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Abstract: Although we have yet to determine whether the DAMA data represents a

true discovery of new physics, among such interpretations inelastic dark matter (IDM)

can match the energy spectrum of DAMA very well while not contradicting the results

of other direct detection searches. In this paper we investigate the general properties

that a viable IDM candidate must have and search for simple models that realize these

properties in natural ways. We begin by determining the regions of IDM parameter space

that are allowed by direct detection searches including DAMA, paying special attention to

larger IDM masses. We observe that an inelastic dark matter candidate with electroweak

interactions can naturally satisfy observational constraints while simultaneously yielding

the correct thermal relic abundance. We comment on several other proposed dark matter

explanations for the DAMA signal and demonstrate that one of the proposed alternatives —

elastic scattering of dark matter off electrons — is strongly disfavored when the modulated

and unmodulated DAMA spectral data are taken into account. We then outline the general

essential features of IDM models in which inelastic scattering off nuclei is mediated by the

exchange of a massive gauge boson, and construct natural models in the context of a warped

extra dimension and supersymmetry.
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1 Introduction

The DAMA/NaI and DAMA/LIBRA experiments observe an annual modulation signal in

their NaI-based scintillation detectors with a statistical significance of 8.3σ [1]. A possible

origin of this signal is galactic dark matter (DM) scattering off the nuclei in the detectors

of these experiments [2, 3]. The annual variation would then result from the motion of

the Earth relative to the Sun as it passes through the halo of dark matter enveloping our

galaxy. The phase, period, and amplitude of the modulation signal seen by DAMA are

all consistent with DM scattering [1]. We have yet to determine whether the observation

– 1 –



J
H
E
P
0
5
(
2
0
0
9
)
0
7
6

is the result of truly new physics, or if it results from an unaccounted-for detector effect

or background. In this paper, we ask the question: what if the DAMA result is truly a

discovery of dark matter? What could it possibly be?

The major challenge for a DM interpretation of the DAMA result is that it appears

to be at odds with the bounds on coherent DM-nucleus scattering obtained by other DM

direct detection experiments such as CDMS [4] and XENON [5]. In contrast to DAMA,

these experiments search for an unmodulated nuclear recoil signal from DM scattering

using stronger background rejection methods. The bounds they place on DM-nucleon cross

sections rule out coherent elastic scattering off iodine nuclei as the origin of the DAMA

signal by several orders of magnitude. Lighter DM scattering coherently off sodium nuclei

is marginally consistent with both DAMA and other experiments [6, 7], but gives a very

poor fit to the energy spectrum of the modulated DAMA signal [8–10].

An elegant possibility that can account for the signal observed by the DAMA experi-

ments that is also consistent with other direct detection experiments is dark matter that

scatters inelastically off nuclei [11–14]. In the inelastic dark matter (IDM) scenario, the

dark matter particle χ1 scatters preferentially off target nuclei into a slightly heavier χ2

state. The kinematics of this process can enhance the nuclear recoil signal at DAMA rela-

tive to other experiments such as CDMS in a couple of ways. To produce a nuclear recoil

signal with energy ER, the minimum incident velocity of the DM particle is [11]

vmin =
1√

2mN ER

(

mN ER
µN

+ δ

)

, (1.1)

where δ is the mass splitting between χ1 and χ2, mN is the mass of the target nucleus,

and µN is the reduced mass of the nucleus-DM system. The distribution of DM velocities

in the galactic halo is expected to be approximately Maxwellian with an upper cutoff at

the galactic escape velocity vesc [3]. When the second term in this expression dominates,

the minimal velocity needed to produce a recoil energy ER is lower for heavier nuclei. This

leads to an enhanced signal at DAMA, which contains iodine with A ≃ 127 as a detector

material, relative to CDMS, consisting of germanium with A ≃ 73 [11]. The kinematics of

inelastic DM scattering also increases the amount of annual modulation compared to the

unmodulated signal rate, further enhancing the signal at DAMA relative to other direct

detection experiments [11].

While IDM provides a compelling explanation for the DAMA signal, only a few concrete

particle physics candidates have been proposed. A model with sneutrino DM where the

inelastic splitting is induced by the lepton-number violating superpotential operator W ⊃
(L ·Hu)

2/Λ was suggested in ref. [11]. ref. [15] proposed that the inelasticity could arise

from the radiative splitting of masses within a multiplet after the spontaneous breakdown

of a new non-Abelian hidden gauge symmetry around a GeV. Pseudo-Dirac neutralinos

as IDM arising from from approximately R-symmetric SUSY scenarios are considered in

refs. [16, 17].

In the present work we seek to obtain a broader overview of potential candidates for

IDM. We study the general features required for IDM to account for the DAMA signal and

we describe several explicit IDM candidates. To remain as general as possible, we do not
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attempt to account for the tantalizing indirect hints for dark matter such as the excess

positron and electron fluxes observed by PAMELA [18], ATIC [19], and PPB-BETS [20],

the INTEGRAL 511 keV line [21], or the WMAP haze [22–24]. In this paper our goal is

simply to understand the possibilities for DAMA alone. What if DAMA represents a true

discovery? What would be credible candidates for what it could be? It would of course be

interesting to determine which of the candidates for IDM might be compatible with these

indirect signals, but we postpone this direction to future work.

The outline of this paper is as follows. In section 2 we investigate how well the hy-

pothesis of IDM can account for the DAMA signal while evading the constraints from

other direct detection searches for dark matter. We also argue that several other mech-

anisms proposed to explain this puzzle do not give a good fit to the full DAMA dataset.

In section 3 we discuss the general features required for a model to generate IDM, and

we study the corresponding phenomenological constraints on these features. We present

several plausible and explicit models that can give rise to IDM in section 4. Section 5 is

reserved for our conclusions.

2 Inelastic dark matter as an explanation for DAMA

Inelastic dark matter has been shown to provide a compelling explanation for the signal in

the DAMA experiments while remaining compatible with other direct DM searches such as

CDMS, XENON, and CRESST for dark matter masses at least as large as 250 GeV [14].

Here we extend the analysis of ref. [14] to larger dark matter masses. Such larger masses

are of interest theoretically because they can be natural in the context of models addressing

the hierarchy problem such as warped geometry [25] and supersymmetry [26]. In the case of

electroweakly charged dark matter, they also lead to the correct thermal relic abundance.

Additional attention to heavy dark matter is due to the recent experimental results from

ATIC and PPB-BETS. We also consider some of the proposed alternative explanations of

the DAMA signal and comment on their viability.

2.1 IDM fits to the DAMA data

We begin by reviewing the formalism for calculating the expected signal at direct detection

experiments from the scattering of dark matter. The total rate of inelastic nuclear recoil

scatterings per unit mass of detector per unit recoil energy ER in the lab frame is

dR

dER
= NT

ρDM

MDM

∫

vmin

d3v v f(~v,~ve)
dσ

dER
, (2.1)

where ρDM ≃ 0.3 GeV/cm3 is the local DM density, MDM is the DM mass, NT is the num-

ber of target nuclei per unit mass of detector, and f(~v,~ve) is the local dark matter velocity

distribution. For coherent spin-independent DM scattering, the DM-nucleus differential

cross section dσ/dER has the general form [27, 28]

dσ

dER
=

1

v2

mN σ
0
n

2µ2
n

[fpZ + fn (A− Z)]2

f2
n

F 2(ER), (2.2)
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where mN is the mass of the target nucleus with atomic and molecular numbers A and Z,

µn is the DM-nucleon reduced mass, fp and fn are effective coherent couplings to the proton

and neutron, and σ0
n is the overall effective DM-neutron cross section at zero momentum

transfer. The function F 2(ER) is a form factor characterizing the loss of coherence as

the momentum transfer q2 = 2mN ER deviates from zero. For computational simplicity,

we use the Helm/Lewin-Smith [29, 30] parameterization of the form factor. In order to

correct for the fact that this parameterization can be off by ∼ 20% for larger values of

ER, we weight this by a quartic polynomial fit to the table given in [31], which gives the

ratios of the Helm/Lewin-Smith form factor to the more accurate Two-Parameter Fermi

(Woods-Saxon) form factor for various elements and values of ER.

We take the DM velocity distribution to be Maxwellian with a cutoff [3],

f(~v,~ve) =
1

(π v2
0)

3/2
e−(~v+~ve)2/v20 Θ(vesc − |~v + ~ve|). (2.3)

Here, v0 ≃ 220 km/s is the DM rms speed, vesc is the local DM escape velocity in the halo

frame, ~ve is the velocity of the Earth with respect to the galactic DM halo, and ~v is the DM

velocity in the Earth frame. The signals from IDM are extremely sensitive to the value of

vesc, which is thought to be in the range 498 km/s < vesc < 608 km/s [32]. The velocity

of the Earth relative to the halo, ~ve, has components from both the motion of the solar

system relative to the halo as well as the annual motion of the Earth about the Sun,

~ve(t) = ~vs + Vo [ǫ̂1 cos(2π(t − t1)) + ǫ̂2 sin(2π(t− t1))] (2.4)

where ~vs ≃ (0, 220, 0) + (10, 5, 7) km/s is the velocity of the solar system relative to

the halo [33, 34], Vo ≃ 29.79 km/s is the Earth’s orbital speed [30], and t is measured

in years. Following the conventions of ref. [35] and the discussion in ref. [10], we are

using coordinates where x̂ points to the center of the galaxy, ŷ gives the direction of disk

rotation, and ẑ points to the north galactic pole. The directions of the Earth’s motion

on t1 = March 21 (ǫ̂1) and June 21 (ǫ̂2) are given by ǫ̂1 = (0.9931, 0.1170,−0.01032) and

ǫ̂2 = (−0.0670, 0.4927,−0.8678) [35].

The annual variation of the scattering rate due to ~ve(t) is very nearly sinusoidal and

we estimate the amplitude of the modulated rate to be

S ≡ dR

dER

∣

∣

∣

∣

mod

≃ 1

2

[

dR

dER
(June 2) − dR

dER
(Dec 2)

]

. (2.5)

When computing the unmodulated rate for a given experiment, we integrate the total rate

over the time periods that the experiment recorded data. To convert rates to detector

signals, we rescale by the efficiency of the detector and account for quenching, but we do

not include any detector resolution effects. In addition, we have included a correction for

channeling effects at DAMA, but find them to be unimportant for the range of parameters

we consider.1

1The fraction of channeled events falls quickly with recoil energy, and can be approximated for iodine as

fI ≃ 10−

√
ER/(11.5 keV) [10, 36]. Since IDM suppresses scattering processes with low ER, one expects only

a very small number of channeled events.
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To determine the extent to which IDM can account for the DAMA signal, we compute

the modulated recoil spectrum of IDM candidates and compare this to the energy spectrum

in the twelve lowest bins in the 2−8 keVee range reported by DAMA in ref. [1]. For a given

dark matter particle mass, we use a χ2 goodness-of-fit metric to determine the 90% and

99% confidence level allowed regions. We define this metric as

χ2 ≡
12
∑

i=1

(

Si − Sidata

)2

(

σidata

)2 , (2.6)

where Si denotes the average of the left, center, and right values of S in the ith 0.5 keV

width bin, and σidata the reported uncertainty in the measurement. For each value of the

dark matter mass, we scan over 2 parameters (the overall nucleon cross section σ0
n, and the

mass splitting δ), so we require that χ2 < 16.0 (23.2) at the 90 (99)% level for 12 − 2 = 10

degrees of freedom. We only consider signals from the scattering off of iodine, as it is

expected to completely dominate for the parameters of interest to us. Following ref. [14],

we take the quenching factor for iodine to be qI = 0.085.

As well as fitting to the DAMA results, we also compute the signals that each IDM

candidate would produce at the CDMS experiments [4, 37, 38], CRESST-II [39], and

ZEPLIN-III [40]. This imposes further constraints on the properties of a potential IDM

candidate.2 In order to be conservative in excluding IDM parameter space, we will assume

that the small number of events seen by these experiments are signal events, and use

Poisson statistics to find the region of parameter space excluded at the 99% confidence

level based on the number of observed events.

CDMS has published data from three runs at the Soudan Underground Laboratory

with approximate exposures of 19.4 kg-day [37], 34 kg-day [38], and 121.3 kg-day [4].

In total, these experiments reported two events between 10 keV and 100 keV, which we

assume to be signal. We thus require that the expected total number of events, integrated

over the time the experiments ran, obeys Ntot < 8.4 at the 99% confidence level. We only

consider scattering off germanium as it is expected to dominate for the heavier dark matter

we consider.

CRESST-II has published data from a run in 2004 using prototype detector mod-

ules [43] and more recently has published results from a commissioning run carried out in

2007 [39]. Since there were significant changes to the detector modules between these runs,

including the addition of neutron shielding, we opt not to combine these data sets and

consider constraints only from the later commissioning run, which had an exposure of 47.9

kg-day and an acceptance of 0.9 for tungsten recoils.3 Taking the seven observed events

between 12 keV and 100 keV to be signal, we require that the total number of predicted

tungsten recoil events, integrated over the duration of the experiment, obeys Ntot < 16.0

at the 99% confidence level.

2As in the analysis of ref. [14], we find that the constraints from other experiments such as XENON10 [5],

KIMS [41], and ZEPLIN-II [42] are currently not as important so we have not included them in our plots.
3We note that the combined data sets would allow parameter points that are ruled out according to the

later commissioning run considered in isolation due to the large number of observed events in the earlier

run (5) relative to its exposure (20.5 kg-day).
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The ZEPLIN-III experiment has recently released data from a run in 2008 with an

effective exposure of 126.7 kg-day [40]. The experiment observed seven events in its liquid

xenon detector between 2 keVee and 16 keVee, so we require that the total number of

events obeys Ntot < 16.0 at the 99% confidence level. To convert measured energy Ed
to recoil energy ER, we use the energy-dependent quenching factor given in figure 15 of

ref. [40], which saturates at qXe ≃ 0.48 around Ed = 10keVee. Below this scale, we use the

parametrization qXe ≈ (0.142 Ed+0.005) Exp[−0.305 E 0.564
d ] given in eq. (4.3) of ref. [44],

which we find gives a good fit to the curve.

In figures 1 and 2 we show the region allowed by DAMA and constraints from CDMS II,

CRESST-II, and ZEPLIN-III at the fiducial point fn = fp for various values of the dark

matter mass between 100GeV and 5TeV. (Note that ultimately the relation between fn
and fp is model-dependent, but we make this choice to allow a straightforward comparison

to previous work [6, 7, 11–14].) In addition, we consider escape velocities of 500 km/s and

600 km/s. We observe that while the relative constraints from CDMS II, CRESST-II, and

ZEPLIN-III become stronger for heavier dark matter candidates, very heavy dark matter

is not ruled out. While both the required cross section for DAMA and the constraint

curves move upwards for heavier dark matter, they do so at roughly the same rate. One

can understand this asymptotic behavior as follows. For large values of the dark matter

mass relative to the mass of the nucleus, the reduced mass in eq. (1.1) becomes µN ≃ mN

and is independent of the dark matter mass. Therefore the only mass dependence is in the

prefactor of eq. (2.1) which is the same for all experiments, so the constraint curves from

different experiments do not move relative to each other.

It is quite interesting that heavier dark matter may be allowed — this opens up the

possibility of simple dark matter models for which heavier masses are preferred for getting

the right thermal relic abundance, or for explaining indirect signals such as the e+ + e−

excess at ∼ 300−800GeV seen by ATIC and PPB-BETS. Models addressing the hierarchy

problem also often prefer heavier dark matter candidates [25, 26].

We stress, however, that the results of the present section depend on a number of

astrophysical and nuclear physics quantities that are not fully understood and have large

uncertainties. The size of the modulated signal at DAMA is particularly sensitive to the

local dark matter velocity distribution. For example, as one can see from figures 1 and 2,

increasing the halo escape velocity from 500 km/s to 600 km/s significantly tightens the

constraints from CDMS. This is because inelastic DM scattering requires one to sample

from the tail of the velocity distribution, especially for lighter target elements. Devia-

tions from the assumed Maxwellian distribution at high velocities, as well as additional

DM substructures such as streams or sub-halos, can also significantly affect the allowed

region [44–46]. For this reason, we have been extremely conservative in identifying the

excluded region by using a goodness-of-fit estimator and only showing 99% confidence level

exclusion contours for CDMS II, CRESST-II, and ZEPLIN-III. Given the uncertainties, it

would be premature to rule out a broader range of IDM parameter space.

A second important uncertainty is the value of the local dark matter density ρDM, which

is known only up to a factor of ∼ 2. Varying ρDM will affect the overall normalization of

the cross section σ0
n in the plots of figures 1 and 2 by a factor inversely proportional to it.
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Figure 1. Allowed regions for fits of inelastic dark matter to the DAMA data, as well as constraints

from CDMS II, CRESST-II, and ZEPLIN-III. We fix the local DM density at ρ = 0.3 GeV/cm3,

and vary the DM mass and escape velocity. These plots assume the relation fp = fn.
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Figure 2. Allowed regions for fits of inelastic dark matter to the DAMA data, as well as constraints

from CDMS II, CRESST-II, and ZEPLIN-III. We fix the local DM density at ρ = 0.3 GeV/cm3,

and vary the DM mass and escape velocity. These plots assume the relation fp = fn.
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