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Recently, the DAMA/LIBRA collaboration released updated results from their search for the annual 
modulation signal from Dark Matter (DM) scattering in the detector. Besides approximately doubling the 
exposure of the DAMA/LIBRA data set, the updated photomultiplier tubes of the experiment allow a lower 
recoil energy threshold of 1 keV electron equivalent compared to the previous threshold of 2 keV electron 
equivalent. We study the compatibility of the observed modulation signal with DM scattering. Due to a 
conspiracy of multiple effects, the new data at low recoil energies is very powerful for testing the DM 
hypothesis. We find that canonical (isospin conserving) spin-independent DM-nucleon interactions are 
no longer a good fit to the observed modulation signal in the standard halo model. The canonical spin-
independent case is disfavored by the new data, with best fit points of a DM mass of ∼ 8 GeV, disfavored 
by 5.2 σ , or a mass of ∼ 54 GeV, disfavored by 2.5 σ . Allowing for isospin violating spin independent 
interactions, we find a region with a good fit to the data with suppressed effective couplings to iodine 
for DM masses of ∼ 10 GeV. We also consider spin-dependent DM-nucleon interactions, which yield good 
fits for similar DM masses of ∼ 10 GeV or ∼ 45 GeV.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

From the first half of the 20th century until today, evidence of 
the gravitational effects of Dark Matter (DM) has been collected 
at length scales ranging from the smallest known galaxies to the 
largest observable scales of our Universe. However, despite signif-
icant experimental efforts, the nature of DM is unknown as yet, 
and no conclusive evidence for interactions of DM with ordinary 
matter beyond gravity has been observed. In particular, the null 
results from direct detection experiments searching for the scat-
tering of Weakly Interacting Massive Particle (WIMP) DM off target 
nuclei in the detector have set stringent bounds on the interaction 
strength [1–6].

However, there is one long-standing exception to the null re-
sults from direct detection experiments: the DAMA/LIBRA collabo-
ration has been reporting an excess in their DM search for more 
than a decade, claiming a statistical significance of more than 
9 σ [7–9], compatible with a ∼ 10 GeV or ∼ 70 GeV WIMP [10–15]. 

* Corresponding author.
E-mail addresses: sbaum@fysik.su.se (S. Baum), ktfreese@umich.edu (K. Freese), 

ckelso@unf.edu (C. Kelso).
https://doi.org/10.1016/j.physletb.2018.12.036
0370-2693/© 2018 The Author(s). Published by Elsevier B.V. This is an open access artic
SCOAP3.
The approach of the DAMA/LIBRA collaboration is radically differ-
ent from those of most other WIMP direct detection experiments, 
which attempt to measure the total rate of nuclear recoils induced 
by WIMPs scattering off the target nuclei. Measuring the total rate 
requires extremely good rejection of background events as well as 
knowledge of the remaining backgrounds. The DAMA/LIBRA collab-
oration on the other hand attempts to measure the annual mod-
ulation of the WIMP-nucleus recoil rate due to the motion of the 
Earth around the Sun [16,17]. Although the rate of the modulated 
signal is much smaller than the total scattering rate, this approach 
is advantageous because it offers powerful background rejection: 
most backgrounds are not expected to be modulated, and if any 
backgrounds would be modulated their period should differ from 
1 yr and/or their phase should be different of that of the DM sig-
nal for which the maximum for most recoil energies is expected 
around June 2nd.

In any given WIMP model the overall and the modulated direct 
detection rate are directly related. Albeit comparing the null results 
from the remaining direct detection experiments with the detec-
tion claim from the DAMA/LIBRA collaboration is a challenging 
statistics problem, there is strong tension between the DAMA/LI-
BRA claim and the null results for the canonical spin-independent 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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and spin-dependent WIMP-nucleus interactions, see e.g. Refs. [14,
18,19]. In light of this tension, many attempts have been made 
to reconcile the DAMA/LIBRA claim with the null results using 
other types of interactions, e.g. all allowed operators in the non-
relativistic effective field theory for WIMP-nucleus scattering [20,
21], or by using halo-independent methods [22]. In addition, nu-
merous proposals to explain the signal observed by DAMA/LI-
BRA by modulated backgrounds have been brought forward, all 
of which have been refuted by the DAMA/LIBRA collaboration, see 
e.g. [23–27].

Recently, the DAMA/LIBRA collaboration has released first re-
sults from the upgraded DAMA/LIBRA-phase2 experiment [28,29]. 
Besides almost doubling the total exposure of the DAMA/LIBRA 
experiment, the upgraded detector allows for a lower recoil en-
ergy threshold of 1 keV electron equivalent (keVee) compared to 
the 2 keVee threshold of DAMA/LIBRA-phase1.

Extending the reach of the DAMA/LIBRA detector to lower re-
coil energies below ∼ 2 keVee is crucial for testing if the observed 
signal is indeed compatible with DM, as discussed in Refs. [12,30]. 
Due to a conspiracy of multiple effects, the behavior of the signals 
for both the ∼ 10 GeV and the ∼ 70 GeV mass hypotheses radically 
changes below ∼ 2 keVee in the standard halo model. For the low 
mass hypothesis, the modulation signal above ∼ 2 keVee is pre-
dominantly due to scattering off sodium nuclei in DAMA/LIBRA’s 
NaI target. However, for smaller recoil energies the recoil ampli-
tude for scattering off sodium nuclei decreases, approaching the 
phase reversal [31–35] described further below in Sec. 2. Simulta-
neously the overall scattering rate as well as the modulation signal 
from scattering off iodine target nuclei increases rapidly, leading to 
an expected sharp rise of the total observed modulation amplitude 
below ∼ 2 keVee. On the other hand, for the high mass hypothe-
sis a decrease of the recoil rate is expected below ∼ 2.5 keVee: the 
modulation signal for ∼ 70 GeV WIMPs is predominately due to 
scattering off iodine target nuclei for the energy range observed by 
DAMA/LIBRA and decreases below ∼ 2.5 keVee, approaching phase 
reversal at recoil energies of ∼ 1.5 keVee.

In this paper we consider three possible types of DM in-
teractions with the DAMA detector: canonical spin-independent 
(SI), SI isospin violating (IV), and spin-dependent (SD) interac-
tions, all within the standard halo model. Although in all cases 
the DAMA/LIBRA modulation results appear to be in severe ten-
sion with the null results from other direct detection searches, we 
demonstrate in this work what can be learned about the DM in-
terpretation of the observed modulation signal from the lowered 
recoil energy threshold.

Regarding our results: we will show that in light of the new 
DAMA/LIBRA-phase2 data for recoil energies below 2 keVee to-
gether with the changes of the measured modulation amplitude 
with respect to the DAMA/LIBRA-phase1 data, canonical (isospin 
conserving) SI WIMP-nucleus interactions are no longer a good fit 
to the observed modulation signal. The SI case is disfavored by 
5.2 σ for the low mass hypothesis and 2.5 σ for the high mass 
hypothesis. Allowing for IV couplings we find a good fit to data 
for DM masses of ∼ 10 GeV. As we will show, the key to improv-
ing the fit by using IV couplings is that the effective coupling to 
iodine nuclei is suppressed. For SD scattering we consider both 
proton only or neutron only couplings as well as the mixed case. 
In all SD cases, we find a low mass region around ∼ 10 GeV and a 
high mass region around ∼ 45 GeV, at least one of which yields a 
good fit to the DAMA/LIBRA-phase2 data for each of the SD cases 
considered.

The remainder of this paper is organized as follows: In Sec. 2
we briefly review the annual modulation signature with special 
emphasis on the phase reversal. In Sec. 3 we review our analysis 
strategy for the compatibility of the modulation signal observed 
at DAMA/LIBRA being due to DM. In Sec. 4 we present the results 
from this analysis. We reserve Sec. 5 for our conclusions.

2. Annual modulation

The differential nuclear recoil rate per unit detector mass for 
elastic scattering of WIMPs of mass mχ of target nuclei with mass 
M is

dR

dEnr
= 2

ρχ

mχ

∫
d3 v v f (v, t)

dσ

dq2
(q2, v) , (1)

where ρχ is the local WIMP density, f (v, t) the time-dependent 
WIMP velocity distribution, and dσ/dq2(q2, v) the differential DM-
nucleus scattering cross section with the momentum exchange 
q2 = 2M Enr. The nuclear recoil energy Enr = (

μ2 v2/M
)
(1 − cos θ)

is related to speed of the WIMP relative to the nucleus v and 
the scattering angle in the center-of-mass frame θ , where μ ≡
mχ M/(mχ + M) is the reduced mass of the WIMP-nucleus system.

For detectors with multiple target materials T the differential 
recoil rate per unit detector mass is given by

dR

dEnr
=

∑
T

ξT

(
dR

dEnr

)
T

, (2)

where ξT is the mass fraction of the target material T in the de-
tector and the differential recoil rate for the target T is computed 
from Eq. (1).

For the canonical spin-independent (SI) and spin-dependent 
(SD) WIMP-nucleus interactions arising in most particle physics 
models from the WIMP-quark couplings, the differential cross sec-
tion has the form

dσ

dq2
(q2, v) = σ0

4μ2 v2
F 2(q)�(qmax − q) , (3)

where σ0 is the WIMP-nucleus scattering cross section at zero mo-
mentum transfer. The nuclear form factor F (q) accounts for the 
finite size of the nucleus, see e.g. [33,36,37] for the form factor in 
the SI case and [38,39] for the SD case. The Heaviside step function 
�(qmax − q) with the maximal momentum transfer qmax = 2μv
can be traded for a lower cutoff vmin = √

M Enr/2μ2 in the ve-
locity integral in Eq. (1). Note, that Eq. (3) allows to rewrite the 
differential recoil rate as

dR

dEnr
= σ0ρχ

2μ2mχ
F 2(q)

∫
vmin

d3 v
f (v, t)

v
. (4)

For SI scattering, the zero momentum WIMP-nucleus cross sec-
tion can be parameterized as

σ SI
0 = 4

π
μ2 [

Z f p + (A − Z) fn
]2

, (5)

where A (Z ) is the number of nucleons (protons) in the nu-
cleus, and f p ( fn) are the effective WIMP-proton (WIMP-neutron) 
couplings. In many WIMP models one finds f p � fn , leading to 
the typical A2 enhancement of the WIMP-nucleus scattering cross 
section. However, isospin-violating interactions where f p and fn

differ substantially can alter the expected signal [40] as we will 
see below. The WIMP-nucleon cross sections σ SI

p,n (the quantity in 
which experimental results are often quoted) are related to the 
f p,n by σ SI

p,n = 4μ2
p,n f 2

p,n/π , where μp (μn) is the reduced mass 
of the WIMP-proton (WIMP-neutron) system.

For SD scattering, the WIMP-nucleus cross section can be writ-
ten as
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Fig. 1. Left: Amplitude of the modulation (in arbitrary units) as a function of vmin. The vertical gray dashed and dash dotted lines indicated the values of vmin for which 
the phase flip occurs vmin ≈ 210 km/s and for which the modulation amplitude becomes maximal vmin ≈ 360 km/s. Right: Time dependence of the modulation signal 
parametrized as the relative difference of the mean inverse speed η defined in Eq. (9) from its average value as a function of time over a year for different values of vmin
indicated in the legend.
σ SD
0 = 4

π
μ2 J ( J + 1)

J 2

(
ap

〈
S p

〉 + an 〈Sn〉
)2

, (6)

where J is the spin of the target nucleus, 
〈
S p

〉
(〈Sn〉) the average 

spin carried by the protons (neutrons) in the target nucleus, and ap
(an) is the effective WIMP-proton (WIMP-neutron) coupling. Note, 
that unlike the SI case, ap and an differ substantially in typical 
WIMP DM models. The ap,n are related to the WIMP-nucleon cross 
sections by σ SD

p,n = 12μ2
p,na2

p,n/π .
The differential recoil rate in Eq. (1) also depends on astro-

physics through the local WIMP density ρχ and the velocity dis-
tribution f (v, t). For the purpose of this work, we adopt a Gaus-
sian isotropic distribution in the galactic rest frame truncated at 
the galactic excape velocity vesc as in the Standard Halo Model 
(SHM) [17], boosted to the Earth’s frame,

f (v, t) = 1

Nesc
(
2πσ 2

v
)3/2

e
−

∣∣v+vE
∣∣2

2σ2
v �(vesc − |v + vE |) , (7)

where vE is the velocity of the Earth with respect to the galactic 
rest frame and σv the velocity dispersion. The normalization factor 
is given by

Nesc = erf

(
vesc√
2σv

)
−

√
2

π

vesc

σv
e
− v2

esc
2σ2

v . (8)

The velocity integral in Eq. (4), i.e. the mean inverse speed, can 
then be written as [41,42]

η(Enr, t) =
∫

vmin

d3 v
f (v, t)

v

= 1

Nesc

√
2πσ 2

v

1∫
−1

d (cos θ)

⎡
⎣e

−
(

vmin+v E cos θ
)2

2σ2
v − e

− v2
esc

2σ2
v

⎤
⎦

× � [vesc − (vmin + v E cos θ)] . (9)

The time dependence of η(Enr, t), in turn gives rise to a time 
dependence of the differential recoil rate, due to the time depen-
dence of the Earth’s speed,

v E(t) = v
 + vorb cosγ cos [ω(t − t0)] . (10)

Here the speed of the Sun with respect to the galactic rest frame, 
v
 , can safely be assumed to be constant on the timescale of or-
der years relevant for direct detection experiments, and vorb is the 
orbital speed of the Earth around the Sun, where cos γ ≈ 0.49 ac-
counts for the inclination of the Earth’s orbit with respect to the 
Sun’s trajectory in the galactic rest frame. The angular frequency 
of the Earth’s rotation is ω = 2π/year, and t0 is the date at which 
v E is maximal, around June 2nd.

Note, that there are significant uncertainties on the astro-
physical parameters relevant for the SHM. In the following, we 
adopt fiducial values of ρχ = 0.3 GeV/cm3, σv = 166 km/s, vesc =
550 km/s, and v
 = √

2σv + 13 km/s = 248 km/s.
In Fig. 1 we show the characteristics of the annual modulation 

signal for a single nuclear target in the detector. Since the time 
dependence of the recoil rate is due to the time dependence of 
the mean inverse speed η(Enr, t), one can parameterize the annual 
modulation signal in terms of the time dependence of η. In the left 
panel we show the difference of η at the times when v E is max-
imal and when v E is minimal as a function of vmin. Recall that 
for each set of values of the target nucleus and DM mass, vmin is 
directly related to the recoil energy via vmin = √

M Enr/2μ2. For 
large vmin, the amplitude of the modulation is positive. The am-
plitude is growing with decreasing vmin and becomes maximal for 
vmin ≈ 360 km/s. For even smaller vmin the amplitude is decreas-
ing with decreasing vmin, and changes sign for vmin ≈ 210 km/s.

Heuristically, this behavior can be understood from the shape of 
the velocity distribution: while f (v, t) is an isotropic Gaussian dis-
tribution in the galactic rest frame with maximum at v = 0, once 
boosted into the Earth’s frame it becomes a more peaked distri-
bution with maximum at v = v E , dropping quickly for larger or 
smaller v . The integral η is dominated by contributions of the in-
tegrand f (v, t)/v close to vmin. The rotation of the Earth around 
the Sun corresponds to shifting f (v, t) to larger (when v E be-
comes maximal) or smaller (when v E becomes minimal) values 
of v . Thus, for vmin much larger than v E , the modulation ampli-
tude is positive since more WIMPs with sufficiently large v are 
available when v E is largest. When vmin approaches v E , this ef-
fect becomes smaller because the integral η is dominated by the 
values of f (v, t)/v where f (v, t) is maximal for both the largest 
and smallest values of v E during the year. Finally, when vmin be-
comes somewhat smaller than v E , the effect reverses since vmin is 
now on the sharply falling side of f (v, t): Since the integral η is 
dominated by values close to vmin, less WIMPs with the proper v
are now available when v E is largest, which leads to change of the 
sign of the modulation amplitude for vmin � 210 km/s.

In the right panel of Fig. 1 we show the shape of the modulated 
signal as a function of time for different values of vmin. As long as 
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vmin is not very close to the value for which the modulation am-
plitude changes sign, the modulation signal is well approximated 
by a single cosine. However, for vmin close to vmin ≈ 210 km/s, the 
cosine approximation is no longer valid, see also Refs. [43,44].

This behavior of the modulation signal offers a unique test of 
the compatibility of a WIMP signal with an annual modulation sig-
nal observed in a direct detection experiment: For sufficiently low 
recoil energy threshold, one should 1) observe a decreasing mod-
ulation amplitude and finally the modulation amplitude switching 
sign, and 2) in the vicinity of the recoil energies corresponding to 
vmin ≈ 210 km/s the modulation pattern should not follow a single 
cosine approximation. If both of these statements hold, the ob-
served signal is consistent with a) a WIMP interacting via canonical 
velocity independent interactions and b) the local WIMP velocity 
being well approximated by the SHM. If one or both of the state-
ments 1) and 2) are not satisfied, then one of the assumptions 
a) or b) must be wrong.

3. Analysis strategy

The DAMA/LIBRA collaboration present their results in terms of 
the count rate as function of time as well as the modulation am-
plitude as function of recoil energy. Both pieces of information can 
directly be compared to the theoretical prediction in WIMP mod-
els discussed in the previous section when taking into account the 
realities of an experiment. We will closely follow the analysis strat-
egy employed in Ref. [30].

The DAMA/LIBRA detector does not measure the nuclear recoil 
energy directly, but the scintillation light produced by the nu-
clear recoils. The collaboration uses gamma ray sources for the 
calibration of their detectors, which induce electron, not nuclear, 
recoils. Thus, experimental results are presented by DAMA/LIBRA 
in terms of electron equivalent energy Eee measured in keVee. 
The nuclear recoil energy Enr is related to Eee by the so-called 
quenching factor Eee = Q Enr. Except where noted explicitly, we 
adopt the quenching factors used by the DAMA/LIBRA collabora-
tion, Q Na = 0.3 and Q I = 0.09 [45]. Note, that there is some un-
certainty on the value and energy dependence of the quenching 
factors, see e.g. Refs. [46–48]. We briefly discuss effects of energy-
dependent quenching factors on our results at the end of Sec. 4.

In addition, one has to take the finite energy resolution as well 
as the detector efficiency into account. We implement these effects 
via

dR

dEee
(Eee, t) =

∞∫
0

dEnr ε(Q Enr)φ(Enr, Eee)
dR

dEnr
(Enr, t) , (11)

where ε(Q Enr) is the detector efficiency and

φ(Enr, Eee) = 1

2πσ 2(Q , Enr)
e
− (Eee−Q Enr)2

2σ2(Q Enr) , (12)

is the differential response function defined such that φ(Enr,

Eee)dEee is the probability that a nuclear recoil of energy Enr

will produce a scintillation signal measured between Eee and 
Eee + dEee. The energy resolution of the photo multiplier tubes 
at the relevant energies is given by [49,50]

σ(Q Enr) = α
√

Q Enr + β Q Enr , (13)

with α = (0.448 ± 0.035)
√

keVee and β = (9.1 ± 5.1) × 10−3. 
Since the DAMA/LIBRA collaboration present results corrected for 
the efficiency, we will use ε(Q Enr) = 1 in the following.
Table 1
Average modulation amplitude Sm observed by DAMA/LI-
BRA in the given energy bins after our rebinning of the 
original data from Refs. [9,29] in order to improve the sig-
nal to noise ratio in our statistical test.

Energy 
[keVee]

Average Sm

[counts/day/kg/keVee]
phase1 [9] phase2 [29]

1.0–1.5 – 0.0232 ± 0.0052
1.5–2.0 – 0.0164 ± 0.0043
2.0–2.5 0.0161 ± 0.0040 0.0178 ± 0.0028
2.5–3.0 0.0260 ± 0.0044 0.0190 ± 0.0029
3.0–3.5 0.0220 ± 0.0044 0.0178 ± 0.0028
3.5–4.0 0.0084 ± 0.0041 0.0109 ± 0.0025
4.0–5.0 0.0080 ± 0.0024 0.0075 ± 0.0015
5.0–6.0 0.0065 ± 0.0022 0.0066 ± 0.0014
6.0–7.0 0.0002 ± 0.0021 0.0012 ± 0.0013
7.0–20.0 0.0005 ± 0.0006 0.0007 ± 0.0004

With those corrections, we can compare theoretical predictions 
in WIMP models to the measured values using a χ2 test. For ex-
ample, for the modulation amplitude, which is presented as binned 
measurements in energy bins, this takes the form

χ2(mχ ,σ0) =
∑

k

[
Sm,k − S T

m,k(mχ ,σ0)
]2

σ 2
k

, (14)

where Sm,k (S T
m,k) is the measured (theoretically expected) mod-

ulation amplitude averaged over the bin k, σk is the measure-
ment uncertainty, and mχ and σ0 are the WIMP mass and WIMP-
nucleus scattering cross section discussed in Sec. 2.

The goodness of fit of the WIMP hypothesis is tested by min-
imizing the χ2 over the WIMP parameter space, comparing the 
resulting χ2

min at the local minima with the number of degrees 
of freedom (dof ), given by the number of data bins minus the 
number of fitted parameters, and ensuring that the χ2 in Eq. (14)
follows a χ2 distribution with the appropriate dof in the vicinity 
of the local minimum. In addition, confidence regions are deter-
mined using the goodness of fit test.

In order to increase the signal to noise ratio, we rebin the 
DAMA/LIBRA data into 10 signal bins, as given in Table 1. This 
choice of the bins is motivated by two reasons: 1) at larger re-
coil energies, the width of the bins chosen by the DAMA/LIBRA 
collaboration is much smaller than the energy resolution of the 
detector, and 2) the WIMP signal at large recoil energies is negli-
gible compared to the signal at small recoil energies. See Ref. [30]
for a detailed discussion and motivation of this binning scheme.

4. Results

We test the compatibility of three WIMP DM hypotheses with 
the modulation signal observed by the DAMA/LIBRA collaboration: 
1) canonical SI scattering where f p = fn , 2) isospin violating (IV) 
scattering (which is also independent of spin) where we allow for 
isospin violation f p �= fn , and 3) SD scattering. In case 1), we 
fit two model parameters: the WIMP mass mχ and the WIMP-
proton scattering cross section σ SI

p . In case 2), we are fitting three 
model parameters: the WIMP mass mχ , the WIMP-proton cross 
sections σ SI

p , and the ratio of the effective couplings to neutrons 
and protons fn/ f p . In case 3) we fit either two model parameters, 
mχ and σ SD

p (σ SD
n ), when assuming proton-only (neutron-only) SD 

couplings or the three parameters mχ , σ SD
p and the ratio of the ef-

fective couplings to neutrons and protons an/ap when allowing for 
the general mixed SD case.
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Fig. 2. Modulation amplitude (in units of [counts/day/kg/keVee]) as a function of ionization energy Eee for the best fit points in the low mass region (left) and high mass 
region (right) assuming canonical (isospin conserving) SI scattering. The red data points and error bars show the DAMA/LIBRA-phase2 data after our rebinning. The red (blue) 
line show the contribution to the modulation amplitude from WIMPs scattering off sodium (iodine). The black dashed line shows the summed expected modulation signal. 
Note, that the low mass point is disfavored by 5.2 σ and the high mass point by 2.5 σ .
Regarding canonical SI scattering (with no isospin violation): With 
the older DAMA/LIBRA data, canonical isospin conserving SI scat-
tering allowed for a good fit in both a low (∼ 10 GeV) and high 
mass (∼ 70 GeV) range for WIMPs. With the new data, the best 
fit high mass shifts to ∼ 54 GeV and the best fit low mass to 
∼ 8 GeV, cf. Fig. 2. However, the new data do not allow for a good 
fit to the observed modulation signal. In the new best fit regions, 
SI scattering is disfavored at 5.2 σ for the low mass region around 
∼ 8 GeV and at 2.5 σ for the high mass region around ∼ 54 GeV. 
The new data play important roles in these conclusions for the 
following two reasons: the phase2 results contains two new bins 
for recoil energies between 1.0 and 2.0 keVee, and, the modulation 
signal in the two bins between 2.5 and 3.5 keVee has shifted to 
lower values, cf. Table 1. While the previous phase1 data seemed 
to hint at a decreasing modulation amplitude below ∼ 2.5 keVee, 
the updated results with the inclusion of the phase2 data indi-
cate a modulation amplitude smoothly rising with smaller recoil 
energies. As discussed in Ref. [30], this behavior disfavors isospin 
conserving SI scattering for both the previous low and high mass 
regions due to a conspiracy of different effects: For the low mass 
hypothesis, the modulation amplitude is dominated by scattering 
off sodium for recoil energies � 1.5 keVee. However, for a 10 GeV 
WIMP, the modulation amplitude from scattering with sodium has 
its maximum at Eee ≈ 2 keVee, and decreases for lower recoil en-
ergies, approaching a phase reversal. At roughly the recoil energy 
of the sodium phase reversal and below, scattering off iodine be-
comes relevant, and the corresponding modulation amplitude rises 
sharply for smaller recoil energies. Summing both effects would 
lead to a sharply rising modulation amplitude in the lowest bin of 
the phase2 data.

For the high mass hypothesis, the modulation signal is domi-
nated by scattering off iodine in the entire energy range relevant 
for the observed signal. For a 50 GeV WIMP scattering off iodine, 
the modulation amplitude has its maximum at Eee ≈ 2.7 keVee, 
hence, this would lead to a decreasing modulation amplitude in 
the lowest bins of the phase2 data.

However, the phase2 data do not display either of the behav-
iors described above, but instead indicate a modulation amplitude 
smoothly rising with smaller recoil energies.

Regarding Isospin Violating (IV) Dark Matter: In order to fit the 
data, the scattering amplitude off iodine must be suppressed with 
respect to the scattering rate off sodium, which is possible when 
allowing for isospin violation. Since sodium and iodine are almost 
exclusively composed of the isotopes 23Na and 127I, respectively, 
Fig. 3. Goodness of fit regions for the case of isospin violating (IV) couplings (still 
spin-independent but with fn/ f p �= 1). The solid black, dotted green, dashed blue, 
and dash-dotted red contours correspond to the 2, 3, 4, and 5 σ regions, respec-
tively. The best fit point in the low mass region has a DM mass of mχ = 10.7 GeV, 
fn/ f p = −0.666, a WIMP-proton cross section of σ SI

p = 1.05 × 10−2 pb, and a re-

duced χ2 value of χ2
r = 7.32/7. The best fit point in the high mass region is 

mχ = 52.1 GeV, fn/ f p = −0.613, σ SI
p = 2.25 × 10−3 pb, and χr = 17.26/7. The thin 

gray line indicates fn/ f p = 53/74, the value for which the scattering cross section 
off iodine vanishes.

the scattering cross section off iodine is suppressed if the ratio of 
the effective WIMP-neutron and WIMP-proton couplings is approx-
imately fn/ f p = −53/74 ≈ −0.716, for which the effective cou-
pling to 127I vanishes. Varying the value from the isospin conserv-
ing case fn/ f p = 1 to fn/ f p = −53/74 alters the relative strength 
of the decreasing modulation amplitude from scattering off sodium 
and the increasing amplitude from scattering off iodine at low re-
coil energies in the low mass case, such that a much better fit to 
the observed signal is obtained. Similarly, for the high mass case 
suppressing the contribution from scattering off iodine allows for 
a better fit to the data because one finds a non-negligible contri-
bution to the modulation signal from scattering off sodium for the 
largest energy bins in the DAMA data.

Fig. 3 shows our results for spin-independent scattering which 
allows for isospin violation. We find two minima in the χ2 dis-
tribution: a low mass region with a best fit point with mχ =
10.7 GeV, fn/ f p = −0.666, a WIMP-proton cross section of σ SI

p =
1.05 ×10−2 pb, and a reduced χ2 value of χ2

r = 7.32/7, and a high 
mass region with a best fit point mχ = 52.1 GeV, fn/ f p = −0.613, 
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Table 2
Best fit points for the different SD hypotheses. The first two best-
fit points are for neutron-only couplings where σ SD

i = σ SD
p refers 

to the WIMP-neutron SD coupling. The third and fourth line are 
for the proton only case where σ SD

i = σ SD
n . The last three en-

tries are for the mixed case where in addition to the reference 
cross section and the Dark Matter mass mχ we fit the ratio 
of the effective couplings to neutrons and protons an/ap . Here, 
σ SD

i = σ SD
p .

mχ [GeV] σ SD
i [pb] an/ap χ2/dof

n-only 9.3 68.0 ∞ 24.5/8 (3.1σ )
50.2 8.4 ∞ 12.0/8 (1.4σ )

p-only 10.8 0.53 0 7.4/8 (0.7σ )
41.5 0.38 0 39.8/8 (4.6σ )

mixed 10.7 1.9 −6.32 7.3/8 (0.7σ )
10.8 0.47 0.665 7.3/8 (0.7σ )
44.2 0.43 −7.46 9.6/8 (1.0σ )

σ SI
p = 2.25 × 10−3 pb, and χr = 17.26/7. The reduced χ2 values 

correspond to 0.85 σ for the low-mass best fit point and 2.4 σ
for the high-mass best fit point. Both best fit regions differ sig-
nificantly from the best fit regions for the previous DAMA/LIBRA-
phase1 data in the canonical SI case derived with a similar binning 
scheme [30].

Regarding SD scattering: For the SI (IV) case, the ratio of the con-
tributions from sodium and iodine to the event rate in DAMA is 
given by the WIMP mass and the number of nucleons (number of 
protons and neutrons together with the ratio fn/ f p). For SD in-
teractions, the relative contributions from sodium and iodine are 
instead controlled by the WIMP mass, the fraction of the nuclear 
spin carried by protons and neutrons, respectively, and the ratio 
between the WIMP-neutron and WIMP-proton SD couplings ap/an . 
For both sodium and iodine most of the nuclear spin is carried by 
the protons. Note that there are significant theoretical uncertainties 
in the computations of the form factors describing which fraction 
of the nuclear spin is carried by protons or neutrons, respectively, 
in particular for heavy nuclei such as iodine. Shifts in the values 
of the form factors would have minor quantitative effects on our 
result but still allow for acceptable fits.

We find best-fit points with acceptable reduced χ2 values in 
all cases we consider: proton-only, neutron-only, and mixed SD 
couplings, cf. Table 2. In all SD cases considered we find a low 
mass best fit region around 10 GeV and a high mass region around 
∼ 45 GeV. For neutron-only (proton-only) couplings the high mass 
(low mass) region is preferred, while for the mixed case both re-
gions yield a good fit to the data.

If Fig. 4 we show the goodness of fit regions for the neutron-
only and proton-only case. Comparing these two cases we find that 
the best fit regions correspond to WIMP-neutron cross sections 
approximately two orders of magnitude larger in the neutron-
only case than the WIMP-proton cross sections in the proton-only 
case. Since the protons carry most of the nuclear spin for both 
sodium and iodine, such cross sections yield comparable scatter-
ing rates and modulation signals for proton-only and neutron-only 
couplings, cf. Eq. (6). We can also note that for the neutron-only 
case the high mass region yields a better fit than the low mass 
region, while the situation is opposite in the proton-only case. 
This is again due to the spin carried by the neutrons and pro-
tons, respectively, and the required balance between scattering off 
sodium and iodine in order to yield an energy dependence of the 
signal matching the DAMA/LIBRA data: The ratio of the spin car-
ried by the neutrons at zero momentum for sodium and iodine is 
〈SNa

n 〉/〈S I
n〉 ∼ 0.3, while the ratio of the spin carried by the protons 

at zero momentum is given by 〈SNa
p 〉/〈S I

p〉 ∼ 0.7 [38]. The contribu-
tion from scattering off iodine to the total modulation signal must 
Fig. 4. Goodness of fit regions for SD-neutron (top) and SD-proton (bottom) cou-
plings. The different lines refer to the same confidence levels as in Fig. 3. The best 
fit points are listed in Table 2.

Fig. 5. Same as Fig. 3, but for the mixed SD case. The best fit points are listed in 
Table 2.

be suppressed more strongly with respect to the contribution from 
sodium in the low mass region than in the high mass region; recall 
the discussion of IV couplings and Figs. 2 and 3.

Fig. 5 shows the goodness of fit regions for the mixed SD 
case. The neutron-only (proton-only) case corresponds to the limit 
|an/ap | → ∞ (an/ap → 0). Much of the shape of the best fit re-
gions can be understood from comparing to the best fit regions for 
the proton-only and neutron-only cases (cf. Fig. 4) and the form 
factor for iodine. For an/ap � −5, the form factor for iodine pro-
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duces a much longer tail to the dark matter signal. As the data 
exhibit a slow rise, this leads to the best fits.

For the low mass region, the situation is slightly more complex. 
Proton only couplings yield a good fit to the data while neutron-
only couplings are disfavored by ∼ 3 σ . Thus, in the mixed case, 
small values of an/ap also produce a good fit. Additionally, the 
closing of the contours at large negative values of an/ap can be 
understood as follows. For moderately negative values for an/ap

the primary scattering is from sodium. Most of the iodine events 
are below the threshold, but the long tail of the iodine signal will 
help to add events at low energies which improves the fit to the 
data. As an/ap is decreased even further though, too many iodine 
scatters are created above threshold, producing the poor fit in the 
low energy region.

A word of caution is in order when directly comparing the 
reduced χ2 values between different coupling hypotheses. The re-
duced χ2 values do not account for the likelihood of the different 
scenarios; such factors can only properly be taken into account in 
the framework of specific models which allow for the different 
coupling scenarios to occur. Hence, such comparisons should not 
be taken at face values but only as qualitative statements.

Finally, we note that our main conclusions are not affected by 
different choices for the quenching factors. In particular, we re-
peated our analysis using the energy-dependent quenching factor 
for sodium and a constant quenching factor Q I = 0.04 for io-
dine as found in Ref. [46]. In the case of canonical SI interactions 
such values of the quenching factors make the fit to the new 
DAMA data more difficult. Recall that the difficulty in fitting the 
DAMA/LIBRA-phase2 data stems from the contribution of iodine re-
coils becoming too large for small recoil energies. This problem is 
worsened by the energy dependence of the sodium quenching fac-
tor found in Refs. [46–48], because their results indicate that the 
quenching factor for sodium decreases with decreasing recoil en-
ergy. Numerically, we find that with the quenching factors from 
Ref. [46], canonical (isospin-conserving) SI interactions are disfa-
vored at 7.6 σ . For isospin-violating (IV) interactions, there is only 
one region yielding a good fit to data, namely for DM masses 
∼ 21 GeV and a ratio of the effective WIMP-neutron and WIMP-
proton couplings close to the value where the effective WIMP-
iodine coupling vanishes, fn/ f p ≈ −0.72. We find similar behav-
ior for SD scattering. In the neutron-only case, we do not find a 
good fit in the low-mass region anymore. For heavier WIMPs we 
find a good fit for mχ ∼ 90 GeV, instead of mχ ∼ 50 GeV with the 
quenching factors used in the main analysis. For the proton-only 
case, the best fit-point for the low-mass region is at mχ ∼ 20 GeV
with the quenching factors from Ref. [46], instead of mχ ∼ 10 GeV
as found in Fig. 4. In the mixed SD case, we find a good fit to the 
data for mχ ∼ 20 GeV and an/ap ∼ −4. In the high mass regions 
we find a good fit for masses approximately double the high mass 
region in Fig. 5 but similar values of an/ap .

5. Conclusions

In this work, we have discussed the compatibility of the re-
cently published DAMA/LIBRA-phase2 results with the Dark Matter 
hypothesis. We find, that the observed annual modulation signal 
is no longer well fitted by canonical (isospin conserving) spin-
independent WIMP nucleon couplings in the SHM, as has also been 
noted in the revised version of Ref. [51]. For the low mass hy-
pothesis of a ∼ 10 GeV WIMP which previously was a good fit to 
the DAMA/LIBRA-phase1 data, one would expect a sharp rise of 
the modulation amplitude for recoil energies below ∼ 2 keVee (for 
such recoil energies scattering off iodine becomes relevant while 
for larger recoil energies the modulation signal would predom-
inantly be due to scattering off sodium). For the previous high 
mass hypothesis of a ∼ 70 GeV WIMP the modulation signal is pre-
dominantly due to scattering off iodine for the relevant range of 
recoil energies observed by DAMA/LIBRA, and one expects a de-
creasing modulation amplitude below ∼ 2.5 keVee recoil energies 
because the modulation signal approaches the change in the sign 
of the modulation amplitude. Instead of either of these behaviors, 
the observed modulation signal seems to be smoothly rising with 
decreasing recoil energies when including the new DAMA/LIBRA-
phase2 data.

The value of the best fit mass for the canonical SI case has 
shifted due to the new lower threshold data, yet neither the low 
nor high mass region remains a good fit. The SI case is disfavored 
by 5.2 σ for DM masses of ∼ 8 GeV and 2.5 σ for DM masses of 
∼ 54 GeV, the new best fit masses for the SI case given the new 
data.

When we consider isospin violating (IV) spin independent scat-
tering, we find a good fit to the data for the low mass region 
∼ 10 GeV. The best fit point requires significant isospin viola-
tion of the WIMP-nucleon coupling yielding suppressed effective 
WIMP-iodine couplings, namely, ratios of the WIMP-neutron to 
WIMP-proton couplings of fn/ f p = −0.666. This value is close 
to fn/ f p = −0.716, for which the effective WIMP-iodine coupling 
would essentially vanish.

In the case of SD couplings we find regions yielding a good fit 
to the data in all cases considered: neutron-only, proton only, and 
the general mixed coupling case. In all cases, we find a ∼ 10 GeV
low mass and a ∼ 45 GeV high mass region.

The difficulty in fitting the DAMA/LIBRA-phase2 data is exacer-
bated for energy-dependent quenching factors for sodium as found 
in Refs. [46–48]. For the quenching factors found in Ref. [46] the 
canonical SI case is disfavored at 7.6 σ . For IV couplings as well as 
for all SD cases considered here we find regions with good fit to 
the data using the quenching factors from Ref. [46].

We have also pointed out how in the case of a observation of 
decreasing modulation amplitude, the temporal form of the mod-
ulation signal for recoil energies close to the energy for which the 
amplitude switches sign may be used to test the compatibility of 
the signal with the WIMP hypothesis. We predict a deviation from 
the simple cosine approximation for the modulated signal for such 
recoil energies even for the SHM.

Finally, let us note that currently many direct detection experi-
ments using different target nuclei rule out these models by many 
orders of magnitude. Additionally, multiple efforts are underway 
to independently test the DAMA/LIBRA results by searching for 
an annual modulation signal using NaI crystals [52–56]. These ex-
periments will confirm or rule out the DAMA/LIBRA signal in the 
coming years. If they confirm the observed modulation signal, the 
combination of these experiments with DAMA/LIBRA will allow for 
a powerful test of the WIMP Dark Matter hypothesis.

6. Note added

Since the submission of the first version of this paper, Ref. [29]
appeared. For this version, we updated our numerical results using 
data taken from Ref. [29] instead of the preliminary DAMA/LIBRA-
phase2 results taken from Ref. [28] used in the original version of 
our work. Furthermore, while the first version of this paper in-
cluded results only for SI and IV WIMP-nucleus scattering, this 
version includes additional results for SD WIMP-nucleus interac-
tions.
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