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Motivation
• Recently, we have some new results from dark matter 

direct detection experiments. 3

FIG. 3: Low-energy spectrum after all cuts, prior to efficiency
corrections. Arrows indicate expected energies for all viable
cosmogenic peaks (see text). Inset: Expanded threshold re-
gion, showing the 65Zn and 68Ge L-shell EC peaks. Over-
lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling σSI = 10−4pb.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.

We employ methods identical to those in [1] to ob-
tain Weakly Interacting Massive Particle (WIMP) and
Axion-Like Particle (ALP) dark matter limits from these
spectra. The energy region employed to extract WIMP
limits is 0.4-3.2 keVee (from threshold to full range of
the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
two Gaussians to account for 65Zn and 68Ge L-shell
EC. The energy resolution is as in [1], with parameters
σn=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration

FIG. 4: Top panel: 90% C.L. WIMP exclusion limits from
CoGeNT overlaid on Fig. 1 from [6]: green shaded patches
denote the phase space favoring the DAMA/LIBRA annual
modulation (the dashed contour includes ion channeling).
Their exact position has been subject to revisions [7]. The
violet band is the region supporting the two CDMS candi-
date events. The scatter plot and the blue hatched region
represent the supersymmetric models in [8] and their uncer-
tainties, respectively. Models including WIMPs with mχ ∼7-
11 GeV/cm2 provide a good fit to CoGeNT data (red contour,
see text). The relevance of XENON10 constraints in this low-
mass region has been questioned [14]. Bottom panel: Limits
on axio-electric coupling gaēe for pseudoscalars of mass ma

composing a dark isothermal galactic halo (see text).

towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
region (their L-shell/K-shell EC ratio is ∼ 1/8 [5]). A
third possibility, quantitatively discussed below, consists
of recoils from unvetoed muon-induced neutrons.

Fig. 4 (top) displays the extracted sensitivity in spin-
independent coupling (σSI) vs. WIMP mass (mχ). For
mχ in the range ∼7-11 GeV/c2 the WIMP contribu-
tion to the model acquires a finite value with a 90%
confidence interval incompatible with zero. The bound-
aries of this interval define the red contour in Fig. 4.
However, the null hypothesis (no WIMP component in
the model) fits the data with a similar reduced chi-
square χ2/dof =20.4/20 (for example, the best fit for
mχ = 9 GeV/c2 provides χ2/dof =20.1/18 at σSI =
6.7 × 10−41cm2). It has been recently emphasized [6]
that light WIMP models [1, 8, 9] provide a common ex-
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FIG. 4: 90% C.L. upper limits on the WIMP-nucleon spin-

independent cross section as a function of WIMP mass. The

red (upper) solid line shows the limit obtained from the ex-

posure analyzed in this work. The solid black line shows

the combined limit for the full data set recorded at Soudan.

The dotted line indicates the expected sensitivity for this ex-

posure based on our estimated background combined with

the observed sensitivity of past Soudan data. Prior results

from CDMS [11], EDELWEISS II [12], XENON10 [13], and

ZEPLIN III [14] are shown for comparison. The shaded re-

gions indicate allowed parameter space calculated from cer-

tain Minimal Supersymmetric Models [20, 21] (Color online.)

a doubling of previously analyzed exposure, the observa-
tion of two events leaves the combined limit, shown in
Fig. 4, nearly unchanged below 60 GeV/c2 and allows
for a modest strengthening in the limit above this mass.

We have also analyzed our data under the hypothesis
of WIMP inelastic scattering [23], which has been pro-
posed to explain the DAMA/LIBRA data [24] . We com-
puted DAMA/LIBRA regions allowed at the 90% C.L.
following the χ2 goodness-of-fit technique described in
[25], without including channeling effects [26]. Limits
from our data and that of XENON10 [27] were com-
puted using the Optimum Interval Method [22]. Re-
gions excluded by CDMS and XENON10 were defined
by demanding the 90% C. L. upper limit to completely
rule out the DAMA/LIBRA allowed cross section in-
tervals for allowed WIMP masses and mass splittings.
The results are shown in Fig. 5. The CDMS data dis-
favor all but a narrow region of the parameter space al-
lowed by DAMA/LIBRA that resides at a WIMP mass
of ∼100 GeV/c2 and mass splittings of 80–140 keV.

The data presented in this work constitute the final
data runs of the CDMS II experiment and double the
analyzed exposure of CDMS II. We observed two can-
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FIG. 5: The shaded green region represents WIMP masses

and mass splittings for which there exists a cross section com-

patible with the DAMA/LIBRA [24] modulation spectrum

at 90% C. L. under the inelastic dark matter interpretation

[23]. Excluded regions for CDMS II (solid-black hatched) and

XENON10 [27] (red-dashed hatched) were calculated in this

work using the Optimum Interval Method. (Color online.)

didate events. These data, combined with our previous
results, produce the strongest limit on spin-independent
WIMP-induced nuclear scattering for WIMP masses
above 42GeV/c2 ruling out new parameter space.
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FIG. 4: Distribution of all events (dots) and events below
the nuclear recoil median (red circles) in the TPC (grey line)
observed in the 7.4−29.1 keVnr energy range during 11.17 live
days. No events below the nuclear recoil median are observed
within the 40 kg fiducial volume (dashed).

the one used for the XENON10 blind analysis [3], after
recomputing the corresponding nuclear recoil equivalent
energy using the new Leff parametrization from the global
fit, shown in Fig. 1. The lower bound is motivated by the
fact that the acceptance of the S1 two-fold coincidence
requirement is > 90% above 4PE. The log10(S2/S1) up-
per and lower bounds of the signal region are respectively
chosen as the median of the nuclear recoil band and the
300 PE S2 threshold. No signal candidate event is ob-
served as shown in Fig. 3. The cumulative software cut
acceptance for single scatter nuclear recoils is conserva-
tively estimated to vary between 60% (at 7.4 keVnr) and
85% (at 29.1 keVnr) by considering all events removed by
only a single cut to be valid events (Fig. 3). At 50%
nuclear recoil acceptance, the electronic recoil discrimi-
nation based on log10(S2/S1) is above 99%, predicting
< 0.2 background events in the pre-defined WIMP signal
region. The observed rate, spectrum, and spatial distri-
bution (Fig. 4) agree well with a GEANT4 Monte Carlo
simulation of the entire detector.
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FIG. 5: 90% confidence limit on the spin-independent elas-
tic WIMP-nucleon cross section (solid line), together with
the best limit to date from CDMS (dashed) [12], expecta-
tions from a theoretical model [13], and the areas favored by
CoGeNT (green) [14] and DAMA (blue/red) (3σ, 90%) [15].

An upper limit on the WIMP-nucleon elastic scatter-

ing cross section is derived based on the standard halo
assumptions [16], taking into account an S1 resolution
dominated by Poisson fluctuations, and with Leff from
the global fit, assumed constant below 5 keVnr. Fig. 5
shows the resulting 90% confidence upper limit. This
limit has a minimum at a cross section of 3×10−44 cm2 for
a WIMP mass of 50GeV/c2, using a spectrum-averaged
exposure of 161 kg · days. The interpretation of the
CoGeNT [14] and DAMA [15] signals as being due to light
mass WIMPs is difficult to reconcile with our data. Even
with the 90% confidence lower contour for Leff in Fig. 1
(which raises our a priori chosen threshold of 4 PE from
7.4 keVnr to 9.1 keVnr), most of the CoGeNT favored pa-
rameter space is excluded. However, our data extends
below 4 PE, although at reduced acceptance. For a 7
GeV/c2 WIMP, at the lower edge of the CoGeNT region,
with a cross section of 5×10−41 cm2, we would expect to
find 3.6 events above 3 PE (7.1 keVnr). No events are ob-
served, leading to a rejection of the light WIMP hypoth-
esis with >90% confidence even in this case. This initial
result, based on only 11.17 live days of data, demon-
strates the high potential of this low-background detector
to discover Galactic WIMP dark matter.
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Motivation

• It could be constrained by the PAMELA antiproton 
spectrum. (Phys. Rev. Lett, 2009(102)051101)

• A constraint to the boost factor! 

[15] antiprotons and locally produced pions. By scaling the
number of such events for the acquisition time an upper
limit for the negative pion (and protons with the wrong sign
for the reconstructed deflection) contamination in the
cosmic-ray antiproton sample was found to be !3%, in
agreement with simulations.

Table I shows the total number of antiprotons and pro-
tons that survived the data selection. The antiproton-to-
proton flux ratio was corrected for the calorimeter selection
efficiencies and for the loss of particles in the instrument
itself. It is assumed that all antiprotons and protons inter-
acting with the payload material above and inside the
tracking system are rejected by the selection criteria. The
resulting antiproton-to-proton flux ratios are given in
Table I and Figs. 3 and 4. The reported errors are statistical
only. The contamination was not subtracted from the re-
sults and should be considered as a systematic uncertainty.
It is less than a few percent of the signal, which is signifi-
cantly lower than the statistical uncertainty. Figure 3 shows
the antiproton-to-proton flux ratio measured by the
PAMELA experiment compared with theoretical calcula-
tions assuming pure secondary production of antiprotons
during the propagation of cosmic rays in the galaxy. The

PAMELA data are in excellent agreement with recent data
from other experiments, as shown in Fig. 4.
We have presented the antiproton-to-proton flux ratio

over the most extended energy range ever achieved and we
have improved the existing statistics at high energies by an
order of magnitude. The ratio increases smoothly from
about 4" 10#5 at a kinetic energy of about 1 GeV and
levels off at about 1" 10#4 for energies above 10 GeV.
Our results are sufficiently precise to place tight constraints
on parameters relevant for secondary production calcula-
tions: e.g., the normalization and the index of the diffusion
coefficient, the Alfvén speed, and contribution of a hypo-
thetical ‘‘fresh’’ local cosmic-ray component [16]. Further-
more, an important test criteria for cosmic-ray propagation
models is their ability to reproduce both the antiproton-to-
proton flux ratio and the secondary-to-primary nuclei ratio.
Our high-energy data (above 10 GeV) places limits on
contributions from exotic sources, such as dark matter
particle annihilations. The antiproton-to-proton flux ratio
will be modified according to values of the dark matter
particle mass, annihilation cross section, and structure in
the density profile (boost factor).
PAMELA is continuously taking data and the mission is

planned to continue until at least December 2009. The
increase in statistics will allow higher energies to be
studied. An analysis for low-energy antiprotons (down to
!100 MeV) is in progress and will be the topic of a future
publication [13].
We would like to acknowledge contributions and sup-

port from: Italian Space Agency (ASI), Deutsches Zentrum
für Luft- und Raumfahrt (DLR), The Swedish National
Space Board, Swedish Research Council, The Russian
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FIG. 3 (color). The antiproton-to-proton flux ratio obtained in
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• The crossing symmetry tells us: if the cross section of DM ----
nucleon elastic scattering is non-zero, we will also have a non-
zero DM annihilation into hadron final state.
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• Dirac Fermion dark matter.

• Vector boson mediator.

• Vector boson mediator also talks to the SM quarks.

• Contribution to SI direct detection.

An Example

χ

χ̄

q

q̄

Vµ

χ

χ̄

χ
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χ χ

N N

Vµ
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FIG. 1: CDMS exclusion limit at 90% C.L. (the left axis) and
the inferred DM annihilation into quarks without the boost
factor (the right axis). For proof of concept, we assume a
DM with cross section and mass coverage in the blue region
below the present observed limit (blue solid line) and above
the expected limit (blue dashed line). The plot assumes a
heavy mediator case.

t-channel process χ̄χ → Z ′Z ′ is

σanv|Z′ =
g4

χ

4π

1

m2
χ

(1 − r2
Z′ )3/2

(2 − r2
Z′)2

. (12)

Hence, the annihilation cross section to quarks is

σanv|t = σanv|Z′ × Br(Z ′ → qq̄)Br(Z ′ → q′q̄′).(13)

From Eq. (10) we can express gχ as

g2
χ =

1

g2
q

[

σ0

4.46 × 10−3 pb

]

(mZ′

TeV

)4

. (14)

Substituting Eq. (14) into Eq. (13) we obtain

σanv|t = 50 pb

(

0.5

gq

)4
( mZ′

100 GeV

)6
[

σ0

4 × 10−7 pb

]2

×
r2
Z′(1 − r2

Z′)3/2

(2 − r2
Z′)2

(

Beff

50

)

, (15)

where the effective boost factor Beff = B × Br × Br′.
The function F (r) = r2(1 − r2)3/2/(2 − r2)2 is around
1 ∼ 10 for 0.2 < r < 0.9.

Comparing Eq. (11) with Eq. (15) we see the t-channel
annihilation dominates over the s-channel in general, es-
pecially when the coupling gq is small, unless the reso-
nance effect becomes important for mZ′ ≈ 2mχ.

A second scenario is when the Z ′ carries SU(3) color
charge. This “leptoquark” scenario is less common in the
literature on WIMP model-building. Therefore we leave
the discussion for a future publication [15].
The Result – If the recent CDMS observation is a hint
that direct detection is “around the corner”, the analy-
sis in the previous section suggests a lower bound on the

FIG. 2: The exclusion limits by the PAMELA anti-proton
fraction at the 90% C. L. The red dashed line is the limit for
DM annihilation into two quarks while the red dotted line is
for annihilating into four quarks. Again the CDMS inferred
annihilation rates are without the boost factor.

WIMP annihilation into quarks in the halo, giving rise
to a substantial anti-proton flux if a large boost factor
is included. Since the PAMELA also measured the anti-
proton fraction and sees no significant excess below 100
GeV, we could use the anti-proton data to place an upper
bound on the boost factor. For proof of concept for this
connection, we assume the DM has a spin-independent
elastic scattering cross section that is just below the ob-
served 90% C. L. of the latest CDMS results [12], and
consider the resulting the bound on the (effective) boost
factor from the anti-proton fraction. Fig. 1 shows both
the bound on the DM elastic scattering cross section from
the CDMS collaboration and the inferred s-wave com-
ponent of the DM annihilation into quarks without the
boost factor for the case of a heavy mediator.

To compute the anti-proton flux we use a halo prop-
agation model that is the med model given in Ref. [16]
and refer the readers there for details. In Fig. 2 we show
the 90% C. L. exclusion limit on the DM annihilation
cross section into quarks, as a function of the DM mass,
along with the cross sections inferred from the CDMS
data. We plot both cases of a heavy and a light medi-
ator. The ratio of the excluded cross section over the
inferred cross section gives an upper bound on the boost
factor, which is shown in Fig. 3. One important comment
is our knowledge of the background is not perfect, and
there are large uncertainties. In this work we consider
the injected primary spectra used in Ref. [17].

In Fig. 2 we also show the CDMS inferred annihilation
cross section into quarks for both a heavy mediator and
a 100 GeV light mediator with gq = 0.5, which is slightly
smaller than the SM g2 ∼ 0.65. For the light mediator
case we combine both the s-channel (into two quarks) and
the t-channel (into four quarks) results. The PAMELA
90% C. L. exclusion limits are insignificantly different for
annihilating into two quarks versus four quarks. Taking

top quark 
channel opens

An Example

• When the mediator 
is heavy enough, we 
are going to use the 
effective operator

G

Λ2
χ̄γµχq̄γµq

• Observed 90% C.L. of 
the latest CDM result 
and the CDMS 
expected sensitivity
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An Example

χ

χ̄

q

q̄

Vµ

χ

χ̄

χ

Vµ

Vµ

χ

χ̄

q

q̄

Vµ

χ

χ̄

χ

Vµ

Vµ

χ χ
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• Light DM annihilates to quarks only through the s-channel 
process.

• A resonance peak will appear when  

• If DM is heavier than the mediator, mediator pair production 
channel will open.

mχ →MV /2

gχχ̄γµχVµ gq q̄γ
µqVµ

• For a light mediator, a complete calculation is needed.
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• The dark matter contribution to the antiproton flux is 
determined by:

CDMS back to PAMELA

Source
Dark matter distribution (uncertainty)

�σv�hadron × S

Propagation (uncertainty)

• Also depends on 
the knowledge of 
the cosmic ray 
background!

4

FIG. 3: The upper bound on the (effective) boost factor. The
shaded region is disfavored.
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FIG. 4: The spectra for the anti-proton fraction, assuming
DM annihilation into two quark final states.

the ratio of the PAMELA exclusion limit over the CDMS
inferred cross section gives an upper bound on the (ef-
fective) boost factor allowed so as to be consistent with
the anti-proton fraction measured by the PAMELA. The
bound on the boost factor is shown in Fig. 3, which in
general is consistent with the one needed to explain the
PAMELA excess in the positron fraction [11]. One par-
ticular region of interest is for mχ ! 1 TeV, which is
favored by the recent Fermi-LAT measurements on the
e− + e+ spectrum [18], as was argued in Ref. [19]. From
Fig. 3 we see in this mass range B " O(100), which is
in the lower end of the boost factor required for positron
fraction, assuming a heavy mediator case.

In Fig. 4 we show three different spectra for the anti-
proton fraction comparing with the PAMELA data. We
choose three sample (mχ, σanv) from Fig. 2 to demon-
strate the fit to data.

To conclude, we emphasize the connection between the
cross section for the elastic scattering off the nuclei mea-
sured in DM direct detection experiments and that of the
DM annihilation into hadrons measured by the indirect
detection experiments is completely general. If future
DM direct detection experiments confirm the two event
signals observed by the CDMS, suggesting a scattering
cross section in the vicinity of 10−7 pb, our analysis can
be applied to give a suitable boost-factor constraint.
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Summary

• More and more data will come from both the direct detection and the 
indirect detection experiments.

• We emphasize the connection between the cross section for the elastic 
scattering off the nuclei measured in DM direct detection experiments and 
that of the DM annihilation into hadrons measured by the indirect detection 
experiments is completely general.

• If future DM direct detection experiments confirm the two event signals 
observed by the CDMS, or the result shown by the CoGeNT etc, our 
analysis can be applied to give a suitable boost-factor constraint.
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