will decay directly to e+e!, while for 200 MeV<! m"
<! 250 MeV, # will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e! and µ+µ! give good fits to the PAMELA data,

while e+e! gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F "
µ!Fµ! . This possibility was considered

some time ago in [40]. Such an operator will cause a vector #µ to couple directly to charge. Thus, for m"
<! 2mµ it

will decay to e+e!, while for 2mµ
<! m"

<! 2m# it will decay equally to e+e! and µ+µ!. Above 2m#, it will decay

40% e+e!, 40%µ+µ! and 20%$+$!. At these masses, no direct decays into $0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the # will decay to quarks, producing a wider range of hadronic states, including $0’s, and, at

suitably high masses m"
>! 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ! m" [44].
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for ordinary WIMP annihilations, mediated by W/Z/! exchange).

Because of the presence of a new light state, the annihilation "" " ## can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <! 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ! GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller $0 and p̄ signals. Consequently, an

important question is the tendency of # to decay to leptons. This is a simple matter of how # couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar # can couple with a dilaton-like coupling #Fµ!Fµ! , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e! spectrum. A more promising approach would be to mix

# with the standard model Higgs with a term %#2h†h. Should # acquire a vev ##$ ! m", then we yield a small mixing

with the standard model Higgs, and the # will decay into the heaviest fermion pair available. For m"
<! 200 MeV

it will decay directly to e+e!, while for 200 MeV<! m"
<! 250 MeV, # will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e! and µ+µ! give good fits to the PAMELA data,

while e+e! gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F "
µ!Fµ! . This possibility was considered

some time ago in [40]. Such an operator will cause a vector #µ to couple directly to charge. Thus, for m"
<! 2mµ it

will decay to e+e!, while for 2mµ
<! m"

<! 2m# it will decay equally to e+e! and µ+µ!. Above 2m#, it will decay

40% e+e!, 40%µ+µ! and 20%$+$!. At these masses, no direct decays into $0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the # will decay to quarks, producing a wider range of hadronic states, including $0’s, and, at

suitably high masses m"
>! 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ! m" [44].
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for ordinary WIMP annihilations, mediated by W/Z/! exchange).

Because of the presence of a new light state, the annihilation "" " ## can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <! 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ! GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller $0 and p̄ signals. Consequently, an

important question is the tendency of # to decay to leptons. This is a simple matter of how # couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar # can couple with a dilaton-like coupling #Fµ!Fµ! , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e! spectrum. A more promising approach would be to mix

# with the standard model Higgs with a term %#2h†h. Should # acquire a vev ##$ ! m", then we yield a small mixing

with the standard model Higgs, and the # will decay into the heaviest fermion pair available. For m"
<! 200 MeV

it will decay directly to e+e!, while for 200 MeV<! m"
<! 250 MeV, # will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e! and µ+µ! give good fits to the PAMELA data,

while e+e! gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F "
µ!Fµ! . This possibility was considered

some time ago in [40]. Such an operator will cause a vector #µ to couple directly to charge. Thus, for m"
<! 2mµ it

will decay to e+e!, while for 2mµ
<! m"

<! 2m# it will decay equally to e+e! and µ+µ!. Above 2m#, it will decay

40% e+e!, 40%µ+µ! and 20%$+$!. At these masses, no direct decays into $0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the # will decay to quarks, producing a wider range of hadronic states, including $0’s, and, at

suitably high masses m"
>! 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ! m" [44].
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for ordinary WIMP annihilations, mediated by W/Z/! exchange).

Because of the presence of a new light state, the annihilation "" " ## can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <! 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ! GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller $0 and p̄ signals. Consequently, an

important question is the tendency of # to decay to leptons. This is a simple matter of how # couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar # can couple with a dilaton-like coupling #Fµ!Fµ! , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e! spectrum. A more promising approach would be to mix

# with the standard model Higgs with a term %#2h†h. Should # acquire a vev ##$ ! m", then we yield a small mixing

with the standard model Higgs, and the # will decay into the heaviest fermion pair available. For m"
<! 200 MeV

it will decay directly to e+e!, while for 200 MeV<! m"
<! 250 MeV, # will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e! and µ+µ! give good fits to the PAMELA data,

while e+e! gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F "
µ!Fµ! . This possibility was considered

some time ago in [40]. Such an operator will cause a vector #µ to couple directly to charge. Thus, for m"
<! 2mµ it

will decay to e+e!, while for 2mµ
<! m"

<! 2m# it will decay equally to e+e! and µ+µ!. Above 2m#, it will decay

40% e+e!, 40%µ+µ! and 20%$+$!. At these masses, no direct decays into $0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the # will decay to quarks, producing a wider range of hadronic states, including $0’s, and, at

suitably high masses m"
>! 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ! m" [44].
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Dark forces     -     Search for dark bosons

4

Expected Signal

Search for e+e- → A'*  → WD WD → (l+l-) (l+l-) l=e,

 ➡ Two dilepton resonances with full beam energy 
and momentum

 ➡ Resonances have similar masses

 ➡ Signal extracted using a cut-and-count analysis, 
    background estimated from sidebands

 ➡ Use full BABAR dataset

points: bin UL

line: average UL

Assume 

BF(W→e+e-)=BF(W→m+m-)

s(e+e- → WD WD → (l+l-) (l+l-)) < 25-60 ab

g
D
e2 < 10-9 - 10-7

No evidence of dark boson found yet!

Upper limits (90% CL)

arXiv:0908.2821

 g
D 

- dark sector coupling constant

     Bertrand Echenard – Caltech                                    PANIC 2011  -  Cambridge                             p. 26
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FIG. 5: CMB power spectra for three di!erent DM annihilation models, with power injection normalized to that of a 1 GeV
WIMP with thermal relic cross section and f = 1, compared to a baseline model with no DM annihilation. The models give
similar results for the TT (left), TE (middle), and EE (right) power spectra. This suggests that the CMB is sensitive to only
one parameter, the average power injected around recombination. All curves employ the WMAP5 fiducial cosmology: the
e!ects of DM annihilation can be compensated to a large degree by adjusting ns and !8 [4].

known to within a factor of ! 2 (which is then squared
to determine the annihilation rate), and density enhance-
ments from local substructure could also contribute an
O(1) boost to the cosmic-ray flux. The excess measured
by Fermi requires generically smaller boost factors than
ATIC, by a factor of ! 2 " 3: such models are not ruled
out by WMAP5 even without taking into account astro-
physical uncertainties, but will be constrained by Planck.

The degree of uniformity between the models should
not be surprising, despite the wide range of masses and
boost factors. The variations in f(z) between di!erent
channels arise in large part from the energy carried away
by annihilation products other than photons and elec-
trons – but these annihilation products also do not con-
tribute to the cosmic-ray excesses measured at ATIC and
PAMELA. The cosmic-ray excesses are more sensitive
measures of the high-energy spectrum of the annihilation
products than the CMB, whereas the CMB is sensitive to
soft photons and electrons which may be absorbed into
the background in cosmic-ray measurements, but to a
first approximation both measurements are simply prob-
ing the total power in electrons (at least when the power
in photons produced by annihilation is small).

B. Implications for Sommerfeld-enhanced DM
annihilation

As described in the Introduction, the CMB has the po-
tential to act as an especially sensitive probe of DM mod-
els with Sommerfeld-enhanced annihilation. The sim-
plest example of the Sommerfeld enhancement with a
massive mediator is the case of WIMPs interacting via a
Yukawa potential. More complicated models can contain
small mass splittings among the dark sector particles,

and multiple light force carriers (e.g. [23]), but in this
work we will consider only the simplest case.

If the dark matter particle couples to a scalar media-
tor ! with coupling strength ", then the enhancement is
solely determined by the dimensionless parameters,

#v =
(v/c)

$
, #! =

m!

$MDM
, (5)

where $ = "2/4%. In the limit where the ! mass goes to
zero (#! # 0), the enhancement to the annihilation cross
section – denoted S – can be determined analytically, and
S ! %/#v at low velocities. For nonzero #!, there are two
important qualitative di!erences. The first is that the
Sommerfeld enhancement saturates at low velocity–the
attractive force has a finite range, and this limits how
large the enhancement can become. Once the deBroglie
wavelength of the particle (MDMv)!1 exceeds the range
of the interaction m!1

! , or equivalently once #v drops
beneath #!, the Sommerfeld enhancement saturates at
S ! 1

"!
[23]. The second e!ect is that for specific values

of #!, resonances occur where the enhancement scales as
! 1/#2v instead of ! 1/#v, potentially increasing the en-
hancement factor by several orders of magnitude. In the
resonant case the velocity at which the enhancement sat-
urates is also smaller than in the non-resonant case (for
the same value of #!).

1. Saturation of the enhancement

At first glance it might appear that our calculation
would not apply to Sommerfeld-enhanced models, due
to the variation of the enhancement with velocity, since
we have assumed a constant $&Av% with respect to z.
However, for models which are not already ruled out
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FIG. 6: Constraints on the annihilation cross-section !!Av"
the e!ciency factor f . The dark blue area is excluded by
WMAP5 data at 95% confidence, whereas the lighter blue
area shows the region of parameter space that will be probed
by Planck. The cyan area is the zone that can ultimately be
explored by a cosmic variance limited experiment with angu-
lar resolution comparable to Planck. Constraints are taken
from [42] (Fig. 4). The data points indicate the positions of
models which fit the observed cosmic-ray excesses, as fitted in
[20, 55]. Squares: PAMELA only. Diamonds: PAMELA and
Fermi. Crosses: PAMELA and ATIC. Error bars indicate the
factor-of-4 uncertainty in the required boost factor due to un-
certainties in the local dark matter density (any substructure
contributions are not taken into account). For models labeled
by “XDM” followed by a ratio, the annihilation is through an
XDM intermediate light state to electrons, muons and pions
in the given ratio (e.g. “XDM 4:4:1” corresponds to 4:4:1
annihilation to e+e!, µ+µ! and "+"!).

by WMAP5 constraints, either the enhancement must
be saturated over the redshift range in question (z !
100 " 4000), or ! or f(z) must be extremely small – in
which case the model could not explain the cosmic-ray
anomalies described in the Introduction. For the models
of greatest interest, the enhancement S thus provides a
constant boost factor to the annihilation cross section at
z ! 1000, and our constraints apply directly.

At redshift z, the CMB temperature is ! 2.35 #
10!4(1 + z) eV. This places an upper bound on the tem-
perature of the DM: however, after kinetic decoupling
the DM temperature evolves adiabatically as T $ z2,
and thus the WIMPs can be much colder than the pho-
ton temperature. [42] suggests v/c ! 10!8 at z ! 1000
for a 100 GeV WIMP.

If the enhancement is still unsaturated at such low ve-
locities, then the force carrier must be extremely light
compared to the WIMP mass. For the models recently
proposed in the literature [21, 23, 25, 57], the enhance-
ment has always saturated by this point as the force carri-
ers are much heavier than 10!8MDM. Other constraints
on models with very low-mass mediators also exist: as

one example, a 1/v enhancement which saturates at too
low a velocity can also cause runaway annihilations in
the first DM halos at the onset of structure formation
[58]. Furthermore, as shown in Fig. 6, models which fit
the recently observed cosmic-ray anomalies are already
close to being ruled out by WMAP5. If the Sommer-
feld enhancement in such models has not saturated by
(v/c) ! 10!8, this implies an e!ective cross section at re-
combination ! 4 " 5 orders of magnitude higher than in
the present-day Galactic halo. Such models are therefore
strongly excluded by WMAP5. Similarly, if the WIMP
annihilates to the same particle which mediates the Som-
merfeld enhancement, then in order for the enhancement
to evade the constraints in Fig. 6, the coupling ! between
the WIMP and the force carrier must be extremely small
– reducing the annihilation cross section at freeze-out to
unacceptable levels for a thermal relic. Thus for a broad
range of well motivated models, it is self-consistent to as-
sume that the Sommerfeld enhancement is saturated for
the redshift range of interest (z ! 100 " 4000).

We can write the 95 % confidence limits from WMAP5
in terms of constraints on the total cross section,

%"Av&saturated <
3.6 # 10!24cm3/s

f

!

MDMc2

1TeV

"

, (6)

or as constraints on the maximum saturated enhance-
ment, relative to the thermal relic cross section %"Av& =
3 # 10!26 cm3/s,

Smax <
120

f

!

MDMc2

1TeV

"

. (7)

In both cases values of f for the di!erent channels are
given in Table I.

These results directly limit the maximum boost fac-
tor possible from substructure, in Sommerfeld-enhanced
models. There has recently been considerable interest
in possible annihilation signals from dark matter sub-
halos, where the DM velocity dispersion is reduced and
the Sommerfeld-enhanced cross section is boosted (e.g.
[59, 60, 61, 62]). However, the saturated cross section
cannot be much larger than that required to fit the cos-
mic ray anomalies, so for models which fit the cosmic ray
anomalies, the lower velocity dispersion in subhalos will
not result in a higher annihilation cross section.

2. Sommerfeld-enhanced models fitting cosmic ray excesses

In Sommerfeld-enhanced models which produce the ob-
served excesses in e+e! cosmic rays, the saturation of
the enhancement is even more constrained than in the
general case. Since the cross sections required to fit
the cosmic ray anomalies are already nearly excluded by
WMAP5, as shown in Fig. 6, the enhancement must al-
ready be close to saturation at v ! 150 km/s (5#10!4c),
the estimated local WIMP velocity dispersion. Astro-
physical uncertainties – in the propagation of cosmic rays,

Slatyer, Padmanabhan, Finkbeiner, ’09
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FIG. 5: CMB power spectra for three di!erent DM annihilation models, with power injection normalized to that of a 1 GeV
WIMP with thermal relic cross section and f = 1, compared to a baseline model with no DM annihilation. The models give
similar results for the TT (left), TE (middle), and EE (right) power spectra. This suggests that the CMB is sensitive to only
one parameter, the average power injected around recombination. All curves employ the WMAP5 fiducial cosmology: the
e!ects of DM annihilation can be compensated to a large degree by adjusting ns and !8 [4].

known to within a factor of ! 2 (which is then squared
to determine the annihilation rate), and density enhance-
ments from local substructure could also contribute an
O(1) boost to the cosmic-ray flux. The excess measured
by Fermi requires generically smaller boost factors than
ATIC, by a factor of ! 2 " 3: such models are not ruled
out by WMAP5 even without taking into account astro-
physical uncertainties, but will be constrained by Planck.

The degree of uniformity between the models should
not be surprising, despite the wide range of masses and
boost factors. The variations in f(z) between di!erent
channels arise in large part from the energy carried away
by annihilation products other than photons and elec-
trons – but these annihilation products also do not con-
tribute to the cosmic-ray excesses measured at ATIC and
PAMELA. The cosmic-ray excesses are more sensitive
measures of the high-energy spectrum of the annihilation
products than the CMB, whereas the CMB is sensitive to
soft photons and electrons which may be absorbed into
the background in cosmic-ray measurements, but to a
first approximation both measurements are simply prob-
ing the total power in electrons (at least when the power
in photons produced by annihilation is small).

B. Implications for Sommerfeld-enhanced DM
annihilation

As described in the Introduction, the CMB has the po-
tential to act as an especially sensitive probe of DM mod-
els with Sommerfeld-enhanced annihilation. The sim-
plest example of the Sommerfeld enhancement with a
massive mediator is the case of WIMPs interacting via a
Yukawa potential. More complicated models can contain
small mass splittings among the dark sector particles,

and multiple light force carriers (e.g. [23]), but in this
work we will consider only the simplest case.

If the dark matter particle couples to a scalar media-
tor ! with coupling strength ", then the enhancement is
solely determined by the dimensionless parameters,

#v =
(v/c)

$
, #! =

m!

$MDM
, (5)

where $ = "2/4%. In the limit where the ! mass goes to
zero (#! # 0), the enhancement to the annihilation cross
section – denoted S – can be determined analytically, and
S ! %/#v at low velocities. For nonzero #!, there are two
important qualitative di!erences. The first is that the
Sommerfeld enhancement saturates at low velocity–the
attractive force has a finite range, and this limits how
large the enhancement can become. Once the deBroglie
wavelength of the particle (MDMv)!1 exceeds the range
of the interaction m!1

! , or equivalently once #v drops
beneath #!, the Sommerfeld enhancement saturates at
S ! 1

"!
[23]. The second e!ect is that for specific values

of #!, resonances occur where the enhancement scales as
! 1/#2v instead of ! 1/#v, potentially increasing the en-
hancement factor by several orders of magnitude. In the
resonant case the velocity at which the enhancement sat-
urates is also smaller than in the non-resonant case (for
the same value of #!).

1. Saturation of the enhancement

At first glance it might appear that our calculation
would not apply to Sommerfeld-enhanced models, due
to the variation of the enhancement with velocity, since
we have assumed a constant $&Av% with respect to z.
However, for models which are not already ruled out

Friday, July 29, 11



should have definitive result in 2012 2013!

10

Ruled out by WMAP5

Planck
forecast CVL

12

34
5

6 7
8

9
10

11
12

13
 1 XDM µ+µ- 2500 GeV, BF = 2300
 2 µ+µ- 1500 GeV, BF = 1100
 3 XDM µ+µ- 2500 GeV, BF = 1000
 4 XDM e+e- 1000 GeV, BF = 300
 5 XDM 4:4:1 1000 GeV, BF = 420
 6 e+e- 700 GeV, BF = 220
 7 µ+µ- 1500 GeV, BF = 560
 8 XDM 1:1:2 1500 GeV, BF = 400
 9 XDM µ+µ- 400 GeV, BF = 110
10 µ+µ- 250 GeV, BF = 81
11 W+W- 200 GeV, BF = 66
12 XDM e+e- 150 GeV, BF = 16
13 e+e- 100 GeV, BF = 10

FIG. 6: Constraints on the annihilation cross-section !!Av"
the e!ciency factor f . The dark blue area is excluded by
WMAP5 data at 95% confidence, whereas the lighter blue
area shows the region of parameter space that will be probed
by Planck. The cyan area is the zone that can ultimately be
explored by a cosmic variance limited experiment with angu-
lar resolution comparable to Planck. Constraints are taken
from [42] (Fig. 4). The data points indicate the positions of
models which fit the observed cosmic-ray excesses, as fitted in
[20, 55]. Squares: PAMELA only. Diamonds: PAMELA and
Fermi. Crosses: PAMELA and ATIC. Error bars indicate the
factor-of-4 uncertainty in the required boost factor due to un-
certainties in the local dark matter density (any substructure
contributions are not taken into account). For models labeled
by “XDM” followed by a ratio, the annihilation is through an
XDM intermediate light state to electrons, muons and pions
in the given ratio (e.g. “XDM 4:4:1” corresponds to 4:4:1
annihilation to e+e!, µ+µ! and "+"!).

by WMAP5 constraints, either the enhancement must
be saturated over the redshift range in question (z !
100 " 4000), or ! or f(z) must be extremely small – in
which case the model could not explain the cosmic-ray
anomalies described in the Introduction. For the models
of greatest interest, the enhancement S thus provides a
constant boost factor to the annihilation cross section at
z ! 1000, and our constraints apply directly.

At redshift z, the CMB temperature is ! 2.35 #
10!4(1 + z) eV. This places an upper bound on the tem-
perature of the DM: however, after kinetic decoupling
the DM temperature evolves adiabatically as T $ z2,
and thus the WIMPs can be much colder than the pho-
ton temperature. [42] suggests v/c ! 10!8 at z ! 1000
for a 100 GeV WIMP.

If the enhancement is still unsaturated at such low ve-
locities, then the force carrier must be extremely light
compared to the WIMP mass. For the models recently
proposed in the literature [21, 23, 25, 57], the enhance-
ment has always saturated by this point as the force carri-
ers are much heavier than 10!8MDM. Other constraints
on models with very low-mass mediators also exist: as

one example, a 1/v enhancement which saturates at too
low a velocity can also cause runaway annihilations in
the first DM halos at the onset of structure formation
[58]. Furthermore, as shown in Fig. 6, models which fit
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close to being ruled out by WMAP5. If the Sommer-
feld enhancement in such models has not saturated by
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the present-day Galactic halo. Such models are therefore
strongly excluded by WMAP5. Similarly, if the WIMP
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in possible annihilation signals from dark matter sub-
halos, where the DM velocity dispersion is reduced and
the Sommerfeld-enhanced cross section is boosted (e.g.
[59, 60, 61, 62]). However, the saturated cross section
cannot be much larger than that required to fit the cos-
mic ray anomalies, so for models which fit the cosmic ray
anomalies, the lower velocity dispersion in subhalos will
not result in a higher annihilation cross section.

2. Sommerfeld-enhanced models fitting cosmic ray excesses

In Sommerfeld-enhanced models which produce the ob-
served excesses in e+e! cosmic rays, the saturation of
the enhancement is even more constrained than in the
general case. Since the cross sections required to fit
the cosmic ray anomalies are already nearly excluded by
WMAP5, as shown in Fig. 6, the enhancement must al-
ready be close to saturation at v ! 150 km/s (5#10!4c),
the estimated local WIMP velocity dispersion. Astro-
physical uncertainties – in the propagation of cosmic rays,

Slatyer, Padmanabhan, Finkbeiner, ’09

Padmanabhan + Finkbeiner, ’05; Galli, 
Bertone, Iocco, Melchiori, ’09; Slatyer, 

Padmanabhan, Finkbeiner, ’09

9

0 500 1000 1500 2000
L

0

2000

4000

6000

L(
L+

1)
 C

L /
 2
π 

[µ
K2 ]

no DM annihilation
1 GeV e+e-

1000 GeV W+W-

2500 GeV XDM µ+µ-

0 500 1000 1500 2000
L

-150

-100

-50

0

50

100

150

L(
L+

1)
 C

L /
 2
π 

[µ
K2 ]

no DM annihilation
1 GeV e+e-

1000 GeV W+W-

2500 GeV XDM µ+µ-

0 500 1000 1500 2000
L

0

20

40

60

L(
L+

1)
 C

L /
 2
π 

[µ
K2 ]

no DM annihilation
1 GeV e+e-

1000 GeV W+W-

2500 GeV XDM µ+µ-
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e!ects of DM annihilation can be compensated to a large degree by adjusting ns and !8 [4].

known to within a factor of ! 2 (which is then squared
to determine the annihilation rate), and density enhance-
ments from local substructure could also contribute an
O(1) boost to the cosmic-ray flux. The excess measured
by Fermi requires generically smaller boost factors than
ATIC, by a factor of ! 2 " 3: such models are not ruled
out by WMAP5 even without taking into account astro-
physical uncertainties, but will be constrained by Planck.

The degree of uniformity between the models should
not be surprising, despite the wide range of masses and
boost factors. The variations in f(z) between di!erent
channels arise in large part from the energy carried away
by annihilation products other than photons and elec-
trons – but these annihilation products also do not con-
tribute to the cosmic-ray excesses measured at ATIC and
PAMELA. The cosmic-ray excesses are more sensitive
measures of the high-energy spectrum of the annihilation
products than the CMB, whereas the CMB is sensitive to
soft photons and electrons which may be absorbed into
the background in cosmic-ray measurements, but to a
first approximation both measurements are simply prob-
ing the total power in electrons (at least when the power
in photons produced by annihilation is small).

B. Implications for Sommerfeld-enhanced DM
annihilation

As described in the Introduction, the CMB has the po-
tential to act as an especially sensitive probe of DM mod-
els with Sommerfeld-enhanced annihilation. The sim-
plest example of the Sommerfeld enhancement with a
massive mediator is the case of WIMPs interacting via a
Yukawa potential. More complicated models can contain
small mass splittings among the dark sector particles,

and multiple light force carriers (e.g. [23]), but in this
work we will consider only the simplest case.

If the dark matter particle couples to a scalar media-
tor ! with coupling strength ", then the enhancement is
solely determined by the dimensionless parameters,

#v =
(v/c)

$
, #! =

m!

$MDM
, (5)

where $ = "2/4%. In the limit where the ! mass goes to
zero (#! # 0), the enhancement to the annihilation cross
section – denoted S – can be determined analytically, and
S ! %/#v at low velocities. For nonzero #!, there are two
important qualitative di!erences. The first is that the
Sommerfeld enhancement saturates at low velocity–the
attractive force has a finite range, and this limits how
large the enhancement can become. Once the deBroglie
wavelength of the particle (MDMv)!1 exceeds the range
of the interaction m!1

! , or equivalently once #v drops
beneath #!, the Sommerfeld enhancement saturates at
S ! 1

"!
[23]. The second e!ect is that for specific values

of #!, resonances occur where the enhancement scales as
! 1/#2v instead of ! 1/#v, potentially increasing the en-
hancement factor by several orders of magnitude. In the
resonant case the velocity at which the enhancement sat-
urates is also smaller than in the non-resonant case (for
the same value of #!).

1. Saturation of the enhancement

At first glance it might appear that our calculation
would not apply to Sommerfeld-enhanced models, due
to the variation of the enhancement with velocity, since
we have assumed a constant $&Av% with respect to z.
However, for models which are not already ruled out
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FIG. 6: Constraints on the annihilation cross-section !!Av"
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by WMAP5 constraints, either the enhancement must
be saturated over the redshift range in question (z !
100 " 4000), or ! or f(z) must be extremely small – in
which case the model could not explain the cosmic-ray
anomalies described in the Introduction. For the models
of greatest interest, the enhancement S thus provides a
constant boost factor to the annihilation cross section at
z ! 1000, and our constraints apply directly.

At redshift z, the CMB temperature is ! 2.35 #
10!4(1 + z) eV. This places an upper bound on the tem-
perature of the DM: however, after kinetic decoupling
the DM temperature evolves adiabatically as T $ z2,
and thus the WIMPs can be much colder than the pho-
ton temperature. [42] suggests v/c ! 10!8 at z ! 1000
for a 100 GeV WIMP.

If the enhancement is still unsaturated at such low ve-
locities, then the force carrier must be extremely light
compared to the WIMP mass. For the models recently
proposed in the literature [21, 23, 25, 57], the enhance-
ment has always saturated by this point as the force carri-
ers are much heavier than 10!8MDM. Other constraints
on models with very low-mass mediators also exist: as

one example, a 1/v enhancement which saturates at too
low a velocity can also cause runaway annihilations in
the first DM halos at the onset of structure formation
[58]. Furthermore, as shown in Fig. 6, models which fit
the recently observed cosmic-ray anomalies are already
close to being ruled out by WMAP5. If the Sommer-
feld enhancement in such models has not saturated by
(v/c) ! 10!8, this implies an e!ective cross section at re-
combination ! 4 " 5 orders of magnitude higher than in
the present-day Galactic halo. Such models are therefore
strongly excluded by WMAP5. Similarly, if the WIMP
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to evade the constraints in Fig. 6, the coupling ! between
the WIMP and the force carrier must be extremely small
– reducing the annihilation cross section at freeze-out to
unacceptable levels for a thermal relic. Thus for a broad
range of well motivated models, it is self-consistent to as-
sume that the Sommerfeld enhancement is saturated for
the redshift range of interest (z ! 100 " 4000).

We can write the 95 % confidence limits from WMAP5
in terms of constraints on the total cross section,

%"Av&saturated <
3.6 # 10!24cm3/s

f

!

MDMc2

1TeV

"

, (6)

or as constraints on the maximum saturated enhance-
ment, relative to the thermal relic cross section %"Av& =
3 # 10!26 cm3/s,

Smax <
120

f

!

MDMc2

1TeV

"

. (7)

In both cases values of f for the di!erent channels are
given in Table I.

These results directly limit the maximum boost fac-
tor possible from substructure, in Sommerfeld-enhanced
models. There has recently been considerable interest
in possible annihilation signals from dark matter sub-
halos, where the DM velocity dispersion is reduced and
the Sommerfeld-enhanced cross section is boosted (e.g.
[59, 60, 61, 62]). However, the saturated cross section
cannot be much larger than that required to fit the cos-
mic ray anomalies, so for models which fit the cosmic ray
anomalies, the lower velocity dispersion in subhalos will
not result in a higher annihilation cross section.

2. Sommerfeld-enhanced models fitting cosmic ray excesses

In Sommerfeld-enhanced models which produce the ob-
served excesses in e+e! cosmic rays, the saturation of
the enhancement is even more constrained than in the
general case. Since the cross sections required to fit
the cosmic ray anomalies are already nearly excluded by
WMAP5, as shown in Fig. 6, the enhancement must al-
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the estimated local WIMP velocity dispersion. Astro-
physical uncertainties – in the propagation of cosmic rays,
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known to within a factor of ! 2 (which is then squared
to determine the annihilation rate), and density enhance-
ments from local substructure could also contribute an
O(1) boost to the cosmic-ray flux. The excess measured
by Fermi requires generically smaller boost factors than
ATIC, by a factor of ! 2 " 3: such models are not ruled
out by WMAP5 even without taking into account astro-
physical uncertainties, but will be constrained by Planck.

The degree of uniformity between the models should
not be surprising, despite the wide range of masses and
boost factors. The variations in f(z) between di!erent
channels arise in large part from the energy carried away
by annihilation products other than photons and elec-
trons – but these annihilation products also do not con-
tribute to the cosmic-ray excesses measured at ATIC and
PAMELA. The cosmic-ray excesses are more sensitive
measures of the high-energy spectrum of the annihilation
products than the CMB, whereas the CMB is sensitive to
soft photons and electrons which may be absorbed into
the background in cosmic-ray measurements, but to a
first approximation both measurements are simply prob-
ing the total power in electrons (at least when the power
in photons produced by annihilation is small).

B. Implications for Sommerfeld-enhanced DM
annihilation

As described in the Introduction, the CMB has the po-
tential to act as an especially sensitive probe of DM mod-
els with Sommerfeld-enhanced annihilation. The sim-
plest example of the Sommerfeld enhancement with a
massive mediator is the case of WIMPs interacting via a
Yukawa potential. More complicated models can contain
small mass splittings among the dark sector particles,

and multiple light force carriers (e.g. [23]), but in this
work we will consider only the simplest case.

If the dark matter particle couples to a scalar media-
tor ! with coupling strength ", then the enhancement is
solely determined by the dimensionless parameters,

#v =
(v/c)

$
, #! =

m!

$MDM
, (5)

where $ = "2/4%. In the limit where the ! mass goes to
zero (#! # 0), the enhancement to the annihilation cross
section – denoted S – can be determined analytically, and
S ! %/#v at low velocities. For nonzero #!, there are two
important qualitative di!erences. The first is that the
Sommerfeld enhancement saturates at low velocity–the
attractive force has a finite range, and this limits how
large the enhancement can become. Once the deBroglie
wavelength of the particle (MDMv)!1 exceeds the range
of the interaction m!1

! , or equivalently once #v drops
beneath #!, the Sommerfeld enhancement saturates at
S ! 1

"!
[23]. The second e!ect is that for specific values

of #!, resonances occur where the enhancement scales as
! 1/#2v instead of ! 1/#v, potentially increasing the en-
hancement factor by several orders of magnitude. In the
resonant case the velocity at which the enhancement sat-
urates is also smaller than in the non-resonant case (for
the same value of #!).

1. Saturation of the enhancement

At first glance it might appear that our calculation
would not apply to Sommerfeld-enhanced models, due
to the variation of the enhancement with velocity, since
we have assumed a constant $&Av% with respect to z.
However, for models which are not already ruled out
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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
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties 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 aWIMPmass ofm� = 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 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 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 [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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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
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties 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 aWIMPmass ofm� = 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 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 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 [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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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
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties 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 aWIMPmass ofm� = 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 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 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 [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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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
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties 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 aWIMPmass ofm� = 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 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 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 [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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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
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties 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 aWIMPmass ofm� = 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 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 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 [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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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
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties 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 aWIMPmass ofm� = 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 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 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 [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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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
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties 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 aWIMPmass ofm� = 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 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 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 [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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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 cos!(t ! t0) with a period T = 2!

" = 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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•What’s not to like: null results from other exps, data are still 
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•What is it: events in an ionization experiment, x10 larger than 
expected background - DM?
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•What’s to like: excellent energy resolution/calibration, good 
statistics
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•What is it: events in an ionization experiment, x10 larger than 
expected background - DM?

•What’s to like: excellent energy resolution/calibration, good 
statistics

•What’s not to like: no discrimination, hasn’t been mercilessly 
beaten for a decade, no clear corroborating features [yet] 
(modulation), null results from other exps

COGENT
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•What is it: an excess of events in a CaWO4 detector, 
consistent with Oxygen scattering (~10-40 keV)
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•What is it: an excess of events in a CaWO4 detector, 
consistent with Oxygen scattering (~10-40 keV)

•What’s to like: good discrimination vs electron recoil, not 
muon induced neutrons
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CRESST

•What is it: an excess of events in a CaWO4 detector, 
consistent with Oxygen scattering (~10-40 keV)

•What’s to like: good discrimination vs electron recoil, not 
muon induced neutrons

•What’s not to like: lots of events at high (15 keV+ energy, 
should have been seen elsewhere), signal lies left, right, above 
and below clear background sources, still have only seen 2 of 9 
detectors, naively low energy looks too clean to be WIMP
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• The same beast?

Summary elastic SI scattering
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don’t really line up, but within spitting distance
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cue GeV searches again...
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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
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties 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 aWIMPmass ofm� = 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 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 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 [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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TENSIONS? EXCLUSIONS?8
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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 e!ciencies. 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 m!=7 GeV/c2 and
!SI=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 !SI=5! 10!41 cm2, which is described as the best fit for a
m!=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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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 1⇥⇥-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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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 e!ciencies. 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 m!=7 GeV/c2 and
!SI=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 !SI=5! 10!41 cm2, which is described as the best fit for a
m!=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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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 1⇥⇥-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 ⇥

4

FIG. 4: Time evolution of the rate in several energy regions.
The last bin spans eight days. A dotted line denotes the
best-fit modulation found. A solid line indicates nominal pre-
dictions (see text). These lines overlap for the bottom panels.

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

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

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

the spectral and temporal information are prima facie
congruent when the WIMP hypothesis is examined: in
particular, the WIMP mass region most favored by the
spectral analysis (Fig. 2) generates predictions for the
modulated amplitude in good agreement with observa-
tions, modulo the dependence of this assertion on the
choice of astrophysical parameters [21–23].
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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
gray band denotes the 1! statistical errors on the background
estimate. The selection e!ciencies have been applied to the
background estimates 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 ac-
ceptance e!ciency, averaged over all detectors.

tion of candidates in the ionization-yield versus recoil-
energy plane for T1Z5. A band of events with ionization
energies consistent with noise is seen below the nuclear-
recoil band. Most or all of these “zero-charge” events
arise from electron recoils near the edge of the detec-
tor, where the charge carriers can be completely collected
on the cylindrical wall rather than on the readout elec-
trodes. At recoil energies !10 keV, these events can be
rejected using a phonon-based fiducial-volume cut; how-
ever, at lower energies, reconstruction of the event radius
using phonon information is unreliable. To maintain ac-
ceptance of low-energy nuclear recoils, some zero-charge
events are not rejected at energies "5 keV where the ion-
ization signal for nuclear recoils becomes comparable to
noise. By extrapolating the exponential spectrum ob-
served for zero-charge events above 5 keV, we estimate
that they contribute 40–60% of the candidate events.

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 in a band above the nuclear-
recoil band but below the bulk electron recoils, with an
increased fraction leaking into the signal region at low
energies. For recoil energies !10 keV, nearly all such sur-
face events can be rejected [13] because 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 e!ective for recoil energies "5 keV.
Extrapolating the exponential spectrum of surface events
identified above 10 keV implies that 10–20% of the can-
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FIG. 2. (color online). Events in the ionization-yield ver-
sus recoil-energy plane for T1Z5. Events lying within the
(+1.25,!0.5)! nuclear-recoil band (solid) are WIMP candi-
dates (large dots). Events lying outside these bands (small
dots) pass all selection criteria except the ionization-energy
requirement. The widths of the band edges denote variations
between data runs. The recoil-energy scale assumes the ion-
ization signal is consistent with a nuclear recoil, causing elec-
tron recoils to be shifted to higher recoil energies and lower
yields.

didates 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 10–15% of the observed candidates arise
from leakage of this background into the signal region.
As shown in Fig. 2, T1Z5 has less leakage from this
background than the average detector since it has the
best ionization resolution. 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 intensity of this line at ionization
yields above the signal region indicates that the 1.3 keV
line accounts for 5–15% of the observed candidates.
Monte Carlo simulations indicate that neutrons, whose

nuclear recoils are indistinguishable from WIMPs, pro-
duce a negligible "0.2 event background.
As shown in Fig. 1, the observed candidate spectrum

can be accounted for with known backgrounds, and there
is no evidence for a signal. However, since the back-
ground model involves su"cient extrapolation that sys-
tematic errors are di"cult to quantify, we do not sub-
tract this background but instead set upper limits on the
allowed WIMP-nucleon scattering cross section by con-
servatively assuming all observed events could be from
WIMPs. Limits are calculated using the high statistics
version of Yellin’s optimum interval method [21]. Data
from multiple detectors are concatenated as described
in [16] due to the presence of significant backgrounds,
which are expected to vary by detector. The candidate
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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
gray band denotes the 1! statistical errors on the background
estimate. The selection e!ciencies have been applied to the
background estimates 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 ac-
ceptance e!ciency, averaged over all detectors.

tion of candidates in the ionization-yield versus recoil-
energy plane for T1Z5. A band of events with ionization
energies consistent with noise is seen below the nuclear-
recoil band. Most or all of these “zero-charge” events
arise from electron recoils near the edge of the detec-
tor, where the charge carriers can be completely collected
on the cylindrical wall rather than on the readout elec-
trodes. At recoil energies !10 keV, these events can be
rejected using a phonon-based fiducial-volume cut; how-
ever, at lower energies, reconstruction of the event radius
using phonon information is unreliable. To maintain ac-
ceptance of low-energy nuclear recoils, some zero-charge
events are not rejected at energies "5 keV where the ion-
ization signal for nuclear recoils becomes comparable to
noise. By extrapolating the exponential spectrum ob-
served for zero-charge events above 5 keV, we estimate
that they contribute 40–60% of the candidate events.

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 in a band above the nuclear-
recoil band but below the bulk electron recoils, with an
increased fraction leaking into the signal region at low
energies. For recoil energies !10 keV, nearly all such sur-
face events can be rejected [13] because 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 e!ective for recoil energies "5 keV.
Extrapolating the exponential spectrum of surface events
identified above 10 keV implies that 10–20% of the can-
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FIG. 2. (color online). Events in the ionization-yield ver-
sus recoil-energy plane for T1Z5. Events lying within the
(+1.25,!0.5)! nuclear-recoil band (solid) are WIMP candi-
dates (large dots). Events lying outside these bands (small
dots) pass all selection criteria except the ionization-energy
requirement. The widths of the band edges denote variations
between data runs. The recoil-energy scale assumes the ion-
ization signal is consistent with a nuclear recoil, causing elec-
tron recoils to be shifted to higher recoil energies and lower
yields.

didates 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 10–15% of the observed candidates arise
from leakage of this background into the signal region.
As shown in Fig. 2, T1Z5 has less leakage from this
background than the average detector since it has the
best ionization resolution. 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 intensity of this line at ionization
yields above the signal region indicates that the 1.3 keV
line accounts for 5–15% of the observed candidates.
Monte Carlo simulations indicate that neutrons, whose

nuclear recoils are indistinguishable from WIMPs, pro-
duce a negligible "0.2 event background.
As shown in Fig. 1, the observed candidate spectrum

can be accounted for with known backgrounds, and there
is no evidence for a signal. However, since the back-
ground model involves su"cient extrapolation that sys-
tematic errors are di"cult to quantify, we do not sub-
tract this background but instead set upper limits on the
allowed WIMP-nucleon scattering cross section by con-
servatively assuming all observed events could be from
WIMPs. Limits are calculated using the high statistics
version of Yellin’s optimum interval method [21]. Data
from multiple detectors are concatenated as described
in [16] due to the presence of significant backgrounds,
which are expected to vary by detector. The candidate
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FIG. 3. (color online). Top: comparison of the spin-
independent (SI) exclusion limits from these data (solid) to
previous results in the same mass range (all at 90% C.L.).
Limits from a low-threshold analysis of the CDMS shallow-
site data [16] (dashed), CDMS II Ge results with a 10 keV
threshold [13] (dash-dotted), recalculated for lower WIMP
masses, and XENON100 with constant (+) or decreasing (!)
scintillation-e!ciency extrapolations at low energy [17] are
also shown. The filled regions indicate possible signal regions
from DAMA/LIBRA [6, 8] (dark), CoGeNT (light) [7, 8], and
a combined fit to the DAMA/LIBRA and CoGeNT data [8]
(hatched). Bottom: comparison of the WIMP-neutron spin-
dependent (SD) exclusion limits from these data (solid),
CDMS II Ge results with a 10 keV threshold (dash-dotted),
XENON10 [18] (!), and CRESST [19] (dotted). The filled
region denotes the 99.7% C.L. DAMA/LIBRA allowed region
for neutron-only scattering [20]. An escape velocity of 544
km/s was used for the CDMS and XENON100 exclusion lim-
its, whereas the other results assume an escape velocity from
600–650 km/s.

event energies and selection e!ciencies for each detec-
tor are given in [22]. For this analysis, energy inter-
vals from T1Z5 provide the strongest constraints in the
5–10 GeV/c2 mass range. The standard halo model de-
scribed in [23] is used, with specific parameters given
in [16, 22].
The limits do not depend strongly on the extrapola-

tion of the ionization yield used at low energies since the
Neganov-Luke phonon contribution is small for recoil en-
ergies below 4 keV. Conservatively assuming 50% lower
ionization yield near threshold would lead to only !5%
weaker limits in the 5–10 GeV/c2 mass range.
Figure 3 (upper panel) compares the 90% upper confi-

dence limit on the spin-independent WIMP-nucleon scat-
tering cross section from this analysis to previous re-

sults in the same mass range. This analysis provides
stronger limits than previous CDMS II Ge results for
WIMP masses below !9 GeV/c2, and excludes param-
eter space previously excluded only by the XENON100
experiment assuming a constant extrapolation of the liq-
uid xenon scintillation response for nuclear recoils below
5 keV [17]. This parameter space is not excluded by
XENON100 when more conservative assumptions for the
scintillation response are used [8, 17, 24].
Spin-dependent limits on the WIMP-neutron cross sec-

tion are shown in Fig. 3 (lower panel), using the form fac-
tor from [25]. XENON10 constraints, calculated assum-
ing a constant extrapolation of the scintillation response
at low energy [18, 24], are stronger than these results for
WIMP masses above !7 GeV/c2.
These results exclude interpretations of the

DAMA/LIBRA annual modulation signal in terms
of spin-independent elastic scattering of low-mass
WIMPs (e.g., [8, 26]). We ignore the e"ect of ion
channeling on the DAMA/LIBRA allowed regions
since recent analyses indicate channeling should be
negligible [26]. These results are also incompatible with
a low-mass WIMP explanation for the low-energy events
seen in CoGeNT [7, 8].
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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
gray band denotes the 1! statistical errors on the background
estimate. The selection e!ciencies have been applied to the
background estimates 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 ac-
ceptance e!ciency, averaged over all detectors.

tion of candidates in the ionization-yield versus recoil-
energy plane for T1Z5. A band of events with ionization
energies consistent with noise is seen below the nuclear-
recoil band. Most or all of these “zero-charge” events
arise from electron recoils near the edge of the detec-
tor, where the charge carriers can be completely collected
on the cylindrical wall rather than on the readout elec-
trodes. At recoil energies !10 keV, these events can be
rejected using a phonon-based fiducial-volume cut; how-
ever, at lower energies, reconstruction of the event radius
using phonon information is unreliable. To maintain ac-
ceptance of low-energy nuclear recoils, some zero-charge
events are not rejected at energies "5 keV where the ion-
ization signal for nuclear recoils becomes comparable to
noise. By extrapolating the exponential spectrum ob-
served for zero-charge events above 5 keV, we estimate
that they contribute 40–60% of the candidate events.

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 in a band above the nuclear-
recoil band but below the bulk electron recoils, with an
increased fraction leaking into the signal region at low
energies. For recoil energies !10 keV, nearly all such sur-
face events can be rejected [13] because 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 e!ective for recoil energies "5 keV.
Extrapolating the exponential spectrum of surface events
identified above 10 keV implies that 10–20% of the can-
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FIG. 2. (color online). Events in the ionization-yield ver-
sus recoil-energy plane for T1Z5. Events lying within the
(+1.25,!0.5)! nuclear-recoil band (solid) are WIMP candi-
dates (large dots). Events lying outside these bands (small
dots) pass all selection criteria except the ionization-energy
requirement. The widths of the band edges denote variations
between data runs. The recoil-energy scale assumes the ion-
ization signal is consistent with a nuclear recoil, causing elec-
tron recoils to be shifted to higher recoil energies and lower
yields.

didates 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 10–15% of the observed candidates arise
from leakage of this background into the signal region.
As shown in Fig. 2, T1Z5 has less leakage from this
background than the average detector since it has the
best ionization resolution. 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 intensity of this line at ionization
yields above the signal region indicates that the 1.3 keV
line accounts for 5–15% of the observed candidates.
Monte Carlo simulations indicate that neutrons, whose

nuclear recoils are indistinguishable from WIMPs, pro-
duce a negligible "0.2 event background.
As shown in Fig. 1, the observed candidate spectrum

can be accounted for with known backgrounds, and there
is no evidence for a signal. However, since the back-
ground model involves su"cient extrapolation that sys-
tematic errors are di"cult to quantify, we do not sub-
tract this background but instead set upper limits on the
allowed WIMP-nucleon scattering cross section by con-
servatively assuming all observed events could be from
WIMPs. Limits are calculated using the high statistics
version of Yellin’s optimum interval method [21]. Data
from multiple detectors are concatenated as described
in [16] due to the presence of significant backgrounds,
which are expected to vary by detector. The candidate
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FIG. 3. (color online). Top: comparison of the spin-
independent (SI) exclusion limits from these data (solid) to
previous results in the same mass range (all at 90% C.L.).
Limits from a low-threshold analysis of the CDMS shallow-
site data [16] (dashed), CDMS II Ge results with a 10 keV
threshold [13] (dash-dotted), recalculated for lower WIMP
masses, and XENON100 with constant (+) or decreasing (!)
scintillation-e!ciency extrapolations at low energy [17] are
also shown. The filled regions indicate possible signal regions
from DAMA/LIBRA [6, 8] (dark), CoGeNT (light) [7, 8], and
a combined fit to the DAMA/LIBRA and CoGeNT data [8]
(hatched). Bottom: comparison of the WIMP-neutron spin-
dependent (SD) exclusion limits from these data (solid),
CDMS II Ge results with a 10 keV threshold (dash-dotted),
XENON10 [18] (!), and CRESST [19] (dotted). The filled
region denotes the 99.7% C.L. DAMA/LIBRA allowed region
for neutron-only scattering [20]. An escape velocity of 544
km/s was used for the CDMS and XENON100 exclusion lim-
its, whereas the other results assume an escape velocity from
600–650 km/s.

event energies and selection e!ciencies for each detec-
tor are given in [22]. For this analysis, energy inter-
vals from T1Z5 provide the strongest constraints in the
5–10 GeV/c2 mass range. The standard halo model de-
scribed in [23] is used, with specific parameters given
in [16, 22].
The limits do not depend strongly on the extrapola-

tion of the ionization yield used at low energies since the
Neganov-Luke phonon contribution is small for recoil en-
ergies below 4 keV. Conservatively assuming 50% lower
ionization yield near threshold would lead to only !5%
weaker limits in the 5–10 GeV/c2 mass range.
Figure 3 (upper panel) compares the 90% upper confi-

dence limit on the spin-independent WIMP-nucleon scat-
tering cross section from this analysis to previous re-

sults in the same mass range. This analysis provides
stronger limits than previous CDMS II Ge results for
WIMP masses below !9 GeV/c2, and excludes param-
eter space previously excluded only by the XENON100
experiment assuming a constant extrapolation of the liq-
uid xenon scintillation response for nuclear recoils below
5 keV [17]. This parameter space is not excluded by
XENON100 when more conservative assumptions for the
scintillation response are used [8, 17, 24].
Spin-dependent limits on the WIMP-neutron cross sec-

tion are shown in Fig. 3 (lower panel), using the form fac-
tor from [25]. XENON10 constraints, calculated assum-
ing a constant extrapolation of the scintillation response
at low energy [18, 24], are stronger than these results for
WIMP masses above !7 GeV/c2.
These results exclude interpretations of the

DAMA/LIBRA annual modulation signal in terms
of spin-independent elastic scattering of low-mass
WIMPs (e.g., [8, 26]). We ignore the e"ect of ion
channeling on the DAMA/LIBRA allowed regions
since recent analyses indicate channeling should be
negligible [26]. These results are also incompatible with
a low-mass WIMP explanation for the low-energy events
seen in CoGeNT [7, 8].
The CDMS collaboration gratefully acknowledges the

contributions of numerous engineers and technicians; we
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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
gray band denotes the 1! statistical errors on the background
estimate. The selection e!ciencies have been applied to the
background estimates 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 ac-
ceptance e!ciency, averaged over all detectors.

tion of candidates in the ionization-yield versus recoil-
energy plane for T1Z5. A band of events with ionization
energies consistent with noise is seen below the nuclear-
recoil band. Most or all of these “zero-charge” events
arise from electron recoils near the edge of the detec-
tor, where the charge carriers can be completely collected
on the cylindrical wall rather than on the readout elec-
trodes. At recoil energies !10 keV, these events can be
rejected using a phonon-based fiducial-volume cut; how-
ever, at lower energies, reconstruction of the event radius
using phonon information is unreliable. To maintain ac-
ceptance of low-energy nuclear recoils, some zero-charge
events are not rejected at energies "5 keV where the ion-
ization signal for nuclear recoils becomes comparable to
noise. By extrapolating the exponential spectrum ob-
served for zero-charge events above 5 keV, we estimate
that they contribute 40–60% of the candidate events.

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 in a band above the nuclear-
recoil band but below the bulk electron recoils, with an
increased fraction leaking into the signal region at low
energies. For recoil energies !10 keV, nearly all such sur-
face events can be rejected [13] because 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 e!ective for recoil energies "5 keV.
Extrapolating the exponential spectrum of surface events
identified above 10 keV implies that 10–20% of the can-
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FIG. 2. (color online). Events in the ionization-yield ver-
sus recoil-energy plane for T1Z5. Events lying within the
(+1.25,!0.5)! nuclear-recoil band (solid) are WIMP candi-
dates (large dots). Events lying outside these bands (small
dots) pass all selection criteria except the ionization-energy
requirement. The widths of the band edges denote variations
between data runs. The recoil-energy scale assumes the ion-
ization signal is consistent with a nuclear recoil, causing elec-
tron recoils to be shifted to higher recoil energies and lower
yields.

didates 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 10–15% of the observed candidates arise
from leakage of this background into the signal region.
As shown in Fig. 2, T1Z5 has less leakage from this
background than the average detector since it has the
best ionization resolution. 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 intensity of this line at ionization
yields above the signal region indicates that the 1.3 keV
line accounts for 5–15% of the observed candidates.
Monte Carlo simulations indicate that neutrons, whose

nuclear recoils are indistinguishable from WIMPs, pro-
duce a negligible "0.2 event background.
As shown in Fig. 1, the observed candidate spectrum

can be accounted for with known backgrounds, and there
is no evidence for a signal. However, since the back-
ground model involves su"cient extrapolation that sys-
tematic errors are di"cult to quantify, we do not sub-
tract this background but instead set upper limits on the
allowed WIMP-nucleon scattering cross section by con-
servatively assuming all observed events could be from
WIMPs. Limits are calculated using the high statistics
version of Yellin’s optimum interval method [21]. Data
from multiple detectors are concatenated as described
in [16] due to the presence of significant backgrounds,
which are expected to vary by detector. The candidate
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FIG. 3. (color online). Top: comparison of the spin-
independent (SI) exclusion limits from these data (solid) to
previous results in the same mass range (all at 90% C.L.).
Limits from a low-threshold analysis of the CDMS shallow-
site data [16] (dashed), CDMS II Ge results with a 10 keV
threshold [13] (dash-dotted), recalculated for lower WIMP
masses, and XENON100 with constant (+) or decreasing (!)
scintillation-e!ciency extrapolations at low energy [17] are
also shown. The filled regions indicate possible signal regions
from DAMA/LIBRA [6, 8] (dark), CoGeNT (light) [7, 8], and
a combined fit to the DAMA/LIBRA and CoGeNT data [8]
(hatched). Bottom: comparison of the WIMP-neutron spin-
dependent (SD) exclusion limits from these data (solid),
CDMS II Ge results with a 10 keV threshold (dash-dotted),
XENON10 [18] (!), and CRESST [19] (dotted). The filled
region denotes the 99.7% C.L. DAMA/LIBRA allowed region
for neutron-only scattering [20]. An escape velocity of 544
km/s was used for the CDMS and XENON100 exclusion lim-
its, whereas the other results assume an escape velocity from
600–650 km/s.

event energies and selection e!ciencies for each detec-
tor are given in [22]. For this analysis, energy inter-
vals from T1Z5 provide the strongest constraints in the
5–10 GeV/c2 mass range. The standard halo model de-
scribed in [23] is used, with specific parameters given
in [16, 22].
The limits do not depend strongly on the extrapola-

tion of the ionization yield used at low energies since the
Neganov-Luke phonon contribution is small for recoil en-
ergies below 4 keV. Conservatively assuming 50% lower
ionization yield near threshold would lead to only !5%
weaker limits in the 5–10 GeV/c2 mass range.
Figure 3 (upper panel) compares the 90% upper confi-

dence limit on the spin-independent WIMP-nucleon scat-
tering cross section from this analysis to previous re-

sults in the same mass range. This analysis provides
stronger limits than previous CDMS II Ge results for
WIMP masses below !9 GeV/c2, and excludes param-
eter space previously excluded only by the XENON100
experiment assuming a constant extrapolation of the liq-
uid xenon scintillation response for nuclear recoils below
5 keV [17]. This parameter space is not excluded by
XENON100 when more conservative assumptions for the
scintillation response are used [8, 17, 24].
Spin-dependent limits on the WIMP-neutron cross sec-

tion are shown in Fig. 3 (lower panel), using the form fac-
tor from [25]. XENON10 constraints, calculated assum-
ing a constant extrapolation of the scintillation response
at low energy [18, 24], are stronger than these results for
WIMP masses above !7 GeV/c2.
These results exclude interpretations of the

DAMA/LIBRA annual modulation signal in terms
of spin-independent elastic scattering of low-mass
WIMPs (e.g., [8, 26]). We ignore the e"ect of ion
channeling on the DAMA/LIBRA allowed regions
since recent analyses indicate channeling should be
negligible [26]. These results are also incompatible with
a low-mass WIMP explanation for the low-energy events
seen in CoGeNT [7, 8].
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FIG. 4: Time evolution of the rate in several energy regions.
The last bin spans eight days. A dotted line denotes the
best-fit modulation found. A solid line indicates nominal pre-
dictions (see text). These lines overlap for the bottom panels.

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

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

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

the spectral and temporal information are prima facie
congruent when the WIMP hypothesis is examined: in
particular, the WIMP mass region most favored by the
spectral analysis (Fig. 2) generates predictions for the
modulated amplitude in good agreement with observa-
tions, modulo the dependence of this assertion on the
choice of astrophysical parameters [21–23].
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FIG. 1: Top: Uncorrected (i.e., prior to threshold e!ciency
correction) spectrum displaying all expected K-shell EC cos-
mogenic peak positions. The dotted histogram shows the
spectrum before rejection of surface background events. Bot-
tom: Uncorrected low-energy spectrum following removal of
surface events. Dotted Gaussian peaks show the predicted
L-shell EC contribution, devoid of any free parameters (see
text). A dashed line traces their envelope. A second dashed
line indicates the combined threshold e!ciency (trigger +
software cuts) [1], an arrow pointing from it to the right scale.
Inset: Spectra corrected by this e!ciency and stripped of L-
shell contribution and flat background component. Examples
of light WIMP signals are overlapped on it (see text).

all normalization factor is allowed to multiply the en-
velope of the individual L-shell predictions in a back-
ground model containing this envelope, an exponential
and a constant background. The resulting best-fit indi-
cates a L-shell contribution just 10% short of the nominal
prediction, well within its uncertainty. Fig. 2 shows the
region of interest (ROI) obtained when these irreducible
spectra are fitted by a sample model containing signals
from WIMPs of mass m! and spin-independent coupling
!SI , and a free exponential background. The formal defi-
nition of this ROI is as in [1]. It is meant to direct the eye
to the region of parameter space where the hypothesis of
a WIMP signal dominating the irreducible background
events fares best. Reasonable uncertainties in the ger-
manium quenching factor employed [2, 10] can shift this
ROI by ! ±1 GeV/c2. The present uncertainty in the
fiducial bulk volume of this detector is O(10)% [1]. De-
partures from the assumption of a constant background
in the model above can also displace this region. The
additional exposure collected since [1] results in a much

FIG. 2: ROI extracted from the irreducible spectra in Fig. 1
(inset) under consideration of a light-WIMP hypothesis. A
small dotted line bisects it, separating the domains favored
by the black dot (left) or white circle (right) spectra in Fig.
1. Additional uncertainties and ROI definition are mentioned
in the text. The DAMA/LIBRA ROI includes present uncer-
tainties in its position [11], with the exception of ion channel-
ing [14], conservatively assumed to be entirely absent. A solid
line indicates limits from CDMS [15]. The dotted line corre-
sponds to CDMS limits [7] disputed in [16]. A dashed line
corresponds to recent XENON100 claims [8]. The e"ect of
uncertainties on the relaxation of these constraints and those
by XENON10 [18] is examined in [17].

reduced CoGeNT ROI, one in the immediate vicinity of
the phase space compatible with the annual modulation
e!ect observed by DAMA/LIBRA [11, 12]. This region
of !SI , m! space is populated by the predictions of sev-
eral particle phenomenologies. The reader is directed to
references in [1] and recent literature for examples. The
same region has received recent attention within the con-
text of dark matter annihilation signatures at the center
of our galaxy, and anomalies in accelerator experiments
[13]. Fig. 2 also displays limits from other searches, a
subject treated again below.

A search for a WIMP-induced annual modulation in
dark matter detector data requires an exceptional low-
energy stability in the device. Fig. 3 shows that these
conditions are present for CoGeNT. The top panel dis-
plays daily averages in the detector electronic noise. Ex-
cessive excursions in this parameter would a!ect the sta-
bility of the detector threshold. These are not observed.
Precautions are taken to ensure that this noise is as sta-
ble as possible: for instance, by automatically refilling
the detector liquid nitrogen Dewar every 48h, the crystal
temperature and its associated leakage current are held as
constant as possible. The second panel shows the stabil-
ity of the trigger threshold, derived from the daily aver-
age of baseline DC levels in the triggering channel. The
small excursions observed correspond to a temperature
instability in the digitizers (NI 5102) and shaping ampli-
fier in that channel (Ortec 672) of ! 1!C. These small
instabilities do not result in the minor smearing of the
energy resolution that they would naively imply, given
that the amplitude of shaped pulses is referenced, for
each event, to their individual long (320 µs) pre-trigger
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FIG. 4: Time evolution of the rate in several energy regions.
The last bin spans eight days. A dotted line denotes the
best-fit modulation found. A solid line indicates nominal pre-
dictions (see text). These lines overlap for the bottom panels.

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

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

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

the spectral and temporal information are prima facie
congruent when the WIMP hypothesis is examined: in
particular, the WIMP mass region most favored by the
spectral analysis (Fig. 2) generates predictions for the
modulated amplitude in good agreement with observa-
tions, modulo the dependence of this assertion on the
choice of astrophysical parameters [21–23].
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FIG. 1: Top: Uncorrected (i.e., prior to threshold e!ciency
correction) spectrum displaying all expected K-shell EC cos-
mogenic peak positions. The dotted histogram shows the
spectrum before rejection of surface background events. Bot-
tom: Uncorrected low-energy spectrum following removal of
surface events. Dotted Gaussian peaks show the predicted
L-shell EC contribution, devoid of any free parameters (see
text). A dashed line traces their envelope. A second dashed
line indicates the combined threshold e!ciency (trigger +
software cuts) [1], an arrow pointing from it to the right scale.
Inset: Spectra corrected by this e!ciency and stripped of L-
shell contribution and flat background component. Examples
of light WIMP signals are overlapped on it (see text).

all normalization factor is allowed to multiply the en-
velope of the individual L-shell predictions in a back-
ground model containing this envelope, an exponential
and a constant background. The resulting best-fit indi-
cates a L-shell contribution just 10% short of the nominal
prediction, well within its uncertainty. Fig. 2 shows the
region of interest (ROI) obtained when these irreducible
spectra are fitted by a sample model containing signals
from WIMPs of mass m! and spin-independent coupling
!SI , and a free exponential background. The formal defi-
nition of this ROI is as in [1]. It is meant to direct the eye
to the region of parameter space where the hypothesis of
a WIMP signal dominating the irreducible background
events fares best. Reasonable uncertainties in the ger-
manium quenching factor employed [2, 10] can shift this
ROI by ! ±1 GeV/c2. The present uncertainty in the
fiducial bulk volume of this detector is O(10)% [1]. De-
partures from the assumption of a constant background
in the model above can also displace this region. The
additional exposure collected since [1] results in a much

FIG. 2: ROI extracted from the irreducible spectra in Fig. 1
(inset) under consideration of a light-WIMP hypothesis. A
small dotted line bisects it, separating the domains favored
by the black dot (left) or white circle (right) spectra in Fig.
1. Additional uncertainties and ROI definition are mentioned
in the text. The DAMA/LIBRA ROI includes present uncer-
tainties in its position [11], with the exception of ion channel-
ing [14], conservatively assumed to be entirely absent. A solid
line indicates limits from CDMS [15]. The dotted line corre-
sponds to CDMS limits [7] disputed in [16]. A dashed line
corresponds to recent XENON100 claims [8]. The e"ect of
uncertainties on the relaxation of these constraints and those
by XENON10 [18] is examined in [17].

reduced CoGeNT ROI, one in the immediate vicinity of
the phase space compatible with the annual modulation
e!ect observed by DAMA/LIBRA [11, 12]. This region
of !SI , m! space is populated by the predictions of sev-
eral particle phenomenologies. The reader is directed to
references in [1] and recent literature for examples. The
same region has received recent attention within the con-
text of dark matter annihilation signatures at the center
of our galaxy, and anomalies in accelerator experiments
[13]. Fig. 2 also displays limits from other searches, a
subject treated again below.

A search for a WIMP-induced annual modulation in
dark matter detector data requires an exceptional low-
energy stability in the device. Fig. 3 shows that these
conditions are present for CoGeNT. The top panel dis-
plays daily averages in the detector electronic noise. Ex-
cessive excursions in this parameter would a!ect the sta-
bility of the detector threshold. These are not observed.
Precautions are taken to ensure that this noise is as sta-
ble as possible: for instance, by automatically refilling
the detector liquid nitrogen Dewar every 48h, the crystal
temperature and its associated leakage current are held as
constant as possible. The second panel shows the stabil-
ity of the trigger threshold, derived from the daily aver-
age of baseline DC levels in the triggering channel. The
small excursions observed correspond to a temperature
instability in the digitizers (NI 5102) and shaping ampli-
fier in that channel (Ortec 672) of ! 1!C. These small
instabilities do not result in the minor smearing of the
energy resolution that they would naively imply, given
that the amplitude of shaped pulses is referenced, for
each event, to their individual long (320 µs) pre-trigger
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FIG. 4: Time evolution of the rate in several energy regions.
The last bin spans eight days. A dotted line denotes the
best-fit modulation found. A solid line indicates nominal pre-
dictions (see text). These lines overlap for the bottom panels.

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

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

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

the spectral and temporal information are prima facie
congruent when the WIMP hypothesis is examined: in
particular, the WIMP mass region most favored by the
spectral analysis (Fig. 2) generates predictions for the
modulated amplitude in good agreement with observa-
tions, modulo the dependence of this assertion on the
choice of astrophysical parameters [21–23].
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FIG. 1: Top: Uncorrected (i.e., prior to threshold e!ciency
correction) spectrum displaying all expected K-shell EC cos-
mogenic peak positions. The dotted histogram shows the
spectrum before rejection of surface background events. Bot-
tom: Uncorrected low-energy spectrum following removal of
surface events. Dotted Gaussian peaks show the predicted
L-shell EC contribution, devoid of any free parameters (see
text). A dashed line traces their envelope. A second dashed
line indicates the combined threshold e!ciency (trigger +
software cuts) [1], an arrow pointing from it to the right scale.
Inset: Spectra corrected by this e!ciency and stripped of L-
shell contribution and flat background component. Examples
of light WIMP signals are overlapped on it (see text).

all normalization factor is allowed to multiply the en-
velope of the individual L-shell predictions in a back-
ground model containing this envelope, an exponential
and a constant background. The resulting best-fit indi-
cates a L-shell contribution just 10% short of the nominal
prediction, well within its uncertainty. Fig. 2 shows the
region of interest (ROI) obtained when these irreducible
spectra are fitted by a sample model containing signals
from WIMPs of mass m! and spin-independent coupling
!SI , and a free exponential background. The formal defi-
nition of this ROI is as in [1]. It is meant to direct the eye
to the region of parameter space where the hypothesis of
a WIMP signal dominating the irreducible background
events fares best. Reasonable uncertainties in the ger-
manium quenching factor employed [2, 10] can shift this
ROI by ! ±1 GeV/c2. The present uncertainty in the
fiducial bulk volume of this detector is O(10)% [1]. De-
partures from the assumption of a constant background
in the model above can also displace this region. The
additional exposure collected since [1] results in a much

FIG. 2: ROI extracted from the irreducible spectra in Fig. 1
(inset) under consideration of a light-WIMP hypothesis. A
small dotted line bisects it, separating the domains favored
by the black dot (left) or white circle (right) spectra in Fig.
1. Additional uncertainties and ROI definition are mentioned
in the text. The DAMA/LIBRA ROI includes present uncer-
tainties in its position [11], with the exception of ion channel-
ing [14], conservatively assumed to be entirely absent. A solid
line indicates limits from CDMS [15]. The dotted line corre-
sponds to CDMS limits [7] disputed in [16]. A dashed line
corresponds to recent XENON100 claims [8]. The e"ect of
uncertainties on the relaxation of these constraints and those
by XENON10 [18] is examined in [17].

reduced CoGeNT ROI, one in the immediate vicinity of
the phase space compatible with the annual modulation
e!ect observed by DAMA/LIBRA [11, 12]. This region
of !SI , m! space is populated by the predictions of sev-
eral particle phenomenologies. The reader is directed to
references in [1] and recent literature for examples. The
same region has received recent attention within the con-
text of dark matter annihilation signatures at the center
of our galaxy, and anomalies in accelerator experiments
[13]. Fig. 2 also displays limits from other searches, a
subject treated again below.

A search for a WIMP-induced annual modulation in
dark matter detector data requires an exceptional low-
energy stability in the device. Fig. 3 shows that these
conditions are present for CoGeNT. The top panel dis-
plays daily averages in the detector electronic noise. Ex-
cessive excursions in this parameter would a!ect the sta-
bility of the detector threshold. These are not observed.
Precautions are taken to ensure that this noise is as sta-
ble as possible: for instance, by automatically refilling
the detector liquid nitrogen Dewar every 48h, the crystal
temperature and its associated leakage current are held as
constant as possible. The second panel shows the stabil-
ity of the trigger threshold, derived from the daily aver-
age of baseline DC levels in the triggering channel. The
small excursions observed correspond to a temperature
instability in the digitizers (NI 5102) and shaping ampli-
fier in that channel (Ortec 672) of ! 1!C. These small
instabilities do not result in the minor smearing of the
energy resolution that they would naively imply, given
that the amplitude of shaped pulses is referenced, for
each event, to their individual long (320 µs) pre-trigger

Exponential “DM” 
signal

Search for modulation
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LOOK IN FULL DATA
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•No significant diurnal modulation either
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ARE THERE UNCERTAINTIES?

10

FIG. 2: The modulated fraction of events as a function of ! (in keV) for m! = 100 GeV.

forward. (For 30% modulation, we would expect roughly half of the events in the 14.5 keV

- 45 keV range to be genuine WIMP scatters.) Since we are sampling high velocity WIMPs,

it is clear that a careful treatment of the escape velocity is important.

How we treat the velocity distribution is also important in determining the region allowed

by both DAMA and CDMS. In fact, because the limits from CDMS are so strong, consistency

with DAMA usually requires higher ! as well, where there are few or no particles in the halo

capable of scattering at CDMS. As an heuristic tool, we show in figure 3 the values of !

and m! where there simply are no particles in the halo capable of scattering at CDMS for

di!erent values of the galactic escape velocity. To the right of these lines, CDMS has no

sensitivity, and in the neighborhood of these lines, the CDMS sensitivity is highly suppressed.

These are the principal e!ects that reduce the sensitivity of CDMS versus DAMA, and allow

consistency between the experiments.

V. RATES, BENCHMARK POINTS AND SPECTRA

To calculate the rates, we employ the standard techniques for nuclear recoils [14, 15].

The event rate at a given experiment is given by

dR

dER
= NT MN

"!#n

2m!µ2
ne

(fpZ + fn(A ! Z))2

f 2
n

F 2[ER]

! !

"min

f(v)

v
dv. (6)

Here MN is the nucleus mass, NT is the number of target nuclei in the detector, "! =

0.3 GeV/cm3 is the WIMP density, µne is the reduced mass of the WIMP-nucleon system,

F 2[ER] is the nuclear form factor, and f(v) is the halo velocity distribution function. We

choose to normalize our results for fn = fp = 1.
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particle physics
PP: Type of interaction, mediator
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particle physics
PP: Type of interaction, mediator

nuclear physics

NP: Form factor - when de Broglie wavelength of interaction is 
comparable to nuclear size - resolve that it is not a point particle 
(q2~ 2 MNER => ER~ 100 keV) (Duda, Gondolo+Kemper 0608035)
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AP: How many particles are there at a given velocity in the Earth 
frame

Friday, July 29, 11



106 8 20
10- 41

10- 40

10- 39

WIMP mass m c @GeVD

W
IM
P-
nu
cl
eo
n
cr
os
s
se
ct
io
n
s
SI
@cm

2 D

¯ Ú

Dashed : 90%
Solid : 3s

v0 = 220 km ê s, vesc = 550 km ê s

CDM
S
low
- thr

Xe-100

DAMA Hquenching ± 10%L

CoGeNT
modulation

CoGeNT mod Hconstrained LCoGeNT
spect +mod

Friday, July 29, 11



106 8 20
10- 41

10- 40

10- 39

WIMP mass m c @GeVD

W
IM
P-
nu
cl
eo
n
cr
os
s
se
ct
io
n
s
SI
@cm

2 D

¯ Ú

Dashed : 90%
Solid : 3s

v0 = 220 km ê s, vesc = 550 km ê s

CDM
S
low
- thr

Xe-100

DAMA Hquenching ± 10%L

CoGeNT
modulation

CoGeNT mod Hconstrained LCoGeNT
spect +mod

4 5 6 7 8 9 10 11
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Mass HGeVL

M
od
A
m
pl
itu
de
fro
m
1.
5-
3.
1
ke
V
ee
Hdru
L

Friday, July 29, 11



106 8 20
10- 41

10- 40

10- 39

WIMP mass m c @GeVD

W
IM
P-
nu
cl
eo
n
cr
os
s
se
ct
io
n
s
SI
@cm

2 D

¯ Ú

Dashed : 90%
Solid : 3s

v0 = 220 km ê s, vesc = 550 km ê s

CDM
S
low
- thr

Xe-100

DAMA Hquenching ± 10%L

CoGeNT
modulation

CoGeNT mod Hconstrained LCoGeNT
spect +mod

4 5 6 7 8 9 10 11
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Mass HGeVL

M
od
A
m
pl
itu
de
fro
m
1.
5-
3.
1
ke
V
ee
Hdru
L

If the modulation is from 
a WIMP it’s not from a 

Maxwellian halo

Friday, July 29, 11



106 8 20
10- 41

10- 40

10- 39

WIMP mass m c @GeVD

W
IM
P-
nu
cl
eo
n
cr
os
s
se
ct
io
n
s
SI
@cm

2 D

¯ Ú

Dashed : 90%
Solid : 3s

v0 = 220 km ê s, vesc = 550 km ê s

CDM
S
low
- thr

Xe-100

DAMA Hquenching ± 10%L

CoGeNT
modulation

CoGeNT mod Hconstrained LCoGeNT
spect +mod

4 5 6 7 8 9 10 11
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Mass HGeVL

M
od
A
m
pl
itu
de
fro
m
1.
5-
3.
1
ke
V
ee
Hdru
L

If the modulation is from 
a WIMP it’s not from a 

Maxwellian halo

IMHO you should 
(judiciously) ignore 

plots that look like this

Friday, July 29, 11



Friday, July 29, 11



many models 
sensitive to 

highest velocities

Friday, July 29, 11



COMPARING EXPERIMENTS IN 
THE ERA OF DATA

•WIMP searches have historically been measured by how well 
they find nothing

•With events, need new approaches to compare experiments
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FIG. 1: vmin 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 ENR and hence vmin impossible. Furthermore, the

signal may appear as a modulation (as in DAMA) limiting access to g(v) to a summer/winter
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A direct prediction of the rate 
at experiment 2 from experiment 1

INTEGRATING OUT ASTROPHYSICS

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)
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[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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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,
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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
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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
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distribution1, f(v, t), by,

g(vmin, t) =

⇤ 1

vmin

dv
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)

Making a comparison between di�erent experiments is confused by the fact that it is

not a single velocity that contributes to the scattering rate at a particular ER. Rather, all

particles with velocities greater than vmin will contribute, making it impossible to map rates

into velocity space.

However, we can consider a related space – vmin-space, whose elements are the sets of

all particles with velocities greater than vmin. Because all particles with adequately high

velocities contribute, it is reasonable to consider a mapping between ER and vmin through

(3).

This simple relationship allows us to compare results from di�erent direct detection ex-

periments without making an assumption about the distribution of DM velocities in the

Milky Way’s halo, provided one can relate the scattering cross sections at the various ex-

periments. 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

f 2
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 re-

duced mass.

Let us suppose we have two experiments to compare, with targets T1,2 with masses M1,2.

We assume the first has a signal which appears over an energy range [E(1)
low, E

(1)
high]. This

energy range correspond to vmin ranges [vlowmin, v
high
min ], using (3).

1 It is usually assumed that the DM follows a Maxwell-Boltzmann distribution (in the galactic frame), with

characteristic speed v0, in which case (again in the galactic frame) f(v) ⇥ v2e�v2/v2
0 .
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This brings to the central point of our e�orts: to make a comparison between two ex-

periments one must first determine whether the vmin 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 vmin 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, or vice versa if

experiment 2 has the signal. Thus, we have
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(1)
low] �⇥ [vlowmin, v
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high], (6)
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We can invert (1) to solve for g(vmin) limited to the range vmin ⇤ [vlowmin,1, v
high
min,2]

g(vmin) =
2m⇥µ2

NA�mp ⇤ ⌅(ER)

dR1

dE1
(8)

This then allows us to explicitly state the expected rate for experiment two, again 2 re-

stricted to the energy range dictated by the appropriate velocity range i.e. E ⇤ [E(2)
low, E

(2)
high].

Analogous to the energy mapping above, we have a rate mapping,
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, (9)

with
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Equations (7), (8) and (10) 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 (SI) case we can use (5) to rewrite

2 Since g(v), by its definition, is a monotonically decreasing function of vmin, one can in principle go to

lower energies as well, but one may only place a lower bound on the predicted rate, rather than make a

true prediction.

5

Related: Fox, Kribs, Tait ’10
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MAPPING RATES
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COGENT->XENON10
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FIG. 3: The number of events predicted at XENON10 by the possible DM signal at CoGeNT for

3 cases of Leff , MIN (dashed red), MED (solid green) and MAX (dotted blue). The black line is

the 90% C.L. upper limit on the number of events allowed by XENON10 data.

events (if they are indeed coming from elastically scattering DM), we show this in Fig. 3.

Since there were no events at XENON10 in the energy range corresponding to the CoGeNT

range we see that independent of all astrophysical assumptions, only for LMIN
eff are CoGeNT

and XENON10 are consistent at the 90% C.L. In the MIN case, m� < 11 GeV allows Co-

GeNT to evade XENON10. For MED and MAX cases the predicted signal at XENON10

would be too large by a significant amount, excluding the elastic SI WIMP scattering inter-

pretation by more than an order of magnitude.

Because of the uncertainties associated with extraction of the value of Leff at low energies,

additional attempts have been made to probe the low energy region with Xenon experiments.

In particular, [47, 55] examined data from XENON10, and used only the ionization signal

(S2), which is typically larger than S1 and can allow a more reliable signal at low energies.

The value of the charge yield (drift electrons per keV) was extracted from Monte Carlo.

Using the values there, the equivalent energy range for CoGeNT is approximately 8 � 13

electrons, above the 7 electron threshold. Assuming a value of Qy = 4 electrons/keV for

instance, the threshold of 7 electrons at XENON10 only captures a portion of the signal

predicted by CoGeNT.

While the 7 electron cuto� corresponds to a particular value of energy in principle, Poisson
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FIG. 4: (left) The number of events predicted (labels on contours), by CoGeNT, at XENON10 for an

S2 only analysis [47, 55] for various S2 thresholds, assuming a constant value Qy = 4 electrons/keV.

(right) The signal above threshold of 7 electrons, but assuming di�erent constant values of charge

yield, Qy.

fluctuations smear this. Nonetheless, an interesting question is the expected rate on the

target used by [47, 55], with 5.1 kg d of e�ective exposure. This is most easily phrased in

terms of the question of what charge yield can make these experiments consistent. Assuming

a constant charge yield over the energies in question, we can calculate the likelihood based

on Poisson fluctuations of events appearing in the XENON10 experiment, which we show

in 4. One sees that one would require a charge yield of roughly Qy <� 2.4 electrons/keV for

consistency, much lower than the value of Qy ⇥ 7 extracted by [47, 55]. Whether such a

significant di�erence is reasonable will no doubt be subject to a great deal of discussion [56].

B. Application II: Total Rate Comparisons in Sub-Optimal Situations (CRESST)

The above situation with CoGeNT is close to ideal: low backgrounds, high statistics, good

energy resolution and calibration. In contrast, there are often situations with significantly

less ideal characteristics. In particular, it may be that not enough is known about the

backgrounds, or the data itself, to be able to extract a recoil spectrum for DM, but we shall

see it is nonetheless possible to say something about the total number of DM scatters. This is
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Figure 13: Upper limits from CDMS (green) compared with modulation rates from CoGeNT assum-
ing a Maxwellian phase (blue) and the overall best fit phase (red).

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: Modulation amplitudes, for all columns except that labelled CoGeNT the units are
counts/day/kg/keVnr, in the CoGeNT column the units are counts/day/kg/keVee, for four bins as-
suming a Maxwellian phase, the equivalent energy ranges and rates for other targets, 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)

and � is the mass fraction for the target element in question, and Fi are the nuclear form

factors at each experiment.

The energy ranges [0.5,1.5] and [1.5, 3.1] keVee at CoGeNT should be properly thought

of as [2.3,6.1] and [6.1,11.6] keVnr in terms of nuclear recoil energies. For a WIMP of a given

mass, the signals in these bins should show up in a very specific range of energies at other

experiments. In tables 2 and 3 we show what energy ranges and rates should show up at

other experiments for a 7 GeV WIMP, assuming a spin-independent scattering proportional
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of as [2.3,6.1] and [6.1,11.6] keVnr in terms of nuclear recoil energies. For a WIMP of a given

mass, the signals in these bins should show up in a very specific range of energies at other

experiments. In tables 2 and 3 we show what energy ranges and rates should show up at
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Halo-independent:
 

CDMS-Si, CDMS-Ge ~ 100% modulation

XENON100 ~ 10-30+ events (unless Leff < 0.4)

Tensions from light targets (Si) and heavy (Xe) so 
neutron-proton interference doesn’t help
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AN EYE TOWARDS CRESST...
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2011 (REMAINING)

• CRESST paper (soon? by Sept?)

•More XENON+ZEPLIN data

• COUPP?

• CDMS modulation study?

•No (obvious) WIMPs at the LHC
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DARK MATTER IN THE ERA OF 
DATA
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DARK MATTER IN THE ERA OF 
DATA

•Data is rolling in for DM (indirect, direct, collider)

• Amazingly, it’s not all negative

• But the positive stuff is hard to interpret

•New GeV - scale physics seems a common thread

• Anomalies (DAMA, CoGeNT, CRESST) don’t seem 
explainable w/ WIMPs in standard halo model

• large modulation, strange events at high energy

• Shouldn’t compare to limits that use simple halo models
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DARK MATTER IN THE ERA OF 
DATA

• Very confusing

• The era of data... needs more data...
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DARK MATTER IN THE ERA OF 
DATA

• Very confusing

• The era of data... needs more data...

• and we’ll have it (soon)
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DARK MATTER IN THE ERA OF 
DATA

time to complete the circle!
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OTHER EXPLANATIONS OF 
DAMA

•What if it’s not a light WIMP?
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“INELASTIC” DARK MATTER
•With dark forces, DM-nucleus scattering must be inelastic

• If dark matter can only scatter off of a nucleus by 
transitioning to an excited state (100 keV), the kinematics 
are changed dramatically

D.Tucker-Smith, NW, Phys.Rev.D64:043502,2001;Phys.Rev.D72:063509,2005
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EFFECTS ON WIMP SEARCHES
n(v): velocity

distribution of 
WIMPs visible to DAMA

visible to DAMA
 and CDMS

Enhanced modulation

heavy targets modified spectrum
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IDM CONSTRAINTS EARLY 
2010
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XENON100

2

The XENON100 experiment [9] has just reported re-
sults for 100.9 live-days of a dark matter search [10]. The
same data are used here to constrain the iDM model.
Single scatter events observed in the 48 kg liquid xenon
fiducial volume are shown in figure 1. Three events fall
in the pre-defined WIMP search region for dark matter
interactions, which is compatible with the background
expectation described in [10] of (1.8± 0.6) events. Hence
no significant signal is observed.
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FIG. 1: Events observed in the XENON100 experiment pass-
ing all analysis cuts with 100.9 days of data and a fiducial
mass of 48 kg. 3 events are found in the predefined WIMP
search region.

To extract the DAMA allowed region, the procedure
described in [4] has been followed, using a quenching fac-
tor of 0.08 for iodine and not considering ion channeling.
A ⇤2 goodness-of-fit test of the data has been used for
computing the lower 90% confidence limit on the cross
section ⇥N for di�erent values of M� and �. The result-
ing cross section can be used to predict a scatter rate in
XENON100. As an example, figure 2 shows the expected
spectrum in XENON100, taking into account exposure
and acceptance, and the 90% confidence level cross sec-
tion from DAMA for di�erent choices of M� and � in the
allowed region. The WIMP velocity has been averaged
considering the data taking period to account for annual
modulation e�ects.

With this data a limit on ⇥N can be extracted for every
pair of M� and � values using both the Feldman-Cousins
method [11] or the optimum gap method [12]. We assume
a MaxwellianWIMP velocity distribution with character-
istic velocity v0 = 220 km/s and escape velocity vesc =
544 km/s, a local WIMP density of 0.3GeV/cm3, Earth’s
velocity v� = 29.8 km/s [4] and Helm form factors [13].
Figure 3 shows the extracted limit for � = 120 keV using
the Feldman-Cousins method. The DAMA 90% confi-
dence level signal region is also shown in the plot.

The systematic application of the procedure described
above to the DAMA data for all the points in the �-M�

FIG. 2: Expected spectrum in XENON100 in 100.9 live-days
between January and June for a WIMP with M� = 50 GeV,
� = 110 keV (black, solid); M� = 55 GeV, � = 115 keV (blue,
dotted), and M� = 60 GeV, � = 120 keV (green, dashed)
and a ⇥ corresponding to the lower 90% confidence limit of
the DAMA signal. The XENON100 observed spectrum is
shown in red

FIG. 3: DAMA 90% confidence level signal region for � =
120 keV. Superimposed are the 90% confidence level exclusion
curves for XENON100 (black, solid), CDMS [14] (red, dashed)
and ZEPLIN-III [15] (blue, dash-dotted). The whole DAMA
WIMP region is excluded by XENON100.

space results in the gray area in figure 4, which shows
the allowed parameter space. Previous constraints on
iDM from CDMS [14, 16], CRESST [17] or EDELWEISS-
II [18] results involved target nuclei with di�erent masses
than iodine, which thus sample a di�erent region of the
WIMP velocity distribution. Thanks to the similar mass
of xenon and iodine nuclei, constraints inferred from liq-
uid xenon experiments are robust with respect to uncer-
tainties in halo parameters. This has already been shown
by ZEPLIN-III [15], which however leaves a very small
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DAMA is not NaI but NaI(Tl)
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• Tuned at 5% level

• Requires 103 larger cross sections and larger
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FIG. 1: The DAMA-allowed range of � � m��parameter space at 90% confidence for � � Tl scattering only (outer green
hatched region) and constraints from CRESST-II (inner red hatched region). In the remaining allowed range of splittings �, no
scattering on sodium or iodine occurs. These contributions to signal at lower � are neglected here. Left: shown for a Maxwellian
halo with vesc = 500km/s, right: using the Via Lactea II simulation data (see [26]).

distribution with v0 = 220 km/s and vesc = 500 km/s.
We note that our results do not qualitatively depend on
this choice: for example, using vesc = 600 km/s, the re-
gion looks similar but is shifted by about 40 keV towards
higher �. We further test the sensitivities by exploring
other halo models. In particular, we use the tabulated
Via Lactea II data from [26], which leads to qualitatively
similar results, as shown in figure 1. We find the best
⌅2 fit parameter point for DAMA in cross section ⇤n,
splitting �, and mass m�, and consider the 90% confi-
dence region (or �⌅2 < 6.25) for these three parame-
ters. This region, projected onto the (�,m�) plane, is
given by the green contour in figure 1. For a given pair
of (�,m�), we choose the lowest cross section ⇤n consis-
tent with the DAMA data at 90% confidence, and evalu-
ate the expected CRESST-II signal given this cross sec-
tion. The cross sections per nucleon near the top of the
green contour are ⇥ 2 � 10�34 cm2 and higher. While
these large cross sections are di⇤cult (if not impossible)
to explain with standard-model mediators, they can be
achieved with light mediators [34–38]. To place limits,
shown in red in figure 1, we use the CRESST-II commis-
sioning run release [5], and require the signal be less than
the 7 events observed. As one moves upward in � in the
allowed range of parameters, while keeping the DAMA
modulation fixed, the event rate at CRESST-II is drop-
ping rapidly. Consequently, one could employ more com-
plicated techniques, such as the maximum gap technique,
but these would all achieve essentially the same result,
since over much of the allowed range of parameter space
to explain DAMA, the scattering signal at CRESST is
considerably less than 7 events.

Discussion: There are no measurements of the
quenching factor for thallium, and thus we must make
use of estimates. For the DAMA-allowed region, we as-

sume the quenching q is approximately proportional to
the path length of the thallium nucleus in the crystal [39].
We calculate this path length using the SRIM code [40]
and find that it scales approximately as m�1

N . Thus, we
conservatively take 0.88 > qTl/qI > 127/205, where the
upper limit comes from the ratio of path-lengths using
the SRIM database, and the lower comes from assuming
a simple inverse proportionality to mass. Taking a range
of 0.06 < qI < 0.09 [41–43], we find a range of quenching

factors 0.037
<⇥ qTl

<⇥ 0.08, and conservatively combine
all allowed regions in figure 1. Given the uncertainties,
we opt to include a broader range of quenching factors.
Quantitatively, our fits prefer lower quenching factors

(qTl
<⇥ 0.05), but this is a bit misleading. The dominant

factor contributing to the fit is the location of the form
factor zero of thallium. For qTl ⇤ 0.07, this happens to
fall precisely in the middle of the DAMA energy range,
using our Helm parameterization. However, this form
factor has never been measured, and if its zero is shifted
up even by 5% in momentum transfer q =

⌅
2mTlER,

we can find good fits even with qTl = 0.08. Given these
uncertainties, we emphasize that only the specifically al-
lowed range of parameters depends on the quenching fac-
tor, but not the presence of an allowed range itself.

The CaWO4 crystals employed by CRESST-II contain

impurities [44], for instance, Nd (
<⇥ 1000 ppb), Gd (

<⇥
4000 ppb) and Sm/Dy/Hf/Os (

<⇥ 20 ppb each), but in
addition to their small abundances, these impurities are
all too light to be relevant as a target. Heavier impu-
rities are also irrelevant due to their small abundances.
Even taking a high rate of ⇥ 600µBq from 210Pb [45],
the concentration of 210Pb compared to natW is ⇥ 10�18.
Concentrations of 235U, 238U and 232Th [46] can be es-
timated to be below 10�11 compared to natW, and thus

DETECTOR PROPERTIES
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Figure 6: The Feynman diagram of the DM elastic scattering o! a nucleus A
ZN by exchanging a

boundstate of (!!, A
Z+1N).

neglecting the electron mass. The lifetime of !± is " " 3 # 10!3 s for " = 15 MeV. Because

of the almost degenerate masses of !± and !0, they have approximately the same amount of

thermal relic abundance. The charged particles decay to !0 shortly after the freeze-out time.

To satisfy the observed value of dark matter relic abundance, the dark matter mass should

be around 2 TeV [28]. Keeping in mind that the dark matter abundance may also originate

from other non-thermal processes, we will treat the dark matter mass as a free parameter in

this paper. We also note that the lifetime of !± is far less than one second. Therefore, Big

Bang nucleosynthesis is una!ected in the model.

The lifetime of !± is fairly long from the collider point of view. If produced in a collider,

!± does not decay inside the detector and leaves a muon-like track but with a di!erent mass.

The existing searches for long-lived massive charged particles (CHAMPs) at LEP2 impose

a bound on the mass, m!± > 99.5 GeV [30] at 95% C.L.. Both D0 [31] and CDF [32]

at the Tevatron have also performed searches for CHAMPs. The current strongest bound

is from CDF who searched for a single, isolated, weakly interacting CHAMP within the

muon trigger acceptance. For the case at hand, the CDF bound constrains the sum of the

production cross sections #(!+!!) and #(!+!0). The exclusion limit on the dark matter

mass is m! " m!± $ 121 GeV at 95% C.L.

For " >% O(MeV) the kinetic energy of the DM is insu#cient to allow an inelastic up

scattering to !±. However, it is possible that for certain elements, the DM may form a short-

lived electromagnetic bound state with the nucleus of an atom. The elastic scattering of DM

o! a nucleus A
ZN is depicted in Fig. 6. The intermediate boundstate may be in its ground-

state or in an excited state, depending on which state is within the accessible range of dark

matter kinetic energy. Interestingly, an O(100) GeV WIMP has kinetic energy comparable

to the typical energy splitting of the energy levels of nuclei. So, if the binding energy is large

– 9 –

RESONANT DARK MATTER
along with the DAMA signal we would expect photon lines. But if the emitted photon energy

is larger than the DM kinetic energy then the DM will remain permanently bound to the

nucleus, and it is not possible to explain the DAMA excess.

The binding energy grows with Z and it is possible that for some high-Z element the

di!erence Eb ! " is large enough that the resonance, if it occurs, is above the neutron

separation energy Sn " 5! 10 MeV; the process of proton emission from the nucleus requires

tunneling through the Coulomb barrier and is suppressed relative to neutron emission, we do

not consider the case of proton emission here. For such an element a dark matter scatter has

very di!erent kinematics from the usual elastic scatter. The recoil energy is determined not

only by the kinetic energy of the incoming dark matter " 100 keV but receives contributions

from the energy released when the neutron is emitted, Eb !"! Sn " MeV. Such a recoil is

outside of the usual energy range searched for at conventional direct detection experiments

and may require dedicated experiments to find. If the resonance level is above the neutron

separation energy this decay channel dominates and the DM remains bound to the nucleus.

While it is possible, for 11 <" "/MeV <" 16, that there will be no events at CDMS3

and the scattering o! tungsten will involve neutron emission and likely be unobservable at

CRESST. The proximity of binding energies for experiments involving iodine, caesium and

xenon present more of a challenge. KIMS in particular contains the same element as DAMA

and there is no confusion as to the position of the resonant velocity. As a result the KIMS

results place strong constraints on rDM, see Fig. 3.

The xenon based experiments of ZEPLIN and XENON may also present strong con-

straints. The splitting of the appropriate energy levels in 129
55Cs is " 500 keV, so it is possible

that no resonance is available for these xenon experiments. However, it is di#cult to be sure

due to the comparable binding energies of iodine and xenon and the preponderance of di!erent

isotopes of xenon present in the detectors. For simplicity we have concentrated throughout

on one of the high abundance isotopes. Furthermore, rDM has the feature of increased mod-

ulation (see Fig. 2) and the XENON data was taken between October and February, which

somewhat weakens their bounds on rDM. Similar to the case II for DAMA, the spectral lines

corresponding to the isotopes of cesium may be the dominant signals at the ZEPLIN and

XENON. A more detailed study of the spectra and number of the predicted events in other

experiments and the allowed resonance speeds for each experiment is warranted.

It is amusing to consider the possibility that the signal in DAMA is not coming from

scattering o! iodine but instead from scattering o! sodium. For " <" 2 MeV it is possible

that in all other experiments, with the exception of silicon for which there is no resonance,

that there is neutron emission. We have been unable to find parameters within our simple

model that allow this to work whilst keeping the dark matter mass above the collider bounds

mentioned earlier, but it is an intriguing possibility within the rDM framework.

3Although there is no tree-level elastic scattering there can be scattering at the loop level. The rate for this

is highly suppressed, !p ! 10!45 cm2, [28] and will not be observable until the next generation of DM direct

detection experiments.

– 14 –

!r " 450 km ! s
# " 150 km ! s

0 100 200 300 400 500 600 700

v "km!s#

Figure 1: DM velocity distribution after angular integration in the summer (red) and winter (blue)
for the usual Maxwell-Boltzmann distribution (dashed) and for the case with a resonance (solid) at
450 km/s with width 150 km/s, the escape velocity was taken to be 500 km/s.

particular, in the usual approach !p is velocity, and element independent. We will see that

in rDM these statements are no longer true.

In rDM, the DM or its gauge partner, forms a short-lived bound state with the target

nucleus. The mass of the bound state is denoted as mr. In this case the DM-nucleus elastic

scattering cross section has a resonant structure. In the non-relativistic limit, one has s =

(m! + mN )2 + m!mNv2. For
!

s close to the resonance mass, a familiar formula is obtained,

!N =
2Jr + 1

(2s! + 1)(2sN + 1)

"

k2

!2
r!!N

(E " mr)2 + !2
tot/4

, (2.5)

where E =
!

s is the center of mass energy; s! and sN are the spins of the dark matter

and the target nucleus; Jr is the total angular momentum of the resonant bound state. In

the non-relativistic limit, the scattering process is dominated by the s-wave, so a selection

rule,
"#
Jr = "#s! + "#sN , applies to the accessible bound state. !r!!N is the partial width of

the boundstate decaying into # plus N and is a function of the centre of mass energy. The

total width !tot may be larger than this width due to the existence of other decay modes,

we will discuss this in more detail in Section 3. The momentum of the DM in the center of

momentum frame is k = µN! v. Note that if there exists more than one resonance, the cross

section is the sum over all resonances, each given by (2.5). Since the DM is non-relativistic,

we can rewrite the cross section as a resonance in velocity,

!N = !0
v2
r

v2

$2/"

(v2 " v2
r )2 + $4

. (2.6)

– 4 –

Bai, Fox
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MOMENTUM DEPENDENT SPIN 
DEPENDENT SCATTERING 3

a) 0 20 40 60 80 100 keVNR b) 0 20 40 60 80 100 keVNR

FIG. 1: Germanium spectra plots with arbitrary normalization versus energy recoil for SI momentum dependent
scattering of a 100 GeV dark matter mass. Plot a) displays the e�ect of additional powers of q2 with q0, q2, and q4

in solid, long dash and short dash. Plot b) illustrates the e�ect of m� on the q4 suppressed scenario with m� =
(1, .1, .01) GeV in solid, long dash and short dash.

can see, the spectra di�er dramatically from those
expected for conventional dark matter. The powers
of q2 suppress the low energy events resulting in
a peaked spectrum reminiscent of inelastic dark
matter (iDM) [7–9]. In contrast to inelastic dark
matter, here the peaking arises without needing a
coincidence of parameters (specifically, � in iDM
models tuned to the WIMP kinetic energy). The
spectrum need not be sharply peaked, however, and
can be broadly spread over a large range of recoil
energies. The non-trivial propagator of Eqn. (10)
allows the possibility that events can be suppressed
for q2 � m2

�, as can be seen in Fig. 1. Finally,
increasing the dark matter mass shifts the spectra
to higher energies. Given the possibilities, the lesson
is that search strategies developed for the simplest
dark matter candidates are by no means optimal
for every dark matter candidate. The true dark
matter candidate may not be one of these simplest
possibilities, and it is important to cast a wide net.

EXISTING SEARCHES AND DAMA

To understand the e�ects of MDDM, we study
how these q2 e�ects can modify the limits arising
from existing experiments. We show in Fig. 2 the
limits on interactions mediated by O1 compared
with limits on standard SI interactions, and in Fig. 3
the limits of O3 when compared with standard SD-
proton interactions. We follow the procedure laid
out in Ref. [10] for CDMS [11] and XENON10 [12]
limits and Ref. [9] for KIMS [13] limits. Although
PICASSO [14] and COUPP [15] limits are compara-
ble, we only discuss PICASSO limits in what follows.
Our methods better reproduce their (momentum

independent) result in the SD-proton case, making
us more confident that the MDDM limit is realistic.

Inspecting the exclusion limits of these plots, we
see important changes with respect to the traditional
cases. First, consider the SI case with q2 dependence
(O1). While CDMS-Ge and XENON10 remain the
strongest, KIMS becomes stronger than CDMS-Si
over much of the parameter space. In the SD-proton
case, limits from PICASSO are significantly weaker,
and XENON10 becomes stronger than KIMS in the
15-25 GeV range.

These results are easy to understand. Due to
suppression of low energy events in the MDDM
scenario, experiments that rely upon low energy
thresholds (in particular, XENON10) are weakened
when compared with others with higher thresholds
(such as CDMS), which is why CDMS improves
relative to XENON10. On the other hand, since
q2 = 2MNER, at a given recoil energy, heavier nuclei
are preferred by momentum dependent scattering,
which is why KIMS improves over CDMS Si and
why PICASSO weakens relative to the other ex-
periments. Another e�ect occurs for COUPP and
PICASSO. In these bubble chamber experiments,
operation at varying temperature or pressure es-
sentially integrates the recoil spectrum above some
threshold. The background from alpha decays is
known to be a flat spectrum above some specific
temperature or pressure and is fit to in the data.
For the broadest MDDM spectra (see Fig. 1), the
dark matter signal looks similar to this alpha back-
ground. Unfortunately, this complicates background
subtraction and reduces the present sensitivity to
these models.

Intriguingly, momentum dependent scattering can
also modify the interpretation of dark matter ex-

enormous cross sections - a model? Chang, Pierce NW
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FIG. 3: Plots of the SD-proton cross section �p vs DM mass m� without (a) and with q4 suppression (b) and (c),
where the mediator mass is 1 GeV (b) and 100 MeV (c). The colored regions show the 68, 90, and 99% CL regions
for the best DAMA fit. The 90% exclusions limits are PICASSO (gray solid), KIMS (orange dashed), XENON10
(brown dot-dashed), and CDMS (red dotted).

capture are then trivially evaded [23, 24].

MODEL BUILDING CONSTRAINTS

For the dark matter scattering to display the
novel phenomenology discussed here, the scattering
rate must be dominated by the new operators, and
not the typical SI or SD coupling. This is not a
trivial requirement. For comparable coe⇤cients, the
scattering mediated by operators of Eqns. (3)–(6)
are suppressed by powers of the velocity or momenta
relative to Eqns. (1) and (2). It is possible, however,
that the coe⇤cients of these new operators are much
larger than the coe⇤cients of the other operators.
We discuss this further below.

If the signal is to be observable at near-future
experiments, the q2n suppression must be compen-
sated by a large coe⇤cient for the operator. This
could be due in part to particularly large couplings
of a mediator to the Dark Sector or a local over-
density of the dark matter, but the simplest way to
get an enhancement is just for the mediator mass
to be small: dR/dER ⇥ m�4

� . The necessary m�

depends on the amount of q2 suppression. If there
is a single q2, as in O1 and O2, a mediator mass
of a m� � few GeV, O(1) couplings to the DM
while having Yukawa suppression on quark side,
one finds a � 10�36 cm2 cross section. This is
near the interesting region for O2. In the case of
coherent scattering o� of nuclei (as for O1), this
would actually already be strongly ruled out by
CDMS and XENON for a large mass range, a viable

10�44 cm2 cross section would require something like
m� � 100 GeV. For q4 suppression, the mass has to
be O(100) MeV to get a � 10�36 cm2 cross section.
In specific cases, large contributions to O1 - O4

can be expected. If there is a light pseudoscalar
present that couples both to dark matter and to
quarks then O1 - O3 can be generated through its
exchange without generation of either OSI or OSD.
If there is no parity violation, then the expectation
is that O3 dominates. On the other hand, if parity
violation is present, then it is plausible that the
coe⇤cients of O1 - O3 could all be comparable.
In this case, it is likely that it would be easiest
to probe O1 because of its coherent scattering o�
of nuclei. Alternatively, parity violation might be
confined to couplings in the dark matter sector. In
this case, pseudoscalar exchange could dominantly
induce O2. We note that if the light pseudoscalar
is naively realized as a pseudo-Goldstone, it is
di⇤cult to su⇤ciently suppress the contributions to
OSI . Contributions are induced by exchanging the
scalar whose vacuum expectation f� value breaks
the global symmetry and made the � light.
Interactions with only q2 suppression can con-

ceivably still dominate over standard interactions
without significant model-building e�orts. The
simplest example comes from charge-radius or dipole
couplings to a composite WIMP, whose constituents
are charged under a new, dark gauge group [1].
This generates the phenomenology of O1 straight-
forwardly, although typically with a coupling to Z2

instead of A2. If the mediation arises through a
PGB, O1,2 can dominate over the scalar exchange
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We propose a dark matter model in which the signal in direct detection experiments arises

from electromagnetic, not nuclear, energy deposition. This can provide a novel explanation

for DAMA while avoiding many direct detection constraints. The dark matter state is taken

nearly degenerate with another state. These states are naturally connected by a dipole

moment operator, which can give both the dominant scattering and decay modes between

the two states. The signal at DAMA then arises from dark matter scattering in the Earth

into the excited state and decaying back to the ground state through emission of a single

photon in the detector. This model has unique signatures in direct detection experiments.

The density and chemical composition of the detector is irrelevant, only the total volume

a�ects the event rate. In addition, the spectrum is a monoenergetic line, which can fit

the DAMA signal well. This model is readily testable at experiments such as CDMS and

XENON100 if they analyze their low-energy, electronic recoil events.
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We propose a dark matter model in which the signal in direct detection experiments arises

from electromagnetic, not nuclear, energy deposition. This can provide a novel explanation

for DAMA while avoiding many direct detection constraints. The dark matter state is taken

nearly degenerate with another state. These states are naturally connected by a dipole

moment operator, which can give both the dominant scattering and decay modes between

the two states. The signal at DAMA then arises from dark matter scattering in the Earth

into the excited state and decaying back to the ground state through emission of a single

photon in the detector. This model has unique signatures in direct detection experiments.

The density and chemical composition of the detector is irrelevant, only the total volume

a�ects the event rate. In addition, the spectrum is a monoenergetic line, which can fit

the DAMA signal well. This model is readily testable at experiments such as CDMS and

XENON100 if they analyze their low-energy, electronic recoil events.
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SHIFT COUPLINGS TO HELP?

2

and ⇤A is the zero-momentum-transfer SI cross section
from particle physics, and IA depends on experimental,
astrophysical, and nuclear physics inputs. If fn = fp,
we recover the well-known relation R ⌅ A2. For IVDM,
however, the scattering amplitudes for protons and neu-
trons may interfere destructively, with complete destruc-
tive interference for fn/fp = �Z/(A� Z).

Henceforth, we assume that each detector either has
only one element, or that the recoil spectrum allows one
to distinguish one element as the dominant scatterer. We
will see, however, that in some cases it is crucial to in-
clude the possibility of multiple isotopes. The event rate
then generalizes to R =

�
i �i⇤AiIAi , where the sum is

over isotopes Ai with fractional number abundance �i.
IVDM and current data. It will be convenient

to define two nucleon cross sections. The first is ⇤p =
µ2
pf

2
p/M

4
⇤ , the X-proton cross section. In terms of ⇤p,

R = ⇤p

⇥

i

�i
µ2
Ai

µ2
p

IAi [Z + (Ai � Z)fn/fp]
2 . (5)

The second is ⇤Z
N , the typically-derived X-nucleon cross

section from scattering o↵ nuclei with atomic number

Z, assuming isospin conservation and the isotope abun-

dances found in nature. With the simplification that the
IAi vary only mildly for di�erent i, we find

⇤p

⇤Z
N

=

�
i �iµ

2
Ai
A2

i�
i �iµ

2
Ai
[Z + (Ai � Z)fn/fp]2

⇥ FZ . (6)

If one isotope dominates, the well-known result, FZ =
[Z/A+ (1� Z/A)fn/fp]�2, is obtained.

In Fig. 1 we show regions in the (mX ,⇤p) plane
that are favored and excluded by current bounds for
fn/fp = 1,�0.7. These include the DAMA 3⇤ favored
region [12, 13], assuming no channeling [14] and that the
signal arises entirely from Na scattering; the CoGeNT
90% CL favored region [2]; 90% CL exclusion contours
from the original XENON100 analysis [3], assuming the
scintillation e⌅ciency Le� is constant for low ER (as fa-
vored by Ref. [15]), and a constraint from a later re-
analysis [13] which is insensitive to whether Le� is con-
stant or falls to zero logarithmically for low ER (as fa-
vored by Ref. [16]); 90% CL bounds from XENON10 for
both constant and falling Le� [13]; and 90% CL bounds
from CDMS Ge and Si [6]. The isotope abundances are
given in Tables I and II.

There are several controversies regarding the exclu-
sion contours for xenon-based detectors at low mass [17].
These include the question of whether an even more con-
servative choice of Le� should be used and questions
about the assumption of Poisson fluctuations in the ex-
pected photoelectron count for a low-mass dark matter
particle. We have also not accounted for uncertainties in
the associated quenching factors for Na, Ge and Si [18].
All of these issues can potentially shift some of the signal
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FIG. 1. Favored regions and exclusion contours in the
(mX ,�p) plane for (top) the standard isospin-conserving case
fn/fp = 1 and (bottom) IVDM with fn/fp = �0.7.

regions, or alter (or invalidate) some of exclusion curves
of Fig. 1. We have also not adjusted the favored regions
and bounds to account for di�erences in the dark matter
velocity distributions adopted by the various analyses,
which would slightly shift the contours.

Remarkably, for �0.63 <⇤ fn/fp <⇤ �0.74, the DAMA-
and CoGeNT-favored regions overlap and the sensitivity
of XENON is su⌅ciently reduced to be consistent with
these signals. The possibility of IVDM therefore brings
much of the world’s data into agreement and leads to a
very di�erent picture than that implied by studies as-
suming isospin conservation. Only the CDMS Ge con-
straint completely excludes the overlapping region, and
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Figure 6: Generalized proton and neutron coupling plots for SI interactions. The limits are CDMS-
Si (red), SIMPLE (brown), and XENON10 (orange thick and thin lines for Leff central value and
1� variation). Filled contours are 99% CL goodness of fit for CoGeNT (cyan) and DAMA (green).
Top plots are for 9 GeV, the left plot with normal channeling and the right plot with 10% of
channeling. Bottom: Normal channeling with 8 GeV mass. The only visible XENON10 limit is the
central value one. Spectral constraints from DAMA impose that the couplings are only consistent
with iodine suppression (fn ⇥ �.7fp).

increasing the uncertainty for the first bin of DAMA or adding in some of the exponential

background into CoGeNT. Although we have not performed a systematic study of varying

the amount of channeling separately for sodium and iodine, we were unable to find values

which worked for such a light WIMP. Finally, if one goes to lower v0 or higher vesc, the

constraints from XENON10 become more severe and the mass range where consistency can

be obtained between DAMA and CoGeNT gets smaller.
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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
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties 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 aWIMPmass ofm� = 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 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 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 [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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WHERE IS THE MODULATION?
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THE LHC BEGINS TO PROBE...
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FIG. 1: (color online) A plot of spin independent neutralino-proton cross section vs neutralino

mass for mSUGRA under experimental constraints. The search for supersymmetry at LHC with

35 pb�1 luminosity has excluded a significant number of models in this signature space which are

marked by red color. In the red region, all the models in our scans have been constrained by the

ATLAS search, while in the mixed region (maroon), about 60% of the models in our scans are

constrained by the ATLAS search. We also display the present CDMS [10] and XENON-100 [9]

curves as well as the future projected experimental curves [20, 21].

II. ATLAS AND CMS CONSTRAINTS ON DARK MATTER DIRECT DETEC-

TION IN MINIMAL SUPERGRAVITY

We discuss now the implications of ATLAS and CMS results on dark matter. For a

sample of works on dark matter and LHC, we refer the reader to [14]. SUGRA models

predict a dark matter candidate which over much of the parameter space is the lightest

neutralino, the lightest (R-parity odd) superpartner (LSP). The LSPs are traveling with

non relativistic speed order 0.001c in the galactic halo. This then translates into the fact

that their momentum transfer is very small (order 100 MeV for LSP masses of order 100

GeV) in collisions with nuclei in a terrestrial detector. As such, the relevant interactions for

the direct detection of LSP dark matter is calculated in the limit of zero momentum transfer

4
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