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Searching for DM
Want multiple positive signals from 
different experiments
Want to understand null results in 
consistently within a model
Does it pass the “duck test”? I.e., does it 
quack like dark matter?
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DAMA

DAMA/LIBRA annual modulation signal

Scinitillation light in NaI detector, 1.17 t yr exposure (13 yrs)
∼ 1 cnts/d/kg/keV → ∼ 4 × 105 events/keV in DAMA/LIBRA
∼ 8.9σ evidence for an annual modulation of the count rate with
maximum at day 146 ± 7 (June 2nd: 152) Bernabei et al., 1002.1028

Talk by P. Belli, Bernabei et al., 1002.1028

T. Schwetz, IDM, 29 July 2010 – p. 13
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Different Directions for 
DAMA

light, inelastic, resonant, mirror matter, 
spin dependent...
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Different Directions for 
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Light WIMPs?

DAMA/LIBRA annual modulation signal

Scinitillation light in NaI detector, 1.17 t yr exposure (13 yrs)
∼ 1 cnts/d/kg/keV → ∼ 4 × 105 events/keV in DAMA/LIBRA
∼ 8.9σ evidence for an annual modulation of the count rate with
maximum at day 146 ± 7 (June 2nd: 152) Bernabei et al., 1002.1028

Talk by P. Belli, Bernabei et al., 1002.1028

T. Schwetz, IDM, 29 July 2010 – p. 13

CoGeNT

Germanium detector with extremely low threshold of 0.4 keVee

exponential rise of events
at low energies
claim that it cannot be
electronic noise

Aalseth et al., 1002.4703

T. Schwetz, IDM, 29 July 2010 – p. 10
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Attempt CRESST O band fit

3 10 100
m
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10 100

CDMS 08+09 limit 90% CL
CDMS 09 fit,  68% CL
DAMA 90, 99.73% CL no chan
DAMA 90, 99.73% CL with chan 
CoGeNT 90, 99.73% CL, no bg
CoGeNT 90% CL, exp bkg
CRESST O+W bands
CRESST O-band

vesc = 550 km/s

WARNING:
Do not take too serious - very speculative! ⇒ regions will
shift/shrink/go away (?) when detailed information on CRESST
events and background becomes available T. Schwetz, IDM, 29 July 2010 – p. 23

NB: CRESST region 
speculative

(from T. 
Schwetz 

talk)
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NB: CRESST region 
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(from T. 
Schwetz 

talk)

Requires non-
standard WIMP 

(not MSSM, 
anyway)
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What’s “ruled out”?
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What’s “ruled out”?
Exclusion limits = Air travel

Thursday, July 29, 2010



What’s “ruled out”?

Relaxed, comfortable, where you want to be 
(absent positive data)

Exclusion limits = Air travel

No 
limit
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What’s “ruled out”?

Not so bad, all things considered, but you’d like to 
see something

O(1)

Exclusion limits = Air travel
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What’s “ruled out”?

Smiling, making the best of things, but you’re 
pretty uncomfortable

O(5-10)

Exclusion limits = Air travel
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What’s “ruled out”?

O(10+)

Consideration of the model leads to major 
discomfort

Exclusion limits = Air travel
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So where are we?
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DM explanation. One must be careful, therefore, that one does not replace signal with

background and then claim those same events as evidence for a DM signal.

We extend the analysis to allow for some amount of background with an exponential

form as in Eq. (2.5). Such considerations were previously explored in [7], here we quantify

in a different way what is required of the background. We do not allow this contribution

complete freedom, but instead perform a nonlinear χ2 minimization with the constraint

that the exponential part of the background does not exceed p = 10%, 30%, 50% of the

number of counts in each of the first 5 bins. The resulting contours are shown in Fig. 3.

These fits are generally good in the sense that χ2
best fit/d.o.f. ∼ 1. As noted earlier, this is

mostly due to the fact that most of the data E � 1 keVee is well fit with Eq. (2.4) alone.

As shown in the plots, allowing p = 50% opens up a part of parameter space not excluded

by any other experiment.
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Figure 3: Confidence interval for CoGeNT data for 0%, 10%, 30%, and 50% exponential back-

ground contribution, solid, dashed, dotted, dot-dashed, respectively. Below the green light-dashed

line DM fails to explain 50% of the signal in at least one bin (see text). Other curves and contours

are labeled as in figure 1.

9

Energy threshold

Waiting for blessed CDMS analysis
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XENON limits

3

scintillation efficiency of nuclear recoils relative to that

of 122 keVee γ-rays at zero field, and See and Snr are

the electric field scintillation quenching factors for elec-

tronic and nuclear recoils, respectively, with measured

values of 0.58 and 0.95 [6]. Since 122 keVee γ-rays can-

not penetrate far in the sensitive volume, their light

yield Ly at 530V/cm is calculated from a fit to all

γ-ray lines mentioned above, yielding Ly(122 keVee) =

(2.20± 0.09)PE/keVee. Leff data measured at fixed neu-

tron energies [7–9], shown in Fig. 1, have less system-

atic uncertainty than those inferred from a comparison

of neutron calibration spectra with Monte Carlo simula-

tions. Therefore, the energy dependence of Leff and its

uncertainty is determined here through a global cubic-

spline fit to all data shown in Fig. 1 in the energy range

with at least two measurements (5 − 100 keVnr). The

spline knots are fixed at 5, 10, 25, 50 and 100 keVnr. Be-

low 5 keVnr, a constant extrapolation of the global fit,

consistent with the trend reported in Aprile et al. [7] and
Sorensen et al. [10], is used in this analysis. A logarith-

mic extrapolation of the lower 90% confidence contour

to zero scintillation near 1 keVnr, following the trend in

Manzur et al. [8], is also shown in Fig. 1.
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FIG. 2: Electronic (top) and nuclear (bottom) recoil bands
from 60Co and 241AmBe calibration data, respectively, using
the discrimination parameter log10(S2/S1) as a function of
nuclear recoil equivalent energy (keVnr). Colored lines cor-
respond to the median log10(S2/S1) values of the electronic
(blue) and nuclear (red) recoil bands. The WIMP search win-
dow 8.7 − 32.6 keVnr (vertical dashed lines) and S2 software
threshold of 300PE (long dashed line) are also shown.

Data selection criteria are motivated by the physical

properties of xenon scintillation light, the characteristics

of proportional light signals, and the expected WIMP-

induced single-scatter nuclear-recoil signature. Cuts were

developed and tested on calibration data, specifically on

low energy electronic recoils from Compton scattered
60Co γ-rays and nuclear recoils from 241AmBe. In par-

ticular, a two-fold PMT coincidence is required in a 20 ns

window for the S1 signal and events which contain more

than a single S1-like pulse are discarded. This allows

true low energy events to be distinguished from events

with random single photoelectrons from PMTs or acci-

dental coincidences. For the S2 signal, a lower threshold

of 300PE is set, corresponding to about 15 ionization

electrons, and events are required to contain only one

S2 pulse above this threshold. This rejects events with

multiple scatters at different z positions. In addition,

the width of the S2 pulse is required to be consistent

with what is expected from the inferred drift time due

to diffusion of the electron cloud [11]. Events that de-

posit energy in the veto volume in coincidence with the

S1 signal in the TPC are also discarded. The regions

of the digitized waveform away from S1 or S2 pulses are

required to be free of extraneous PMT signals or noise.

Finally, events outside the pre-defined fiducial volume are

rejected.
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FIG. 3: Cut acceptance (top) and log10(S2/S1) (bottom) as
functions of nuclear recoil energy for events observed in the 40
kg fiducial volume during 11.17 live days. Lines as in figure 2.

Background rejection in XENON100 is achieved

through a combination of volume fiducialization and the

identification of recoil species based on the ratio S2/S1

for electronic and nuclear recoils. Accurate knowledge

of the response to both types of recoils is essential to

define the signal region, to determine the signal accep-

tance, and to predict the expected leakage into the sig-

nal region. Statistics for the low energy electronic recoil

calibration are accumulated at regular intervals with a

1 kBq 60Co source. The response of XENON100 to elas-

tic nuclear recoils was obtained by irradiating the detec-

tor with a 220 n/s 241AmBe source for 72 h. Fig. 2 shows

the log10(S2/S1) distribution of single scatter electronic

and nuclear recoils as a function of nuclear recoil energy.

The energy window for the WIMP search is chosen be-

tween 8.7− 32.6 keVnr (4− 20PE). The upper bound is

taken to correspond approximately to 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 require-
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3

FIG. 4: Models for Leff used to generate the exclusions in
Fig. 5. The blue line corresponds to the extrapolation to low
energy used in [1]. Black points are recent data from Manzur
et al. [5]. The black line is an adiabatic fit to these (see text).
The red line (logistic fit) and band correspond to ZEPLIN
data [6] (see text).

tion threshold, even for their forced choice of Leff. We
question the wisdom of this approach when the mecha-
nisms behind the generation of any significant amount of
scintillation are still unknown and may simply be absent
at the few keVr level. To put it bluntly, this is the equiv-
alent of expecting something out of nothing. An exam-
ple of the level of sensitivity expected from XENON100
in the absence of this assumption can be found in [17]:
WIMPs with a mass lower than ∼12 GeV/c2 are then
entirely out of reach for XENON100, imposing no signif-
icant constraints on DAMA, CoGeNT, or any other dark
matter detector technology with demonstrated sensitiv-
ity to this mass region.

It seems clear that sufficient knowledge on the energy
dependence of Leff in the region 0-3 keVr is presently
absent for LXe at the excellent level that would be re-
quired to establish reliable light-WIMP limits. This begs
comparison with highly linear detecting media such as
germanium detectors, for which careful dedicated mea-
surements of quenching factor have been made down to
∼0.25 keVr, measurements found to be in good agree-
ment with theory [18, 19].

In conclusion, we find that the choice made in [1]
in relation to the low-energy trend for Leff, a constant
value below 10 keVr, is not only biased (clashing with
several ignored experimental measurements and the ob-
served historical trend), but also seemingly unphysical, as
would be derived from simple kinematic considerations.
We detect an intent in [1] to avoid considering impor-
tant standing issues in this area of research, as well as
serious contradictions around the meaning and content
of their Fig. 1. We firmly maintain that the low-mass

FIG. 5: XENON100 exclusions generated from the Leff mod-
els in Fig. 4. (same color coding). The dotted blue line corre-
sponds to the problematic Leff contour in Fig. 1 in [1], ambigu-
ously claimed by XENON100 to be both a 90% lower C.L. to
their Leff best fit and an extrapolation to Manzur et al. [5],
a crucial point we contend is misleading. Ion channeling is
not included neither for CoGeNT nor DAMA regions [20, 21].
The low-energy trend expected for the quenching factor in
NaI(Tl) [11], not included here, can have the effect of displac-
ing the DAMA region away from XENON100 constraints (see
text).

WIMP limits presented by the XENON100 collaboration
are the least conservative choice over a present uncer-
tainty spanning several orders of magnitude, including
the very real possibility that LXe is an effectively inert
detection medium for WIMPs in this low-mass range.
As such, these limits are untenable. A more conservative
treatment of present-day uncertainties in Leff (such as
for instance, that adopted by the ZEPLIN collaboration
[6]) would also lead to weaker limits at higher WIMP
masses, raising an additional question on the relevance
of the present XENON100 sensitivity in comparison to
that from CDMS and other experiments.

The onus of unequivocally demonstrating the existence
of scintillation light from ∼1 keVr recoils in LXe is on
the XENON100 collaboration. Attempts to substitute
for this with a biased analysis represent a lack of consid-
eration for the many efforts made by other dark matter
researchers working towards similar ends. We invite the
XENON100 collaboration to reconsider their claims, and
to include in all future results a balanced description of
the many unknowns and the uncertainty they represent.

The authors are indebted to E. Dahl for many useful
comments, and to A. Manzur for the preparation of Fig.
1.
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ment is > 90% above 4PE. The log10(S2/S1) upper and
lower bounds of the signal region are respectively chosen
as the median of the nuclear recoil band and the 300 PE
S2 threshold.
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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 8.7−32.6 keVnr energy range during 11.17 live
days. No events below the nuclear recoil median are observed
within the 40 kg fiducial volume (dashed).

A first dark matter analysis has been carried out, using
11.17 live days of background data, taken from October
20th to November 12th 2009, prior to the neutron calibra-
tion. Although this was not a blind analysis, all the event
selection criteria were defined on calibration data. The
cumulative software cut acceptance for single scatter nu-
clear recoils is conservatively estimated to vary between
60% (at 8.7 keVnr) and 85% (at 32.6 keVnr) by consider-
ing all events removed by only a single cut to be valid
events (Fig. 3). Within the 8.7− 32.6 keVnr energy win-
dow, 22 events are observed, but none in the pre-defined
signal acceptance region (Fig. 3). At 50% nuclear recoil
acceptance, the electronic recoil discrimination based on
log10(S2/S1) is above 99%, predicting < 0.2 background
events in the WIMP region. The observed rate, spec-
trum, and spatial distribution (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 elastic
WIMP-nucleon cross section (solid line), together with the
best limit to date from CDMS (dashed) [13], expectations
from a theoretical model [14], and the areas (90% CL) favored
by CoGeNT (green) [15] and DAMA (blue/red) [16].

An upper limit on the spin-independent WIMP-

nucleon elastic scattering cross section is derived based
on the standard halo assumptions [12], taking into ac-
count an S1 resolution dominated by Poisson fluctua-
tions, and with Leff from the global fit, assumed con-
stant below 5 keVnr. Fig. 5 shows the resulting 90% con-
fidence upper limit, with a minimum at a cross section of
3.4× 10−44 cm2 for a WIMP mass of 55GeV/c2, using a
spectrum-averaged exposure of 170 kg · days. This limit
challenges the interpretation of the CoGeNT [15] and
DAMA [16] signals as being due to light mass WIMPs.
In the extreme case of Leff following the lower 90% con-
fidence contour in Fig. 1, together with the extrapola-
tion to zero around 1 keVnr, our a priori chosen thresh-
old of 4 PE rises from 8.7 keVnr to 9.6 keVnr and a frac-
tion of the CoGeNT parameter space remains. Yet, as
shown in Fig. 3, our cut acceptance is sizeable even at
a reduced threshold of 3 PE (8.2 keVnr in this case),
above which a 7GeV/c2 WIMP, at the lower edge of the
CoGeNT region, would produce about one event with
the current exposure. These initial results, based on
only 11.17 live days of data, demonstrate the potential of
the XENON100 low-background experiment to discover
WIMP dark matter.
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FIG. 4: Models for Leff used to generate the exclusions in
Fig. 5. The blue line corresponds to the extrapolation to low
energy used in [1]. Black points are recent data from Manzur
et al. [5]. The black line is an adiabatic fit to these (see text).
The red line (logistic fit) and band correspond to ZEPLIN
data [6] (see text).

tion threshold, even for their forced choice of Leff. We
question the wisdom of this approach when the mecha-
nisms behind the generation of any significant amount of
scintillation are still unknown and may simply be absent
at the few keVr level. To put it bluntly, this is the equiv-
alent of expecting something out of nothing. An exam-
ple of the level of sensitivity expected from XENON100
in the absence of this assumption can be found in [17]:
WIMPs with a mass lower than ∼12 GeV/c2 are then
entirely out of reach for XENON100, imposing no signif-
icant constraints on DAMA, CoGeNT, or any other dark
matter detector technology with demonstrated sensitiv-
ity to this mass region.

It seems clear that sufficient knowledge on the energy
dependence of Leff in the region 0-3 keVr is presently
absent for LXe at the excellent level that would be re-
quired to establish reliable light-WIMP limits. This begs
comparison with highly linear detecting media such as
germanium detectors, for which careful dedicated mea-
surements of quenching factor have been made down to
∼0.25 keVr, measurements found to be in good agree-
ment with theory [18, 19].

In conclusion, we find that the choice made in [1]
in relation to the low-energy trend for Leff, a constant
value below 10 keVr, is not only biased (clashing with
several ignored experimental measurements and the ob-
served historical trend), but also seemingly unphysical, as
would be derived from simple kinematic considerations.
We detect an intent in [1] to avoid considering impor-
tant standing issues in this area of research, as well as
serious contradictions around the meaning and content
of their Fig. 1. We firmly maintain that the low-mass

FIG. 5: XENON100 exclusions generated from the Leff mod-
els in Fig. 4. (same color coding). The dotted blue line corre-
sponds to the problematic Leff contour in Fig. 1 in [1], ambigu-
ously claimed by XENON100 to be both a 90% lower C.L. to
their Leff best fit and an extrapolation to Manzur et al. [5],
a crucial point we contend is misleading. Ion channeling is
not included neither for CoGeNT nor DAMA regions [20, 21].
The low-energy trend expected for the quenching factor in
NaI(Tl) [11], not included here, can have the effect of displac-
ing the DAMA region away from XENON100 constraints (see
text).

WIMP limits presented by the XENON100 collaboration
are the least conservative choice over a present uncer-
tainty spanning several orders of magnitude, including
the very real possibility that LXe is an effectively inert
detection medium for WIMPs in this low-mass range.
As such, these limits are untenable. A more conservative
treatment of present-day uncertainties in Leff (such as
for instance, that adopted by the ZEPLIN collaboration
[6]) would also lead to weaker limits at higher WIMP
masses, raising an additional question on the relevance
of the present XENON100 sensitivity in comparison to
that from CDMS and other experiments.

The onus of unequivocally demonstrating the existence
of scintillation light from ∼1 keVr recoils in LXe is on
the XENON100 collaboration. Attempts to substitute
for this with a biased analysis represent a lack of consid-
eration for the many efforts made by other dark matter
researchers working towards similar ends. We invite the
XENON100 collaboration to reconsider their claims, and
to include in all future results a balanced description of
the many unknowns and the uncertainty they represent.

The authors are indebted to E. Dahl for many useful
comments, and to A. Manzur for the preparation of Fig.
1.
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lower bounds of the signal region are respectively chosen
as the median of the nuclear recoil band and the 300 PE
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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 8.7−32.6 keVnr energy range during 11.17 live
days. No events below the nuclear recoil median are observed
within the 40 kg fiducial volume (dashed).

A first dark matter analysis has been carried out, using
11.17 live days of background data, taken from October
20th to November 12th 2009, prior to the neutron calibra-
tion. Although this was not a blind analysis, all the event
selection criteria were defined on calibration data. The
cumulative software cut acceptance for single scatter nu-
clear recoils is conservatively estimated to vary between
60% (at 8.7 keVnr) and 85% (at 32.6 keVnr) by consider-
ing all events removed by only a single cut to be valid
events (Fig. 3). Within the 8.7− 32.6 keVnr energy win-
dow, 22 events are observed, but none in the pre-defined
signal acceptance region (Fig. 3). At 50% nuclear recoil
acceptance, the electronic recoil discrimination based on
log10(S2/S1) is above 99%, predicting < 0.2 background
events in the WIMP region. The observed rate, spec-
trum, and spatial distribution (Fig. 4) agree well with a
GEANT4 Monte Carlo simulation of the entire detector.
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best limit to date from CDMS (dashed) [13], expectations
from a theoretical model [14], and the areas (90% CL) favored
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An upper limit on the spin-independent WIMP-

nucleon elastic scattering cross section is derived based
on the standard halo assumptions [12], taking into ac-
count an S1 resolution dominated by Poisson fluctua-
tions, and with Leff from the global fit, assumed con-
stant below 5 keVnr. Fig. 5 shows the resulting 90% con-
fidence upper limit, with a minimum at a cross section of
3.4× 10−44 cm2 for a WIMP mass of 55GeV/c2, using a
spectrum-averaged exposure of 170 kg · days. This limit
challenges the interpretation of the CoGeNT [15] and
DAMA [16] signals as being due to light mass WIMPs.
In the extreme case of Leff following the lower 90% con-
fidence contour in Fig. 1, together with the extrapola-
tion to zero around 1 keVnr, our a priori chosen thresh-
old of 4 PE rises from 8.7 keVnr to 9.6 keVnr and a frac-
tion of the CoGeNT parameter space remains. Yet, as
shown in Fig. 3, our cut acceptance is sizeable even at
a reduced threshold of 3 PE (8.2 keVnr in this case),
above which a 7GeV/c2 WIMP, at the lower edge of the
CoGeNT region, would produce about one event with
the current exposure. These initial results, based on
only 11.17 live days of data, demonstrate the potential of
the XENON100 low-background experiment to discover
WIMP dark matter.
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FIG. 4: Models for Leff used to generate the exclusions in
Fig. 5. The blue line corresponds to the extrapolation to low
energy used in [1]. Black points are recent data from Manzur
et al. [5]. The black line is an adiabatic fit to these (see text).
The red line (logistic fit) and band correspond to ZEPLIN
data [6] (see text).

tion threshold, even for their forced choice of Leff. We
question the wisdom of this approach when the mecha-
nisms behind the generation of any significant amount of
scintillation are still unknown and may simply be absent
at the few keVr level. To put it bluntly, this is the equiv-
alent of expecting something out of nothing. An exam-
ple of the level of sensitivity expected from XENON100
in the absence of this assumption can be found in [17]:
WIMPs with a mass lower than ∼12 GeV/c2 are then
entirely out of reach for XENON100, imposing no signif-
icant constraints on DAMA, CoGeNT, or any other dark
matter detector technology with demonstrated sensitiv-
ity to this mass region.

It seems clear that sufficient knowledge on the energy
dependence of Leff in the region 0-3 keVr is presently
absent for LXe at the excellent level that would be re-
quired to establish reliable light-WIMP limits. This begs
comparison with highly linear detecting media such as
germanium detectors, for which careful dedicated mea-
surements of quenching factor have been made down to
∼0.25 keVr, measurements found to be in good agree-
ment with theory [18, 19].

In conclusion, we find that the choice made in [1]
in relation to the low-energy trend for Leff, a constant
value below 10 keVr, is not only biased (clashing with
several ignored experimental measurements and the ob-
served historical trend), but also seemingly unphysical, as
would be derived from simple kinematic considerations.
We detect an intent in [1] to avoid considering impor-
tant standing issues in this area of research, as well as
serious contradictions around the meaning and content
of their Fig. 1. We firmly maintain that the low-mass

FIG. 5: XENON100 exclusions generated from the Leff mod-
els in Fig. 4. (same color coding). The dotted blue line corre-
sponds to the problematic Leff contour in Fig. 1 in [1], ambigu-
ously claimed by XENON100 to be both a 90% lower C.L. to
their Leff best fit and an extrapolation to Manzur et al. [5],
a crucial point we contend is misleading. Ion channeling is
not included neither for CoGeNT nor DAMA regions [20, 21].
The low-energy trend expected for the quenching factor in
NaI(Tl) [11], not included here, can have the effect of displac-
ing the DAMA region away from XENON100 constraints (see
text).

WIMP limits presented by the XENON100 collaboration
are the least conservative choice over a present uncer-
tainty spanning several orders of magnitude, including
the very real possibility that LXe is an effectively inert
detection medium for WIMPs in this low-mass range.
As such, these limits are untenable. A more conservative
treatment of present-day uncertainties in Leff (such as
for instance, that adopted by the ZEPLIN collaboration
[6]) would also lead to weaker limits at higher WIMP
masses, raising an additional question on the relevance
of the present XENON100 sensitivity in comparison to
that from CDMS and other experiments.

The onus of unequivocally demonstrating the existence
of scintillation light from ∼1 keVr recoils in LXe is on
the XENON100 collaboration. Attempts to substitute
for this with a biased analysis represent a lack of consid-
eration for the many efforts made by other dark matter
researchers working towards similar ends. We invite the
XENON100 collaboration to reconsider their claims, and
to include in all future results a balanced description of
the many unknowns and the uncertainty they represent.

The authors are indebted to E. Dahl for many useful
comments, and to A. Manzur for the preparation of Fig.
1.
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ment is > 90% above 4PE. The log10(S2/S1) upper and
lower bounds of the signal region are respectively chosen
as the median of the nuclear recoil band and the 300 PE
S2 threshold.
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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 8.7−32.6 keVnr energy range during 11.17 live
days. No events below the nuclear recoil median are observed
within the 40 kg fiducial volume (dashed).

A first dark matter analysis has been carried out, using
11.17 live days of background data, taken from October
20th to November 12th 2009, prior to the neutron calibra-
tion. Although this was not a blind analysis, all the event
selection criteria were defined on calibration data. The
cumulative software cut acceptance for single scatter nu-
clear recoils is conservatively estimated to vary between
60% (at 8.7 keVnr) and 85% (at 32.6 keVnr) by consider-
ing all events removed by only a single cut to be valid
events (Fig. 3). Within the 8.7− 32.6 keVnr energy win-
dow, 22 events are observed, but none in the pre-defined
signal acceptance region (Fig. 3). At 50% nuclear recoil
acceptance, the electronic recoil discrimination based on
log10(S2/S1) is above 99%, predicting < 0.2 background
events in the WIMP region. The observed rate, spec-
trum, and spatial distribution (Fig. 4) agree well with a
GEANT4 Monte Carlo simulation of the entire detector.
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An upper limit on the spin-independent WIMP-

nucleon elastic scattering cross section is derived based
on the standard halo assumptions [12], taking into ac-
count an S1 resolution dominated by Poisson fluctua-
tions, and with Leff from the global fit, assumed con-
stant below 5 keVnr. Fig. 5 shows the resulting 90% con-
fidence upper limit, with a minimum at a cross section of
3.4× 10−44 cm2 for a WIMP mass of 55GeV/c2, using a
spectrum-averaged exposure of 170 kg · days. This limit
challenges the interpretation of the CoGeNT [15] and
DAMA [16] signals as being due to light mass WIMPs.
In the extreme case of Leff following the lower 90% con-
fidence contour in Fig. 1, together with the extrapola-
tion to zero around 1 keVnr, our a priori chosen thresh-
old of 4 PE rises from 8.7 keVnr to 9.6 keVnr and a frac-
tion of the CoGeNT parameter space remains. Yet, as
shown in Fig. 3, our cut acceptance is sizeable even at
a reduced threshold of 3 PE (8.2 keVnr in this case),
above which a 7GeV/c2 WIMP, at the lower edge of the
CoGeNT region, would produce about one event with
the current exposure. These initial results, based on
only 11.17 live days of data, demonstrate the potential of
the XENON100 low-background experiment to discover
WIMP dark matter.
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More qualitatively:

3

scintillation efficiency of nuclear recoils relative to that

of 122 keVee γ-rays at zero field, and See and Snr are

the electric field scintillation quenching factors for elec-

tronic and nuclear recoils, respectively, with measured

values of 0.58 and 0.95 [6]. Since 122 keVee γ-rays can-

not penetrate far in the sensitive volume, their light

yield Ly at 530V/cm is calculated from a fit to all

γ-ray lines mentioned above, yielding Ly(122 keVee) =

(2.20± 0.09)PE/keVee. Leff data measured at fixed neu-

tron energies [7–9], shown in Fig. 1, have less system-

atic uncertainty than those inferred from a comparison

of neutron calibration spectra with Monte Carlo simula-

tions. Therefore, the energy dependence of Leff and its

uncertainty is determined here through a global cubic-

spline fit to all data shown in Fig. 1 in the energy range

with at least two measurements (5 − 100 keVnr). The

spline knots are fixed at 5, 10, 25, 50 and 100 keVnr. Be-

low 5 keVnr, a constant extrapolation of the global fit,

consistent with the trend reported in Aprile et al. [7] and
Sorensen et al. [10], is used in this analysis. A logarith-

mic extrapolation of the lower 90% confidence contour

to zero scintillation near 1 keVnr, following the trend in

Manzur et al. [8], is also shown in Fig. 1.
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FIG. 2: Electronic (top) and nuclear (bottom) recoil bands
from 60Co and 241AmBe calibration data, respectively, using
the discrimination parameter log10(S2/S1) as a function of
nuclear recoil equivalent energy (keVnr). Colored lines cor-
respond to the median log10(S2/S1) values of the electronic
(blue) and nuclear (red) recoil bands. The WIMP search win-
dow 8.7 − 32.6 keVnr (vertical dashed lines) and S2 software
threshold of 300PE (long dashed line) are also shown.

Data selection criteria are motivated by the physical

properties of xenon scintillation light, the characteristics

of proportional light signals, and the expected WIMP-

induced single-scatter nuclear-recoil signature. Cuts were

developed and tested on calibration data, specifically on

low energy electronic recoils from Compton scattered
60Co γ-rays and nuclear recoils from 241AmBe. In par-

ticular, a two-fold PMT coincidence is required in a 20 ns

window for the S1 signal and events which contain more

than a single S1-like pulse are discarded. This allows

true low energy events to be distinguished from events

with random single photoelectrons from PMTs or acci-

dental coincidences. For the S2 signal, a lower threshold

of 300PE is set, corresponding to about 15 ionization

electrons, and events are required to contain only one

S2 pulse above this threshold. This rejects events with

multiple scatters at different z positions. In addition,

the width of the S2 pulse is required to be consistent

with what is expected from the inferred drift time due

to diffusion of the electron cloud [11]. Events that de-

posit energy in the veto volume in coincidence with the

S1 signal in the TPC are also discarded. The regions

of the digitized waveform away from S1 or S2 pulses are

required to be free of extraneous PMT signals or noise.

Finally, events outside the pre-defined fiducial volume are

rejected.
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FIG. 3: Cut acceptance (top) and log10(S2/S1) (bottom) as
functions of nuclear recoil energy for events observed in the 40
kg fiducial volume during 11.17 live days. Lines as in figure 2.

Background rejection in XENON100 is achieved

through a combination of volume fiducialization and the

identification of recoil species based on the ratio S2/S1

for electronic and nuclear recoils. Accurate knowledge

of the response to both types of recoils is essential to

define the signal region, to determine the signal accep-

tance, and to predict the expected leakage into the sig-

nal region. Statistics for the low energy electronic recoil

calibration are accumulated at regular intervals with a

1 kBq 60Co source. The response of XENON100 to elas-

tic nuclear recoils was obtained by irradiating the detec-

tor with a 220 n/s 241AmBe source for 72 h. Fig. 2 shows

the log10(S2/S1) distribution of single scatter electronic

and nuclear recoils as a function of nuclear recoil energy.

The energy window for the WIMP search is chosen be-

tween 8.7− 32.6 keVnr (4− 20PE). The upper bound is

taken to correspond approximately to 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 require-
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An aside on spin-
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Figure 3: Left panel: the constraints on the spin-dependent DM-proton scattering cross section for
the up, down and strange (bottom to top solid lines) axial-vector operators. The projected Tevatron
constraints for the up-type and vector coupling operator are shown in the dot-dashed line. Relevant
experimental bounds are also shown. Right panel: the same as the left panel but for the constraints
on the spin-indepedent DM-neutron scattering cross section.

because the scattering is not coherent over the whole nucleus, while there is no relative suppresion

between the two at high energies. Of the operators under consideration, spin dependent scattering is

caused by the axial vector operator O3. For a complete list of all operators, see [21].

Again, in order to compute the DM scattering cross section off a nucleon, N = p, n, we will need

〈N |O3|N〉, leading to

ONq
3 = ∆N

q

(

N̄γµγ5N
)

(χ̄γµγ5χ)

Λ2
,

with [18]

∆p
u = ∆n

d = 0.842 ± 0.012 ,

∆p
d = ∆n

u = −0.427 ± 0.013 ,

∆p
s = ∆n

s = −0.085 ± 0.018 . (8)

The total cross section is then

σNq
3 =

3µ2

π Λ4
(∆N

q )2 . (9)

The Tevatron limits on spin dependent dark matter scattering for the various operators are shown in

Figure 3 along with limits from XENON10 [4], COUPP [22], PICASSO [23] and ZEPLIN III [24]. For

the DM-proton spin-dependent scattering cross section (left panel) we have found that the Tevatron

limits are stronger than any other direct detection experiments for all three operators. For the DM-

8

Bai, Fox, Harnik (1005.3597); Also Goodman et al 
(1005.1286)

Limits weakened if mediated by new, light force carrier

(monojet + MET)
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Figure 5: In mχ–δ space, the confidence level at which ZEPLIN-III excludes the lowest value of σn consistent, at 99% CL, with
causing the DAMA modulation. Three values of vesc are shown: (from left) 500, 550 and 600 km s−1.

In summary, a search of 63 kg · days net exposure with
a xenon target yielded 6 candidate events in the range
20–80 keV nuclear recoil equivalent energy. They were
consistent, both in number and scintillation-to-ionisation
ratio, with belonging to the tail of an electron recoil
background population. Single-sided upper limits were
set on the WIMP-nucleon cross section, constraining the
DAMA-explaining region of iDM parameter space: for a
standard halo model there remains a 90% CL allowed re-
gion for WIMP masses in the range 45–60GeV c−2, with
minimum CL 88%. This is more stringent than limits
from other xenon and germanium experiments [5, 22, 23]
and supports previous exclusions [17] based on CRESST-
II data. In particular, a target element of similar mass to
iodine reduces systematic uncertainty due to the WIMP
velocity distribution.
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Figure 5: In mχ–δ space, the confidence level at which ZEPLIN-III excludes the lowest value of σn consistent, at 99% CL, with
causing the DAMA modulation. Three values of vesc are shown: (from left) 500, 550 and 600 km s−1.

In summary, a search of 63 kg · days net exposure with
a xenon target yielded 6 candidate events in the range
20–80 keV nuclear recoil equivalent energy. They were
consistent, both in number and scintillation-to-ionisation
ratio, with belonging to the tail of an electron recoil
background population. Single-sided upper limits were
set on the WIMP-nucleon cross section, constraining the
DAMA-explaining region of iDM parameter space: for a
standard halo model there remains a 90% CL allowed re-
gion for WIMP masses in the range 45–60GeV c−2, with
minimum CL 88%. This is more stringent than limits
from other xenon and germanium experiments [5, 22, 23]
and supports previous exclusions [17] based on CRESST-
II data. In particular, a target element of similar mass to
iodine reduces systematic uncertainty due to the WIMP
velocity distribution.
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Figure 2: Velocity distribution functions: the left panels are in the host halo’s restframe, the
right panels in the restframe of the Earth on June 2nd, the peak of the Earth’s velocity relative
to Galactic DM halo. The solid red line is the distribution for all particles in a 1 kpc wide shell
centered at 8.5 kpc, the light and dark green shaded regions denote the 68% scatter around the
median and the minimum and maximum values over the 100 sample spheres, and the dotted line
represents the best-fitting Maxwell-Boltzmann distribution.

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

– 6 –

Figure 8: Scatter plots of the ratios of ratios (RoR, see text for details) for the CRESST and
CDMS experiments. RoR’s less than one indicate that using the simulation’s velocity distribution
instead of the best-fitting MB model weakens the CRESST or CDMS limits relative to the DAMA
(high-q) signal.

it suggests that using the simulation’s velocity distribution instead of the best-fitting MB
distribution weakens the limits relative to DAMA, while values larger than one imply
stronger limits. The effects on Xenon limits are harder to quantify, because of the added
uncertainties in the conversion from keVee to keVr at those experiments, and where, pre-
cisely, the backgrounds lie. Thus, we consider first only CDMS and CRESST limits.

In Fig. 8 we show scatter plots of the CRESST RoR against the CDMS RoR. Large
filled symbols indicate the spherical shell sample and small symbols are used for the sample
spheres. Note that in some cases the CDMS RoR is zero, indicating that the simulation
velocity distribution resulted in no CDMS signal at all. A few things are immediately
obvious from this plot. First, the limits from CDMS can vary wildly between simulations,
and even between different spheres within a single simulation. This simply represents how
dramatically the velocity distribution can change at the highest velocities. Second, we see
that the CRESST rate is much more weakly affected, with typically suppressions of (0.6-
1), (0.7-1.1), and (0.7-1.3) for Via Lactea II, GHALO and GHALOs respectively. Thus,
from the perspective of Poisson limits, these results would suggest that those derived from
Maxwellian halos are possibly excessively aggressive by almost a factor of two. However,
many limits are placed using one of Yellin’s techniques [69], where not only the overall rate,
but also the distribution of signal versus background is important. Here we find that the
halo uncertainties can be at their largest. We show in Fig. 9 the spectra at DAMA and
CRESST for a 100 GeV WIMP with δ = 130, 150, 170 keV. We employ energy smearing at
DAMA by assuming that the smearing reported for the one of 25 targets of DAMA/LIBRA
[70] is characteristic of all of them. We assume a smearing of 1 keV at CRESST.

One can see that the peak positions and properties can change by quite a large amount.
At DAMA, the effect of this is principally to shift the peak. Such an effect is largely
degenerate with the quenching uncertainty, which can reasonably range from q = 0.06 to
q = 0.09. (For a lower quenching value, for instance, the peak will shift to lower energy
in keVee.) The effects would be similar at XENON10, where the energy smearing will
eliminate most interesting structures, and the shift in the location of the peak will be

– 18 –
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Modulation amplitude

Figure 4: The amplitude (left panels) and peak day (right) as a function of vmin. The solid red
line indicates the shell averaged quantities, and the dotted line the best-fit MB distribution. The
light and green shaded regions cover the central 68% region around the median and the minimum
and maximum values of the distribution over the 100 sample spheres. The thin black line shows
the behaviour of one example sample sphere.

amplitude (solid red line) rises from about 20% at vmin = 400 km/s to unity at ∼ 750
km/s. The GHALO amplitudes are shifted to lower vmin, growing from 40% at 400 km/s
to 100% already at ∼ 600 km/s. The strong high velocity tails of f(v) (Fig. 2) result in
somewhat lower modulation amplitudes compared to the best-fit MB distributions (dotted
line). At the very highest velocities f(v) drops below the Maxwellian distribution in VL2
and GHALO, and this leads to the rise in amplitudes above the Maxwellian case for vmin >

600 and 550 km/s, respectively. In GHALOs the distribution more closely follows the MB
fit, and only barely rises above it at vmin > 670 km/s. Interestingly, all three simulations
exhibit a pronounced dip in the modulation amplitude at close to the highest vmin. These
correspond to bumps in f(v) discussed in Section 2.2.

As before, the light and dark shaded green regions in Fig. 4 cover the 68% region

– 10 –
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FIG. 2: Average counts at CRESST per 100 kg-d for regular
iDM (blue), FFiDM with Fdm(q) ∝ ER (green), and DM
streams (red). The effect of lowering the quenching factor is
illustrated for QI = 0.07 (dashed blue) and QI = 0.06 (dotted
blue). The contours enclose all points with χ2 ≤ 18.

where the energy dependence of the quenching factor is

left explicit. Most studies assume a constant quench-

ing factor for iodine from ∼ 10 − 100 keVnr, with the

standard value taken to be QI = 0.085. However,

there are large experimental uncertainties in measure-

ments of QI [29]. The four primary ones [30–33] give

0.05 ≤ QI ≤ 0.10. The study in [32] gives the small-

est error, however its measurements are calibrated with

60 keV gamma rays, in contrast to the 3.2 keV electrons

that DAMA uses [30]. This difference reduces the central
value of [32] by roughly 10% and induces larger system-

atic effects.
Lowering iodine’s quenching factor effectively shifts

DAMA’s signal to higher nuclear recoil energies, favor-

ing slightly larger values for the iDM mass splitting

(100 � δ � 180 keVnr for QI = 0.06). Consequently,

the predicted signal at other experiments is also shifted

to higher nuclear recoil energies. In addition, the spec-

tral shape is broadened, because DAMA’s reported rate

is in units of cpd/kg/keVee.

Fig. 1 illustrates how the
184

W recoil spectrum changes

as QI is reduced from 0.085 to 0.06, and Fig. 2 shows the

average annual rate for CRESST’s low and high energy

range, assuming a SHM profile. The shift of the iDM sig-

nal to higher recoils translates into a significant reduction

in CRESST’s average annual rate in the low recoil win-

dow of 10− 40 keVnr and a substantial enhancement in

its rate in the high recoil range from 40− 100 keVnr.

Dark Matter Interaction

The identity of iDM is unknown and its interactions

with the SM may not occur through renormalizable op-

erators. Non-renormalizable operators typically result in

matrix elements with non-trivial dependence on the mo-

mentum transfer q. These can be parameterized by an

effective DM form factor [12–14, 18, 34–36],

Fdm(q) =
�

n,m

cn,m
(q0)n|�q |m

Λn+m
+ . . . (6)

where q0 = ER, |�q | =
√
2mNER, and Λ is an arbi-

trary mass scale. Standard iDM assumes that the con-

stant n,m = 0, 0 term dominates the expansion. Models

that have an interaction mediator with mass lighter than

O(|�q |) are dominated by c0,−2. Composite iDM models

have c0,1 �= 0 [37–39]. Form factors that are dominantly

n �= 0 can be realized through dipole or other tensor

interactions [35, 36].

Standard iDM (i.e., n,m = 0, 0) and models with

n = 0,m �= 0 have comparable rates at CRESST because

the ratio of predicted events between these two scenarios

scales as N0,m/N0,0 � (mWEW peak/mIEI peak)
2m � 1.

DAMA’s spectrum peaks at EI peak � 35 keV while the

tungsten spectrum at CRESST peaks at EW peak �
25 keV. In contrast, interactions with n �= 0,m = 0 pre-

dict substantially smaller rates at CRESST: Nn,0/N0,0 �
(EW peak/EI peak)

2n � (0.5)n. This effect is illustrated in

Fig. 2 for n,m = 1, 0.

Dark Matter Velocity Distribution

There is little direct observational evidence for the

DM density profile, and the velocity distribution is

highly uncertain. While most studies assume a Maxwell-

Boltzmann vdf (4), N-body simulations indicate that this

ansatz does not adequately parameterize the vdf [22].

The iDM spectrum is particularly sensitive to changes

in the tail of the velocity distribution profile, which can

arise from velocity anisotropies or from dark matter sub-

structure that has recently fallen into the galaxy [19, 40].

A vdf in which the high velocity tail is dominated by a

stream of dark matter illustrates how changes in the local

vdf alter iDM predictions. This scenario can significantly

lower the number of expected events; other possibilities

for the velocity profile will result in numbers of events

between the SHM and stream expectations.

Streams of dark matter are characterized by low veloc-

ity dispersion [19]. Here, streams will be parameterized

as dispersionless vdfs that have an arbitrary incident an-

gle. The distribution profile is f(�v) = δ3(�v − �vstream),
with �v and �vstream given in the frame of the sun. The dif-

ferential scattering rate is obtained after boosting to the

Earth’s frame, and depends on the recoil energy through

dR

dER
∝ Θ(|�vstream − �vE(t)|− vmin)

|�vstream − �vE(t)|
|FN(q

2
)|
2, (7)

where �vE(t) is the Earth’s velocity in the frame of the so-

lar system. The rate would be constant if not for the nu-

clear form factor that shapes the distribution and yields

a highly peaked spectrum as illustrated for tungsten in

Fig. 1.
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blue). The contours enclose all points with χ2 ≤ 18.

where the energy dependence of the quenching factor is

left explicit. Most studies assume a constant quench-

ing factor for iodine from ∼ 10 − 100 keVnr, with the

standard value taken to be QI = 0.085. However,

there are large experimental uncertainties in measure-

ments of QI [29]. The four primary ones [30–33] give

0.05 ≤ QI ≤ 0.10. The study in [32] gives the small-

est error, however its measurements are calibrated with

60 keV gamma rays, in contrast to the 3.2 keV electrons

that DAMA uses [30]. This difference reduces the central
value of [32] by roughly 10% and induces larger system-

atic effects.
Lowering iodine’s quenching factor effectively shifts

DAMA’s signal to higher nuclear recoil energies, favor-

ing slightly larger values for the iDM mass splitting

(100 � δ � 180 keVnr for QI = 0.06). Consequently,

the predicted signal at other experiments is also shifted

to higher nuclear recoil energies. In addition, the spec-

tral shape is broadened, because DAMA’s reported rate

is in units of cpd/kg/keVee.

Fig. 1 illustrates how the
184

W recoil spectrum changes

as QI is reduced from 0.085 to 0.06, and Fig. 2 shows the

average annual rate for CRESST’s low and high energy

range, assuming a SHM profile. The shift of the iDM sig-

nal to higher recoils translates into a significant reduction

in CRESST’s average annual rate in the low recoil win-

dow of 10− 40 keVnr and a substantial enhancement in

its rate in the high recoil range from 40− 100 keVnr.

Dark Matter Interaction

The identity of iDM is unknown and its interactions

with the SM may not occur through renormalizable op-

erators. Non-renormalizable operators typically result in

matrix elements with non-trivial dependence on the mo-

mentum transfer q. These can be parameterized by an

effective DM form factor [12–14, 18, 34–36],

Fdm(q) =
�

n,m

cn,m
(q0)n|�q |m

Λn+m
+ . . . (6)

where q0 = ER, |�q | =
√
2mNER, and Λ is an arbi-

trary mass scale. Standard iDM assumes that the con-

stant n,m = 0, 0 term dominates the expansion. Models

that have an interaction mediator with mass lighter than

O(|�q |) are dominated by c0,−2. Composite iDM models

have c0,1 �= 0 [37–39]. Form factors that are dominantly

n �= 0 can be realized through dipole or other tensor

interactions [35, 36].

Standard iDM (i.e., n,m = 0, 0) and models with

n = 0,m �= 0 have comparable rates at CRESST because

the ratio of predicted events between these two scenarios

scales as N0,m/N0,0 � (mWEW peak/mIEI peak)
2m � 1.

DAMA’s spectrum peaks at EI peak � 35 keV while the

tungsten spectrum at CRESST peaks at EW peak �
25 keV. In contrast, interactions with n �= 0,m = 0 pre-

dict substantially smaller rates at CRESST: Nn,0/N0,0 �
(EW peak/EI peak)

2n � (0.5)n. This effect is illustrated in

Fig. 2 for n,m = 1, 0.

Dark Matter Velocity Distribution

There is little direct observational evidence for the

DM density profile, and the velocity distribution is

highly uncertain. While most studies assume a Maxwell-

Boltzmann vdf (4), N-body simulations indicate that this

ansatz does not adequately parameterize the vdf [22].

The iDM spectrum is particularly sensitive to changes

in the tail of the velocity distribution profile, which can

arise from velocity anisotropies or from dark matter sub-

structure that has recently fallen into the galaxy [19, 40].

A vdf in which the high velocity tail is dominated by a

stream of dark matter illustrates how changes in the local

vdf alter iDM predictions. This scenario can significantly

lower the number of expected events; other possibilities

for the velocity profile will result in numbers of events

between the SHM and stream expectations.

Streams of dark matter are characterized by low veloc-

ity dispersion [19]. Here, streams will be parameterized

as dispersionless vdfs that have an arbitrary incident an-

gle. The distribution profile is f(�v) = δ3(�v − �vstream),
with �v and �vstream given in the frame of the sun. The dif-

ferential scattering rate is obtained after boosting to the

Earth’s frame, and depends on the recoil energy through

dR

dER
∝ Θ(|�vstream − �vE(t)|− vmin)

|�vstream − �vE(t)|
|FN(q

2
)|
2, (7)

where �vE(t) is the Earth’s velocity in the frame of the so-

lar system. The rate would be constant if not for the nu-

clear form factor that shapes the distribution and yields

a highly peaked spectrum as illustrated for tungsten in

Fig. 1.
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Figure 8: As in figure 6, but with an additional Maxwell-Boltzmann component, with relative

normalization as in figure 4.

entirely, depending on the parameters. Thus, even with only a single experiment, the

dramatic annual modulation should arise with adequate statistics, and give confirmation

that a dark matter substructure signal has been observed.

0 20 40 60 80 100

ER�keV

dR
dER

0 20 40 60 80 100
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Figure 9: As in figure 6, but with additional streams. Left: Streams at 385 and 450 km/s in the

galactic rest frame. Right: Streams at 310 and 425 km/s, with relative normalizations as in figure

5.

4.3 Amplitudes, Phases and the Sagittarius Stream

Up to this point we have limited ourselves to the case of a stream moving in the motion

directly opposite that of the Galactic rotation. This leads to the highest possible velocities

in the local frame, but as the velocities we have considered have been well below the

Galactic escape velocity, one can achieve similar effects with streams moving in other

directions. In particular, the most relevant question is the direction of the stream in the

solar frame, relative to the Earth’s motion. This will determine the amplitude and phase

of the modulation, which are detectable parameters. Should the motion of the stream be

directly opposing the Earth’s motion at some point in the year in the solar frame, the

modulation can be even larger than we have discussed. If the direction is not opposite the

Earth’s motion in the summer, the phase can shift dramatically.

One possible source of a cold substructure in the solar neighborhood is the Sagittarius

stream, see e.g [46]. The possible implications in the context of dark matter searches have

been well explored [47, 48, 49, 1], in particular in the context of light WIMPs. It is not

– 11 –
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FIG. 1: The weighted-atomic mass and weighted-magnetic

dipole moment (Eq. (2) in units of the nuclear magneton µN

of various dark matter search targets. (C,O and Ca,Ar have

been shifted slightly so as not to overlay each other.)

II. MAGNETIC INELASTIC DARK MATTER

If one wants to understand how DAMA could have a

positive signal while other experiments do not, there are

many directions one can pursue. Narrowing the focus

on nuclear recoils induced by WIMP collisions, we must

examine what the differences are between NaI and the

other existing targets.

The original iDM proposal focused on a single dimen-

sion, namely the kinematical properties of iodine. As it

is much heavier than many targets, in particular germa-

nium, this allowed a significant departure from conven-

tional elastic expectations. The fact that DAMA focuses

on relatively high energies (∼ 20+ keVR off iodine as-

suming the standard quenching factor qI = 0.08) and

modulation gave additional changes when comparing to

elastic scattering limits, but ultimately the key distinc-

tion was the kinematical change of a heavy target.

This simple one-dimensional analysis is important, but

iodine’s magnetic properties also distinguish it from most

other target nuclei. The quantity that we will see is most

relevant is the weighted dipole moment

µ̄ =




�

isotope

fiµ
2
i
Si + 1

Si




1/2

, (2)

where fi, µi, and Si are the elemental abundance, nu-

clear magnetic moment, and spin, respectively, of isotope

i. We show in Fig. 1 the abundance-weighted atomic

masses, and the weighted dipole moment of various tar-

get nuclei. We see that while tungsten (W) has a large

mass, its magnetic moment is rather small. Fluorine (F)

and sodium (Na) have large magnetic dipoles but are very

light. Xenon (Xe) has a couple of isotopes with apprecia-

ble dipoles, however, they are insufficient to make it com-

petitive with iodine. The combination of large mass and

large dipole makes the iodine target used by DAMA quite

unique among the nuclear targets, with only KIMS’ [50]

cesium (Cs) target similar in its qualitative features. The

iodine dipole arises dominantly from the angular momen-

tum of unpaired protons [51], with additional contribu-

tions from the neutron and proton spin.

We are therefore led to consider models that make both

kinematical and magnetic distinctions between targets.

Since its proposal, the focus of iDM model building has

dominantly been on electrically coupled WIMPs, either

directly to charge, or to some combination of the mass

number A and the atomic number Z, such as through the

Z0
-boson. Since we wish to take advantage of the large

magnetic dipole of iodine, we instead focus on models of

magnetically-coupled inelastic dark matter (MiDM).

III. SCENARIOS FOR MIDM

The magnetic interactions of a WIMP can appear at

different orders in the multipole expansion. The first

order, namely a magnetic monopole, is interesting but

problematic [69]. Instead we choose to focus on the case

of a magnetic dipole which has a sizable interaction with

the magnetic dipole of iodine. However, a magnetically

interacting WIMP also feels a velocity-suppressed inter-

action with the charge of the nucleus, thus one cannot

simply consider scattering off magnetic moments. For

iodine the contribution from Z2v2 is subdominant to
µ2

, but for magnetically-challenged nuclei, such as W, or

even Xe, the charge coupling can dominate the scatter-

ing.

A. Dipole-Dipole Inelastic Scattering

The idea that the WIMP could have a magnetic dipole

has been long studied (see., e.g., [52–57].) The dipole

operator is naturally off-diagonal [44, 58], and mediates

transitions between the ground state χ and the excited

state χ∗
,

L ⊃
�µχ

2

�
χ̄∗σµνFµνχ + c.c. (3)

where µχ is the dipole strength and σµν = i[γµ, γν ]/2.

[54] considered such transitions in the early universe for

dark matter in the range of few keV− few MeV. [59] con-

sidered inelastic WIMP dipole-nuclear charge scattering

to explain DAMA. Such an interaction, however, does

not significantly change the relative strength of the vari-

ous experiments compared with charge-charge (i.e., vec-

tor current) interactions, and the viability of the scenario

found in [59] was largely because the significant con-

straints from the CRESST experiment were ignored. [44]

considered a related idea, studying the parameter space

under the assumption of an iDM that couples to pro-

ton nuclear spin exclusively, although no particle physics

model generating the required interaction was found.
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Here we study inelastic dipole-dipole (DD) interac-
tions, which occur in addition to dipole-charge interac-
tions, and we shall see that this opens up significant
parameter space. The WIMP-iodine DD-cross section
dominates over the dipole-charge (DZ) scattering, but
by itself DZ can provide signals at other experiments.
The direct detection scattering rate is given by, cor-
rected for 4pi’s and ER terms and now delta
terms

dσ

dER
=

dσDD

dER
+

dσDZ

dER
(4)

dσDD

dER
=

16πα2mN

v2

�µnuc

e

�2 �µχ

e

�2

(5)
×

�
Sχ + 1
3Sχ

� �
SN + 1
3SN

�
F 2

D[ER]

dσDZ

dER
=

4πZ2α2

ER

�µχ

e

�2
�
1− ER

v2

�
1

2mN
+

1
mχ

�

(6)

− δ

v2

�
1

µNχ
+

δ

2mNER

� ��
Sχ + 1
3Sχ

�
F 2[ER]

where F 2[ER] is the usual nuclear form-factor and
F 2

D[ER] is the nuclear magnetic dipole form-factor. The
DZ scattering contains the leading terms in the
expansion of ER, δ, and v, giving a deconstructive
interference that is further enhanced with inelas-
ticity. We have checked that our formulas agree
in the elastic limit with those in [60].

We show the allowed parameter space in Fig. 2. To
determine these parameter ranges, we use the binned
DAMA data of [1], taking the 2-8 keVee bins and calcu-
lating a χ2 parameter for each point in (mχ, δ, µχ) param-
eter space, using a quenching factor qI = 0.08. We have
neglected scattering off Na, as this is only important for
δ � 30 keV. For the dark matter velocity distribution, we
take a Maxwell-Boltzmann distribution with parameters
v0 = 220 km/s and vesc = 550 km/s. We find the global
χ2 minimum and plot slices of allowed parameter space
at constant mχ, showing the 90% and 99% confidence re-
gions (∆χ2 = 6.25 and 11.34, respectively), after ensur-
ing that the best fit point gives a good fit to the data (i.e.,
χ2/dof � 1). We will discuss the nuclear form factor un-
certainties below. We see that the scenario of inelastic
dipole-dipole scattering is essentially unconstrained for a
wide range of the inelasticity δ. The allowed range of
µχ ∼ few × 10−3µN is comparable to what could arise
from an electroweak loop, for instance, or if the WIMP
is composed of charged constituents, bound by a force
confining at the TeV scale, such as a technibaryon [52].

For our constraints, we use the full CDMS
dataset. For ZEPLIN-III [61] and XENON10 [62]
we use recently published reanalyses focused on
inelastic dark matter. The experiments closest to
constraining DAMA are KIMS and ZEPLIN-III;

ZEPLIN-III and CRESST have weakened limits
relative to standard iDM [46], due to their sup-
pressed magnetic couplings. For Zeplin-III, a 90%
CL limit of 5.4 signal events [61] was extracted us-
ing the maximum patch technique. However, it is
worth noting that the maximum patch technique
used in [61] would likely have different sensitivity
for MiDM’s altered recoil spectrum.

SC: check my numbers Following the scattering
against the nucleus, the excited DM state leaves the tar-
get and de-excites shortly after with a lifetime given by
τ−1 = µ2

χδ3/π. For a typical splitting of δ = 120 keV
and a dipole moment µχ = 3 × 10−3µN the lifetime
is τ = 5.1 µs, leading to an average decay length of
vτ ∼ 1.5 m. This can give de-excitations inside the de-
tector for a fraction of the events depositing a photon of
energy δ ∼ 100 keV. IY: Add DAMA discussion Note
that in more complicated scenarios with multiple states,
the de-excitation may occur to a different state than the
ground state, so the photon energy needn’t be precisely
equal to that of the excitation energy. (Note that a sim-
ilar phenomenology can occur in resonant dark matter
(rDM), although with a photon of typically much higher
energy, ∼ 500 keV -1 MeV [14].)

Thus, the decay length of the excited state can be
within an order of magnitude of the size of modern de-
tectors. Consequently, additional light could be added to
WIMP scatters, making them appear either anomalous
or more similar to electron recoils. In particular, in a
large xenon detector (such as XENON100 or LUX) such
an effect could potentially push the WIMP signal up,
out of the nuclear recoil band, while leaving a signal at
small detectors. Such decays could either give a signal of
this scenario (if a second population appears, in addition
to the primary one), or remove most of the nuclear re-
coil band signal, if the majority of the decays occur inside
the detector. At DAMA, the majority of the decays
will occur either outside the experiment or inside
a different crystal from the initial scatter. Events
separated by > 600 ns are not counted in the
multi-hit rate, and consequently existing cuts will
not veto against these events. This higher energy
modulation signal at δ, due to the de-excitation,
is consistent with their observation of no modula-
tion above 90 keVee [1], but could be searched for
with finer binning. Other experiments, however,
and in particular, Xenon experiments with large
volumes might reject these events by vetoes de-
signed to remove multiple scatter events since the
de-excitations occur displaced with respect to the
initial scatter and yield a distorted signal shape.
These de-excitations are a potentially exciting and use-
ful signature, and we defer additional discussion to future
work.
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FIG. 1: The weighted-atomic mass and weighted-magnetic

dipole moment (Eq. (2) in units of the nuclear magneton µN

of various dark matter search targets. (C,O and Ca,Ar have

been shifted slightly so as not to overlay each other.)

II. MAGNETIC INELASTIC DARK MATTER

If one wants to understand how DAMA could have a

positive signal while other experiments do not, there are

many directions one can pursue. Narrowing the focus

on nuclear recoils induced by WIMP collisions, we must

examine what the differences are between NaI and the

other existing targets.

The original iDM proposal focused on a single dimen-

sion, namely the kinematical properties of iodine. As it

is much heavier than many targets, in particular germa-

nium, this allowed a significant departure from conven-

tional elastic expectations. The fact that DAMA focuses

on relatively high energies (∼ 20+ keVR off iodine as-

suming the standard quenching factor qI = 0.08) and

modulation gave additional changes when comparing to

elastic scattering limits, but ultimately the key distinc-

tion was the kinematical change of a heavy target.

This simple one-dimensional analysis is important, but

iodine’s magnetic properties also distinguish it from most

other target nuclei. The quantity that we will see is most

relevant is the weighted dipole moment

µ̄ =




�

isotope

fiµ
2
i
Si + 1

Si




1/2

, (2)

where fi, µi, and Si are the elemental abundance, nu-

clear magnetic moment, and spin, respectively, of isotope

i. We show in Fig. 1 the abundance-weighted atomic

masses, and the weighted dipole moment of various tar-

get nuclei. We see that while tungsten (W) has a large

mass, its magnetic moment is rather small. Fluorine (F)

and sodium (Na) have large magnetic dipoles but are very

light. Xenon (Xe) has a couple of isotopes with apprecia-

ble dipoles, however, they are insufficient to make it com-

petitive with iodine. The combination of large mass and

large dipole makes the iodine target used by DAMA quite

unique among the nuclear targets, with only KIMS’ [50]

cesium (Cs) target similar in its qualitative features. The

iodine dipole arises dominantly from the angular momen-

tum of unpaired protons [51], with additional contribu-

tions from the neutron and proton spin.

We are therefore led to consider models that make both

kinematical and magnetic distinctions between targets.

Since its proposal, the focus of iDM model building has

dominantly been on electrically coupled WIMPs, either

directly to charge, or to some combination of the mass

number A and the atomic number Z, such as through the

Z0
-boson. Since we wish to take advantage of the large

magnetic dipole of iodine, we instead focus on models of

magnetically-coupled inelastic dark matter (MiDM).

III. SCENARIOS FOR MIDM

The magnetic interactions of a WIMP can appear at

different orders in the multipole expansion. The first

order, namely a magnetic monopole, is interesting but

problematic [69]. Instead we choose to focus on the case

of a magnetic dipole which has a sizable interaction with

the magnetic dipole of iodine. However, a magnetically

interacting WIMP also feels a velocity-suppressed inter-

action with the charge of the nucleus, thus one cannot

simply consider scattering off magnetic moments. For

iodine the contribution from Z2v2 is subdominant to
µ2

, but for magnetically-challenged nuclei, such as W, or

even Xe, the charge coupling can dominate the scatter-

ing.

A. Dipole-Dipole Inelastic Scattering

The idea that the WIMP could have a magnetic dipole

has been long studied (see., e.g., [52–57].) The dipole

operator is naturally off-diagonal [44, 58], and mediates

transitions between the ground state χ and the excited

state χ∗
,

L ⊃
�µχ

2

�
χ̄∗σµνFµνχ + c.c. (3)

where µχ is the dipole strength and σµν = i[γµ, γν ]/2.

[54] considered such transitions in the early universe for

dark matter in the range of few keV− few MeV. [59] con-

sidered inelastic WIMP dipole-nuclear charge scattering

to explain DAMA. Such an interaction, however, does

not significantly change the relative strength of the vari-

ous experiments compared with charge-charge (i.e., vec-

tor current) interactions, and the viability of the scenario

found in [59] was largely because the significant con-

straints from the CRESST experiment were ignored. [44]

considered a related idea, studying the parameter space

under the assumption of an iDM that couples to pro-

ton nuclear spin exclusively, although no particle physics

model generating the required interaction was found.
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Here we study inelastic dipole-dipole (DD) interac-
tions, which occur in addition to dipole-charge interac-
tions, and we shall see that this opens up significant
parameter space. The WIMP-iodine DD-cross section
dominates over the dipole-charge (DZ) scattering, but
by itself DZ can provide signals at other experiments.
The direct detection scattering rate is given by, cor-
rected for 4pi’s and ER terms and now delta
terms
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=
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where F 2[ER] is the usual nuclear form-factor and
F 2

D[ER] is the nuclear magnetic dipole form-factor. The
DZ scattering contains the leading terms in the
expansion of ER, δ, and v, giving a deconstructive
interference that is further enhanced with inelas-
ticity. We have checked that our formulas agree
in the elastic limit with those in [60].

We show the allowed parameter space in Fig. 2. To
determine these parameter ranges, we use the binned
DAMA data of [1], taking the 2-8 keVee bins and calcu-
lating a χ2 parameter for each point in (mχ, δ, µχ) param-
eter space, using a quenching factor qI = 0.08. We have
neglected scattering off Na, as this is only important for
δ � 30 keV. For the dark matter velocity distribution, we
take a Maxwell-Boltzmann distribution with parameters
v0 = 220 km/s and vesc = 550 km/s. We find the global
χ2 minimum and plot slices of allowed parameter space
at constant mχ, showing the 90% and 99% confidence re-
gions (∆χ2 = 6.25 and 11.34, respectively), after ensur-
ing that the best fit point gives a good fit to the data (i.e.,
χ2/dof � 1). We will discuss the nuclear form factor un-
certainties below. We see that the scenario of inelastic
dipole-dipole scattering is essentially unconstrained for a
wide range of the inelasticity δ. The allowed range of
µχ ∼ few × 10−3µN is comparable to what could arise
from an electroweak loop, for instance, or if the WIMP
is composed of charged constituents, bound by a force
confining at the TeV scale, such as a technibaryon [52].

For our constraints, we use the full CDMS
dataset. For ZEPLIN-III [61] and XENON10 [62]
we use recently published reanalyses focused on
inelastic dark matter. The experiments closest to
constraining DAMA are KIMS and ZEPLIN-III;

ZEPLIN-III and CRESST have weakened limits
relative to standard iDM [46], due to their sup-
pressed magnetic couplings. For Zeplin-III, a 90%
CL limit of 5.4 signal events [61] was extracted us-
ing the maximum patch technique. However, it is
worth noting that the maximum patch technique
used in [61] would likely have different sensitivity
for MiDM’s altered recoil spectrum.

SC: check my numbers Following the scattering
against the nucleus, the excited DM state leaves the tar-
get and de-excites shortly after with a lifetime given by
τ−1 = µ2

χδ3/π. For a typical splitting of δ = 120 keV
and a dipole moment µχ = 3 × 10−3µN the lifetime
is τ = 5.1 µs, leading to an average decay length of
vτ ∼ 1.5 m. This can give de-excitations inside the de-
tector for a fraction of the events depositing a photon of
energy δ ∼ 100 keV. IY: Add DAMA discussion Note
that in more complicated scenarios with multiple states,
the de-excitation may occur to a different state than the
ground state, so the photon energy needn’t be precisely
equal to that of the excitation energy. (Note that a sim-
ilar phenomenology can occur in resonant dark matter
(rDM), although with a photon of typically much higher
energy, ∼ 500 keV -1 MeV [14].)

Thus, the decay length of the excited state can be
within an order of magnitude of the size of modern de-
tectors. Consequently, additional light could be added to
WIMP scatters, making them appear either anomalous
or more similar to electron recoils. In particular, in a
large xenon detector (such as XENON100 or LUX) such
an effect could potentially push the WIMP signal up,
out of the nuclear recoil band, while leaving a signal at
small detectors. Such decays could either give a signal of
this scenario (if a second population appears, in addition
to the primary one), or remove most of the nuclear re-
coil band signal, if the majority of the decays occur inside
the detector. At DAMA, the majority of the decays
will occur either outside the experiment or inside
a different crystal from the initial scatter. Events
separated by > 600 ns are not counted in the
multi-hit rate, and consequently existing cuts will
not veto against these events. This higher energy
modulation signal at δ, due to the de-excitation,
is consistent with their observation of no modula-
tion above 90 keVee [1], but could be searched for
with finer binning. Other experiments, however,
and in particular, Xenon experiments with large
volumes might reject these events by vetoes de-
signed to remove multiple scatter events since the
de-excitations occur displaced with respect to the
initial scatter and yield a distorted signal shape.
These de-excitations are a potentially exciting and use-
ful signature, and we defer additional discussion to future
work.
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FIG. 1: The weighted-atomic mass and weighted-magnetic

dipole moment (Eq. (2) in units of the nuclear magneton µN

of various dark matter search targets. (C,O and Ca,Ar have

been shifted slightly so as not to overlay each other.)

II. MAGNETIC INELASTIC DARK MATTER

If one wants to understand how DAMA could have a

positive signal while other experiments do not, there are

many directions one can pursue. Narrowing the focus

on nuclear recoils induced by WIMP collisions, we must

examine what the differences are between NaI and the

other existing targets.

The original iDM proposal focused on a single dimen-

sion, namely the kinematical properties of iodine. As it

is much heavier than many targets, in particular germa-

nium, this allowed a significant departure from conven-

tional elastic expectations. The fact that DAMA focuses

on relatively high energies (∼ 20+ keVR off iodine as-

suming the standard quenching factor qI = 0.08) and

modulation gave additional changes when comparing to

elastic scattering limits, but ultimately the key distinc-

tion was the kinematical change of a heavy target.

This simple one-dimensional analysis is important, but

iodine’s magnetic properties also distinguish it from most

other target nuclei. The quantity that we will see is most

relevant is the weighted dipole moment

µ̄ =




�

isotope

fiµ
2
i
Si + 1

Si




1/2

, (2)

where fi, µi, and Si are the elemental abundance, nu-

clear magnetic moment, and spin, respectively, of isotope

i. We show in Fig. 1 the abundance-weighted atomic

masses, and the weighted dipole moment of various tar-

get nuclei. We see that while tungsten (W) has a large

mass, its magnetic moment is rather small. Fluorine (F)

and sodium (Na) have large magnetic dipoles but are very

light. Xenon (Xe) has a couple of isotopes with apprecia-

ble dipoles, however, they are insufficient to make it com-

petitive with iodine. The combination of large mass and

large dipole makes the iodine target used by DAMA quite

unique among the nuclear targets, with only KIMS’ [50]

cesium (Cs) target similar in its qualitative features. The

iodine dipole arises dominantly from the angular momen-

tum of unpaired protons [51], with additional contribu-

tions from the neutron and proton spin.

We are therefore led to consider models that make both

kinematical and magnetic distinctions between targets.

Since its proposal, the focus of iDM model building has

dominantly been on electrically coupled WIMPs, either

directly to charge, or to some combination of the mass

number A and the atomic number Z, such as through the

Z0
-boson. Since we wish to take advantage of the large

magnetic dipole of iodine, we instead focus on models of

magnetically-coupled inelastic dark matter (MiDM).

III. SCENARIOS FOR MIDM

The magnetic interactions of a WIMP can appear at

different orders in the multipole expansion. The first

order, namely a magnetic monopole, is interesting but

problematic [69]. Instead we choose to focus on the case

of a magnetic dipole which has a sizable interaction with

the magnetic dipole of iodine. However, a magnetically

interacting WIMP also feels a velocity-suppressed inter-

action with the charge of the nucleus, thus one cannot

simply consider scattering off magnetic moments. For

iodine the contribution from Z2v2 is subdominant to
µ2

, but for magnetically-challenged nuclei, such as W, or

even Xe, the charge coupling can dominate the scatter-

ing.

A. Dipole-Dipole Inelastic Scattering

The idea that the WIMP could have a magnetic dipole

has been long studied (see., e.g., [52–57].) The dipole

operator is naturally off-diagonal [44, 58], and mediates

transitions between the ground state χ and the excited

state χ∗
,

L ⊃
�µχ

2

�
χ̄∗σµνFµνχ + c.c. (3)

where µχ is the dipole strength and σµν = i[γµ, γν ]/2.

[54] considered such transitions in the early universe for

dark matter in the range of few keV− few MeV. [59] con-

sidered inelastic WIMP dipole-nuclear charge scattering

to explain DAMA. Such an interaction, however, does

not significantly change the relative strength of the vari-

ous experiments compared with charge-charge (i.e., vec-

tor current) interactions, and the viability of the scenario

found in [59] was largely because the significant con-

straints from the CRESST experiment were ignored. [44]

considered a related idea, studying the parameter space

under the assumption of an iDM that couples to pro-

ton nuclear spin exclusively, although no particle physics

model generating the required interaction was found.

couples to magnetic dipole
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Here we study inelastic dipole-dipole (DD) interac-
tions, which occur in addition to dipole-charge interac-
tions, and we shall see that this opens up significant
parameter space. The WIMP-iodine DD-cross section
dominates over the dipole-charge (DZ) scattering, but
by itself DZ can provide signals at other experiments.
The direct detection scattering rate is given by, cor-
rected for 4pi’s and ER terms and now delta
terms

dσ

dER
=

dσDD

dER
+

dσDZ

dER
(4)
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where F 2[ER] is the usual nuclear form-factor and
F 2

D[ER] is the nuclear magnetic dipole form-factor. The
DZ scattering contains the leading terms in the
expansion of ER, δ, and v, giving a deconstructive
interference that is further enhanced with inelas-
ticity. We have checked that our formulas agree
in the elastic limit with those in [60].

We show the allowed parameter space in Fig. 2. To
determine these parameter ranges, we use the binned
DAMA data of [1], taking the 2-8 keVee bins and calcu-
lating a χ2 parameter for each point in (mχ, δ, µχ) param-
eter space, using a quenching factor qI = 0.08. We have
neglected scattering off Na, as this is only important for
δ � 30 keV. For the dark matter velocity distribution, we
take a Maxwell-Boltzmann distribution with parameters
v0 = 220 km/s and vesc = 550 km/s. We find the global
χ2 minimum and plot slices of allowed parameter space
at constant mχ, showing the 90% and 99% confidence re-
gions (∆χ2 = 6.25 and 11.34, respectively), after ensur-
ing that the best fit point gives a good fit to the data (i.e.,
χ2/dof � 1). We will discuss the nuclear form factor un-
certainties below. We see that the scenario of inelastic
dipole-dipole scattering is essentially unconstrained for a
wide range of the inelasticity δ. The allowed range of
µχ ∼ few × 10−3µN is comparable to what could arise
from an electroweak loop, for instance, or if the WIMP
is composed of charged constituents, bound by a force
confining at the TeV scale, such as a technibaryon [52].

For our constraints, we use the full CDMS
dataset. For ZEPLIN-III [61] and XENON10 [62]
we use recently published reanalyses focused on
inelastic dark matter. The experiments closest to
constraining DAMA are KIMS and ZEPLIN-III;

ZEPLIN-III and CRESST have weakened limits
relative to standard iDM [46], due to their sup-
pressed magnetic couplings. For Zeplin-III, a 90%
CL limit of 5.4 signal events [61] was extracted us-
ing the maximum patch technique. However, it is
worth noting that the maximum patch technique
used in [61] would likely have different sensitivity
for MiDM’s altered recoil spectrum.

SC: check my numbers Following the scattering
against the nucleus, the excited DM state leaves the tar-
get and de-excites shortly after with a lifetime given by
τ−1 = µ2

χδ3/π. For a typical splitting of δ = 120 keV
and a dipole moment µχ = 3 × 10−3µN the lifetime
is τ = 5.1 µs, leading to an average decay length of
vτ ∼ 1.5 m. This can give de-excitations inside the de-
tector for a fraction of the events depositing a photon of
energy δ ∼ 100 keV. IY: Add DAMA discussion Note
that in more complicated scenarios with multiple states,
the de-excitation may occur to a different state than the
ground state, so the photon energy needn’t be precisely
equal to that of the excitation energy. (Note that a sim-
ilar phenomenology can occur in resonant dark matter
(rDM), although with a photon of typically much higher
energy, ∼ 500 keV -1 MeV [14].)

Thus, the decay length of the excited state can be
within an order of magnitude of the size of modern de-
tectors. Consequently, additional light could be added to
WIMP scatters, making them appear either anomalous
or more similar to electron recoils. In particular, in a
large xenon detector (such as XENON100 or LUX) such
an effect could potentially push the WIMP signal up,
out of the nuclear recoil band, while leaving a signal at
small detectors. Such decays could either give a signal of
this scenario (if a second population appears, in addition
to the primary one), or remove most of the nuclear re-
coil band signal, if the majority of the decays occur inside
the detector. At DAMA, the majority of the decays
will occur either outside the experiment or inside
a different crystal from the initial scatter. Events
separated by > 600 ns are not counted in the
multi-hit rate, and consequently existing cuts will
not veto against these events. This higher energy
modulation signal at δ, due to the de-excitation,
is consistent with their observation of no modula-
tion above 90 keVee [1], but could be searched for
with finer binning. Other experiments, however,
and in particular, Xenon experiments with large
volumes might reject these events by vetoes de-
signed to remove multiple scatter events since the
de-excitations occur displaced with respect to the
initial scatter and yield a distorted signal shape.
These de-excitations are a potentially exciting and use-
ful signature, and we defer additional discussion to future
work.
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FIG. 1: The weighted-atomic mass and weighted-magnetic

dipole moment (Eq. (2) in units of the nuclear magneton µN

of various dark matter search targets. (C,O and Ca,Ar have

been shifted slightly so as not to overlay each other.)

II. MAGNETIC INELASTIC DARK MATTER

If one wants to understand how DAMA could have a

positive signal while other experiments do not, there are

many directions one can pursue. Narrowing the focus

on nuclear recoils induced by WIMP collisions, we must

examine what the differences are between NaI and the

other existing targets.

The original iDM proposal focused on a single dimen-

sion, namely the kinematical properties of iodine. As it

is much heavier than many targets, in particular germa-

nium, this allowed a significant departure from conven-

tional elastic expectations. The fact that DAMA focuses

on relatively high energies (∼ 20+ keVR off iodine as-

suming the standard quenching factor qI = 0.08) and

modulation gave additional changes when comparing to

elastic scattering limits, but ultimately the key distinc-

tion was the kinematical change of a heavy target.

This simple one-dimensional analysis is important, but

iodine’s magnetic properties also distinguish it from most

other target nuclei. The quantity that we will see is most

relevant is the weighted dipole moment

µ̄ =




�

isotope

fiµ
2
i
Si + 1

Si




1/2

, (2)

where fi, µi, and Si are the elemental abundance, nu-

clear magnetic moment, and spin, respectively, of isotope

i. We show in Fig. 1 the abundance-weighted atomic

masses, and the weighted dipole moment of various tar-

get nuclei. We see that while tungsten (W) has a large

mass, its magnetic moment is rather small. Fluorine (F)

and sodium (Na) have large magnetic dipoles but are very

light. Xenon (Xe) has a couple of isotopes with apprecia-

ble dipoles, however, they are insufficient to make it com-

petitive with iodine. The combination of large mass and

large dipole makes the iodine target used by DAMA quite

unique among the nuclear targets, with only KIMS’ [50]

cesium (Cs) target similar in its qualitative features. The

iodine dipole arises dominantly from the angular momen-

tum of unpaired protons [51], with additional contribu-

tions from the neutron and proton spin.

We are therefore led to consider models that make both

kinematical and magnetic distinctions between targets.

Since its proposal, the focus of iDM model building has

dominantly been on electrically coupled WIMPs, either

directly to charge, or to some combination of the mass

number A and the atomic number Z, such as through the

Z0
-boson. Since we wish to take advantage of the large

magnetic dipole of iodine, we instead focus on models of

magnetically-coupled inelastic dark matter (MiDM).

III. SCENARIOS FOR MIDM

The magnetic interactions of a WIMP can appear at

different orders in the multipole expansion. The first

order, namely a magnetic monopole, is interesting but

problematic [69]. Instead we choose to focus on the case

of a magnetic dipole which has a sizable interaction with

the magnetic dipole of iodine. However, a magnetically

interacting WIMP also feels a velocity-suppressed inter-

action with the charge of the nucleus, thus one cannot

simply consider scattering off magnetic moments. For

iodine the contribution from Z2v2 is subdominant to
µ2

, but for magnetically-challenged nuclei, such as W, or

even Xe, the charge coupling can dominate the scatter-

ing.

A. Dipole-Dipole Inelastic Scattering

The idea that the WIMP could have a magnetic dipole

has been long studied (see., e.g., [52–57].) The dipole

operator is naturally off-diagonal [44, 58], and mediates

transitions between the ground state χ and the excited

state χ∗
,

L ⊃
�µχ

2

�
χ̄∗σµνFµνχ + c.c. (3)

where µχ is the dipole strength and σµν = i[γµ, γν ]/2.

[54] considered such transitions in the early universe for

dark matter in the range of few keV− few MeV. [59] con-

sidered inelastic WIMP dipole-nuclear charge scattering

to explain DAMA. Such an interaction, however, does

not significantly change the relative strength of the vari-

ous experiments compared with charge-charge (i.e., vec-

tor current) interactions, and the viability of the scenario

found in [59] was largely because the significant con-

straints from the CRESST experiment were ignored. [44]

considered a related idea, studying the parameter space

under the assumption of an iDM that couples to pro-

ton nuclear spin exclusively, although no particle physics

model generating the required interaction was found.

couples to magnetic dipole

couples to nuclear charge
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Here we study inelastic dipole-dipole (DD) interac-
tions, which occur in addition to dipole-charge interac-
tions, and we shall see that this opens up significant
parameter space. The WIMP-iodine DD-cross section
dominates over the dipole-charge (DZ) scattering, but
by itself DZ can provide signals at other experiments.
The direct detection scattering rate is given by, cor-
rected for 4pi’s and ER terms and now delta
terms

dσ

dER
=

dσDD

dER
+

dσDZ
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where F 2[ER] is the usual nuclear form-factor and
F 2

D[ER] is the nuclear magnetic dipole form-factor. The
DZ scattering contains the leading terms in the
expansion of ER, δ, and v, giving a deconstructive
interference that is further enhanced with inelas-
ticity. We have checked that our formulas agree
in the elastic limit with those in [60].

We show the allowed parameter space in Fig. 2. To
determine these parameter ranges, we use the binned
DAMA data of [1], taking the 2-8 keVee bins and calcu-
lating a χ2 parameter for each point in (mχ, δ, µχ) param-
eter space, using a quenching factor qI = 0.08. We have
neglected scattering off Na, as this is only important for
δ � 30 keV. For the dark matter velocity distribution, we
take a Maxwell-Boltzmann distribution with parameters
v0 = 220 km/s and vesc = 550 km/s. We find the global
χ2 minimum and plot slices of allowed parameter space
at constant mχ, showing the 90% and 99% confidence re-
gions (∆χ2 = 6.25 and 11.34, respectively), after ensur-
ing that the best fit point gives a good fit to the data (i.e.,
χ2/dof � 1). We will discuss the nuclear form factor un-
certainties below. We see that the scenario of inelastic
dipole-dipole scattering is essentially unconstrained for a
wide range of the inelasticity δ. The allowed range of
µχ ∼ few × 10−3µN is comparable to what could arise
from an electroweak loop, for instance, or if the WIMP
is composed of charged constituents, bound by a force
confining at the TeV scale, such as a technibaryon [52].

For our constraints, we use the full CDMS
dataset. For ZEPLIN-III [61] and XENON10 [62]
we use recently published reanalyses focused on
inelastic dark matter. The experiments closest to
constraining DAMA are KIMS and ZEPLIN-III;

ZEPLIN-III and CRESST have weakened limits
relative to standard iDM [46], due to their sup-
pressed magnetic couplings. For Zeplin-III, a 90%
CL limit of 5.4 signal events [61] was extracted us-
ing the maximum patch technique. However, it is
worth noting that the maximum patch technique
used in [61] would likely have different sensitivity
for MiDM’s altered recoil spectrum.

SC: check my numbers Following the scattering
against the nucleus, the excited DM state leaves the tar-
get and de-excites shortly after with a lifetime given by
τ−1 = µ2

χδ3/π. For a typical splitting of δ = 120 keV
and a dipole moment µχ = 3 × 10−3µN the lifetime
is τ = 5.1 µs, leading to an average decay length of
vτ ∼ 1.5 m. This can give de-excitations inside the de-
tector for a fraction of the events depositing a photon of
energy δ ∼ 100 keV. IY: Add DAMA discussion Note
that in more complicated scenarios with multiple states,
the de-excitation may occur to a different state than the
ground state, so the photon energy needn’t be precisely
equal to that of the excitation energy. (Note that a sim-
ilar phenomenology can occur in resonant dark matter
(rDM), although with a photon of typically much higher
energy, ∼ 500 keV -1 MeV [14].)

Thus, the decay length of the excited state can be
within an order of magnitude of the size of modern de-
tectors. Consequently, additional light could be added to
WIMP scatters, making them appear either anomalous
or more similar to electron recoils. In particular, in a
large xenon detector (such as XENON100 or LUX) such
an effect could potentially push the WIMP signal up,
out of the nuclear recoil band, while leaving a signal at
small detectors. Such decays could either give a signal of
this scenario (if a second population appears, in addition
to the primary one), or remove most of the nuclear re-
coil band signal, if the majority of the decays occur inside
the detector. At DAMA, the majority of the decays
will occur either outside the experiment or inside
a different crystal from the initial scatter. Events
separated by > 600 ns are not counted in the
multi-hit rate, and consequently existing cuts will
not veto against these events. This higher energy
modulation signal at δ, due to the de-excitation,
is consistent with their observation of no modula-
tion above 90 keVee [1], but could be searched for
with finer binning. Other experiments, however,
and in particular, Xenon experiments with large
volumes might reject these events by vetoes de-
signed to remove multiple scatter events since the
de-excitations occur displaced with respect to the
initial scatter and yield a distorted signal shape.
These de-excitations are a potentially exciting and use-
ful signature, and we defer additional discussion to future
work.
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FIG. 1: The weighted-atomic mass and weighted-magnetic

dipole moment (Eq. (2) in units of the nuclear magneton µN

of various dark matter search targets. (C,O and Ca,Ar have

been shifted slightly so as not to overlay each other.)

II. MAGNETIC INELASTIC DARK MATTER

If one wants to understand how DAMA could have a

positive signal while other experiments do not, there are

many directions one can pursue. Narrowing the focus

on nuclear recoils induced by WIMP collisions, we must

examine what the differences are between NaI and the

other existing targets.

The original iDM proposal focused on a single dimen-

sion, namely the kinematical properties of iodine. As it

is much heavier than many targets, in particular germa-

nium, this allowed a significant departure from conven-

tional elastic expectations. The fact that DAMA focuses

on relatively high energies (∼ 20+ keVR off iodine as-

suming the standard quenching factor qI = 0.08) and

modulation gave additional changes when comparing to

elastic scattering limits, but ultimately the key distinc-

tion was the kinematical change of a heavy target.

This simple one-dimensional analysis is important, but

iodine’s magnetic properties also distinguish it from most

other target nuclei. The quantity that we will see is most

relevant is the weighted dipole moment

µ̄ =




�

isotope

fiµ
2
i
Si + 1

Si




1/2

, (2)

where fi, µi, and Si are the elemental abundance, nu-

clear magnetic moment, and spin, respectively, of isotope

i. We show in Fig. 1 the abundance-weighted atomic

masses, and the weighted dipole moment of various tar-

get nuclei. We see that while tungsten (W) has a large

mass, its magnetic moment is rather small. Fluorine (F)

and sodium (Na) have large magnetic dipoles but are very

light. Xenon (Xe) has a couple of isotopes with apprecia-

ble dipoles, however, they are insufficient to make it com-

petitive with iodine. The combination of large mass and

large dipole makes the iodine target used by DAMA quite

unique among the nuclear targets, with only KIMS’ [50]

cesium (Cs) target similar in its qualitative features. The

iodine dipole arises dominantly from the angular momen-

tum of unpaired protons [51], with additional contribu-

tions from the neutron and proton spin.

We are therefore led to consider models that make both

kinematical and magnetic distinctions between targets.

Since its proposal, the focus of iDM model building has

dominantly been on electrically coupled WIMPs, either

directly to charge, or to some combination of the mass

number A and the atomic number Z, such as through the

Z0
-boson. Since we wish to take advantage of the large

magnetic dipole of iodine, we instead focus on models of

magnetically-coupled inelastic dark matter (MiDM).

III. SCENARIOS FOR MIDM

The magnetic interactions of a WIMP can appear at

different orders in the multipole expansion. The first

order, namely a magnetic monopole, is interesting but

problematic [69]. Instead we choose to focus on the case

of a magnetic dipole which has a sizable interaction with

the magnetic dipole of iodine. However, a magnetically

interacting WIMP also feels a velocity-suppressed inter-

action with the charge of the nucleus, thus one cannot

simply consider scattering off magnetic moments. For

iodine the contribution from Z2v2 is subdominant to
µ2

, but for magnetically-challenged nuclei, such as W, or

even Xe, the charge coupling can dominate the scatter-

ing.

A. Dipole-Dipole Inelastic Scattering

The idea that the WIMP could have a magnetic dipole

has been long studied (see., e.g., [52–57].) The dipole

operator is naturally off-diagonal [44, 58], and mediates

transitions between the ground state χ and the excited

state χ∗
,

L ⊃
�µχ

2

�
χ̄∗σµνFµνχ + c.c. (3)

where µχ is the dipole strength and σµν = i[γµ, γν ]/2.

[54] considered such transitions in the early universe for

dark matter in the range of few keV− few MeV. [59] con-

sidered inelastic WIMP dipole-nuclear charge scattering

to explain DAMA. Such an interaction, however, does

not significantly change the relative strength of the vari-

ous experiments compared with charge-charge (i.e., vec-

tor current) interactions, and the viability of the scenario

found in [59] was largely because the significant con-

straints from the CRESST experiment were ignored. [44]

considered a related idea, studying the parameter space

under the assumption of an iDM that couples to pro-

ton nuclear spin exclusively, although no particle physics

model generating the required interaction was found.

couples to magnetic dipole

couples to nuclear charge

big uncertainties in 
magnetic form factor

S. Chang, NW, I. Yavin to 
appear
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A Theorist’s Perspective on DAMA

DAMA modulation has prompted significant 
reexamination of theoretical assumptions
No current scenario passes the “duck test”
Light DM seems in trouble from Xe-S2

Preliminary - uncertainties need to be 
explored!
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Maxwellian/Electric iDM seems to be in 
trouble by just under a factor of 2
Is iDM “very unlikely” to explain DAMA?

Using realistic halos easily gives ~ 2 
(as much as almost 10 for extreme 
assumptions)

Magnetic iDM seems easily consistent 
with all results at the moment

Need to look for double coincidences in 
large Xe detectors
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Thank you very much!
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The inelastic dark matter scenario was proposed to reconcile the DAMA annual modulation with
null results from other experiments. In this scenario, WIMPs scatter into an excited state, split from
the ground state by an energy δ comparable to the available kinetic energy of a Galactic WIMP. We
note that for large splittings δ, the dominant scattering at DAMA can occur off of thallium nuclei,
with A∼205, which are present as a dopant at the 10−3 level in NaI(Tl) crystals. For a WIMP mass
mχ ≈ 100GeV/c2 and δ ≈ 200 keV, we find a region in δ−mχ−parameter space which is consistent
with all experiments. These parameters in particular can be probed in experiments with thallium
in their targets, such as KIMS, but are inaccessible to lighter target experiments. Depending on
the tail of the WIMP velocity distribution, a highly modulated signal may or may not appear at
CRESST-II.

Introduction: For more than a decade, the DAMA
collaboration has employed ultra-pure NaI(Tl) crystals to
search for dark matter scattering off a laboratory target.
Their observation of a modulation in the spectral rate at
low energies [1] is a challenge to understand. While no
obvious background can mimic this modulation, conven-
tional models of dark matter explaining this modulation
predict signals which would have long since been seen at
other direct detection experiments [2–8]. In light of these
tensions, various proposals have been put forward to ex-
plain the DAMA modulation, such as light dark matter
with or without ion channeling [9–14], spin-dependent
scattering [15–18], mirror dark matter [19], momentum-
dependent scattering [20, 21] and inelastic dark matter
(iDM) [22, 23].

In the iDM framework, WIMPs (weakly interacting
massive particles) with mass mχ scatter only by tran-
sitioning to a heavier WIMP state χ∗, with mass split-
ting δ ≡ mχ∗ − mχ ∼ µv2 comparable to the available
kinetic energy, which depends on the reduced mass µ.
Among other things, this kinematical change pushes the
expected signal to higher energy, increases the modula-
tion amplitude, and favors heavier target materials. To-
gether, these features allow a positive signal at DAMA
while suppressing or eliminating signals at other experi-
ments [24–27]. However, recent results have placed iDM
under increasing pressure. The null results at CRESST-
II [5, 28], CDMS [3] and ZEPLIN-III [29] limit the al-
lowed parameter space to non-Maxwellian halos [30, 31].
While such properties may be natural, it is clear that
iDM is now very constrained. As such, it is worth revis-
iting the original proposal to consider whether important
effects may have been neglected.

Inelastic Sensitivities: Owing to the introduction of
the splitting parameter δ, the kinematical requirement
for scattering becomes

vχ,min =

�
1

2mNER

�
mNER

µ
+ δ

�
. (1)

where mN is the mass of the target nucleus, µ the re-
duced mass of the WIMP-nucleus system and ER the re-
coil energy. Due to this constraint, different target nuclei
sample significantly different parts of the WIMP velocity
distribution. Since the Maxwellian velocity distribution
is falling exponentially at its tail, different targets with
different threshold velocities vχ,min can have dramatically
different sensitivities to a WIMP with given mass mχ

and splitting δ. As a consequence, even sub-dominant
components of the target can be the dominant source of
scattering. In particular, for large values of δ, it may be
impossible for iodine scatterings to occur at DAMA at all.
However, while iodine is the heaviest element present at
DAMA in large quantities, the thallium dopant is present
at the 10−3 level in the NaI(Tl) scintillator [32].

Thallium as a Target: Let us quantify whether the
dominant scattering in DAMA may be arising from scat-
tering off of the thallium which is present in the crys-
tal. The tightest constraint on this high-δ region of iDM
parameter space comes from CRESST-II. The atomic
mass of tungsten (A ∼ 184) is nearly as large as that
of thallium (A ∼ 205). Given the small concentration
of thallium in DAMA, the observed modulation rate of
∼ 0.04 counts/day/kg of NaI(Tl) would correspond to an
unmodulated event rate of ∼ 40 counts/day/kg if thal-
lium were the target nucleus. As a consequence, the con-
straints from CRESST-II are that thallium can only be
the target if scattering off of tungsten is nearly kinemat-
ically forbidden [49].

We show the allowed iDM parameter space from
DAMA including scattering off of thallium, together with
the constraints from the tungsten target of CRESST-II
in figure 1. To this end, we calculate the annual mod-
ulation at each point in δ − mχ−parameter space and
compare it to the observed modulation in the binned
2−8 keVee region from the recent DAMA data [1]. We use
a Maxwellian velocity distribution with v0 = 220 km/s
and vesc = 500 km/s, and note that our results do not
qualitatively depend on this choice. We use the Helm
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FIG. 1: The DAMA-allowed range of δ−mχ−parameter space
for χ − Tl scattering only (green hatched region) and con-
straints from CRESST-II (red hatched region). In the remain-
ing allowed range of splittings δ, no scattering on sodium or
iodine occurs. These contributions to signal at lower δ are
neglected here.

form factor [33], with parameterization as described in
[12]. We find the region of parameter space consistent
with DAMA at 99% confidence (or ∆χ2 < 11.34), which
is enclosed by the green contour in figure 1. For a given
pair of (δ,mχ), we choose the lowest cross section consis-
tent with the DAMA data at 99% 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 difficult (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 δ 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
are safely sub-dominant.

The KIMS experiment uses doped CsI(Tl) targets [6],
also with a thallium concentration at the 10−3 level [47].
However, the event rate ∼ 0.28±0.18 counts/day/kg [24]
observed in KIMS is consistent with a non-zero value.
Since CRESST-II pushes us to large values of δ, the
modulation should be O(1) [24], and the DAMA mod-
ulation rate of 0.04 counts/day/kg should be interpreted
as roughly the average annual rate, as well. Thus, KIMS
does not place a strong constraint. However, it is im-
portant to note that KIMS should necessarily see the
modulation, given the doping concentration is similar to
that of DAMA.

We have performed the analysis using a Maxwellian ap-
proximation, but this is well-known to be a poor approx-
imation for iDM [26]. Consequently, we must be cautious
in our predictions for CRESST-II. Clearly, the signal at
CRESST-II must be highly suppressed to compensate for
the small concentration of thallium at DAMA. Within
the Maxwellian approximation, it appears that the event

rate is naturally at higher (
>∼ 40 keV) energies. Nonethe-

less, the presence of high-velocity structures could be
relevant and cause a non-negligible signal to appear at
CRESST-II, even at lower energies, although the energy
range is difficult to specify. Using equation 1, and taking
a particle with velocity ∼ 800 km/s, corresponding to a
particle near the escape velocity after boosting into the
Earth’s frame, we can find the relevant energy ranges al-

thallium scattering?
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