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We show how constraints on the time integrated event rate from a given dark matter (DM)
direct detection experiment can be used to bound the amplitude of the annual modulation signal in
another experiment. The method requires only mild assumptions about the properties of the local
DM distribution: that it is temporally stable on the scale of months and spatially homogeneous on
the ecliptic. We apply the method to the annual modulation signal in DAMA /LIBRA, which we
compare to the bounds derived from XENON10, XENON100, CDMS, and SIMPLE data. Assuming
a DM mass of 10 GeV, we show that under the above assumptions about the DM halo a DM
interpretation of the DAMA /LIBRA signal is excluded for several classes of models: at 6.30 (4.60)
for elastic isospin conserving (violating) spin-independent interactions, and at 4.90 for elastic spin-

dependent interactions on protons.

Dark matter (DM) constitutes a significant fraction of
the energy density in the universe, Qpy = 0.229 + 0.015
[1]. This conclusion is based entirely on gravitational
effects of DM. A fundamental question is whether DM
interacts also non-gravitationally. Direct detection ex-
periments, for instance, are looking for the scattering of
DM particles from the galactic halo in underground de-
tectors. A characteristic feature of the signal is an an-
nual modulation, because the Earth rotates around the
Sun, while at the same time the Sun moves relative to
the DM halo [2]. At present two experiments are re-
porting annually modulated signals, DAMA /LIBRA [3]
(DAMA for short) and CoGeNT [4], with significances
of 8.90 and 2.80, respectively. Assuming the standard
Maxwellian DM halo and elastic spin-independent DM
scattering both claims are in tension [5, 6] with bounds
on time integrated rates from other experiments such as
XENONI10 [7], XENON100 [8], or CDMS [9]. The sit-
uation may change in the case of non-Maxwellian DM
halos, e.g., halos with anisotropic velocity distributions
or with significant substructure, for instance DM streams
or DM debris flows. Recently CDMS provided a direct
bound on the modulation signal, which disfavors the Co-
GeNT modulation without referring to any halo or par-
ticle physics model [10]. Therefore we focus below on
DAMA.

In this Letter we present a general method that avoids
astrophysical uncertainties when comparing putative DM
modulation signals with bounds on time averaged DM
scattering rates from different experiments by combining
the results from [11, 12] with bounds on the modulation
derived by us in [13]. We are then able to translate the
bound on the DM scattering rate in one experiment into a
bound on the annual modulation amplitude in a different
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experiment. The resulting bounds present roughly an
order of magnitude improvement over [11, 12] and [13].

The bounds are (almost completely) astrophysics in-
dependent. Only very mild assumptions about DM halo
properties are used: (i) that it does not change on the
time-scales of months, (ii) that the density of DM in the
halo is constant on the scales of the Earth-Sun distance,
and (iii) that the DM velocity distribution does not vary
strongly on scales of the Earth velocity v, = 29.8 km/s. If
the modulation signal is due to DM, then the modulation
amplitude has to obey the bounds. In the derivation an
expansion in v, over the typical DM velocity ~ 200 km/s
is used. The validity of the expansion can be checked
experimentally, by searching for the presence of higher
harmonics in the time-stamped DM scattering data [13].

Bounds on the annual modulation. We focus on
elastic scattering of DM y off a nucleus (A4, Z), depositing
the nuclear recoil energy FE,,. The differential rate in
events/keV/kg/day is
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with p, the local DM density, o9 the total DM-nucleus
scattering cross section at zero momentum transfer, m.,
the DM mass, 44 the DM-nucleus reduced mass, and
F4(E,,) a nuclear form factor. For SI interactions, 0
can be written as o5l = ap[Z—i-(A—Z)(fn/fp)]QuiA/uip,
where o, is the DM-proton cross-section and f, , are
coupling strengths to neutron and proton, respectively.
Apart from p,, the astrophysics enters in Eq. (1) through
the halo integral
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where v, is the minimal velocity required for recoil en-
ergy Epn., and fget(v,t) describes the distribution of
DM particle velocities in the detector rest frame with
faet(v,t) > 0 and [ d3vfaes(v,t) = 1. The integral of



the velocity distribution enters in R4 (Fy,t) because DM
scattering at different angles probes different DM veloci-
ties even for fixed FE,,,.. The velocity distributions in the
rest frames of the detector and the Sun are related by
faet(V,t) = foun(V + ve(t)), where v, (t) is the velocity
vector of the Earth. The rotation of the Earth around
the Sun introduces a time dependence in the event rate
through n(vsm,, t) = T(vm) + dn(vm, t), where

0N (U, t) = Ap(vm) cos 2wt — to(Enyr)], (3)

when expanding to first order in v, = 29.8 ki /s < vgyn =~
230 km/s, and A, (v,,) > 0. The expansion can be trun-
cated, if fsun(v) does not show large variations on the
scale of v, i.e., ve|df(v)/dv| < f(v). We are also as-
suming that the only time dependence comes from the
rotation of the Earth around the Sun and fqun(v) itself
is constant in time and space.

Under those assumptions we have schematically 77 ~
[ f(v)/v and A, ~ v [ f(v)/v?. After some algebra
the modulation amplitude A,(v,,) can be shown to be
bounded by the unmodulated halo integral 77 (see [13] for

the derivation):
dfn+n(vm)7/ dvn(v)]. ()
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If we further assume that the DM velocity distribution
obeys certain symmetry properties such that there is only
one single direction related to the DM flow, independent
of vy, (see [13] for details), then one obtains a more strin-
gent constraint:

/v o Ay (vm) < sina v, [n(m) _— /Jd ”ig)} . (5)
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Here a is the angle between the DM flow and the direc-
tion orthogonal to the ecliptic. The most conservative
bound is obtained for sin @ = 1 (which would correspond
to a DM stream parallel to the ecliptic). However, in
many cases the DM flow will be aligned with the motion
of the Sun within the galaxy. This holds for any isotropic
velocity distribution and, up to a small correction due to
the peculiar velocity of the Sun, also for tri-axial halos or
a significant contribution from a possible dark-disc. In
this case we have sina ~ 0.5.

In the following we will use time averaged rates from
various experiments to derive an upper bound on 7j(v,, ).
In order to be able to apply this information we integrate
Eq. (4) over v, and drop the negative terms in Eqs. (4)
and (5). This gives the bounds
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In practice the integrals on the L.h.s. are replaced by a
sum over bins. Below we will refer to the relations (6)

and (7) with sin @ = 0.5 as the bounds for “general halo”
and “symmetric halo”, respectively. Here “symmetric”
refers to the local velocity distribution according to the
sentence before Eq. (5), not the spatial distribution of
DM.

Bounds on the unmodulated halo integral. Let
us first consider SI scattering with f,, = f,. Generaliza-
tion to isospin violating scattering with f, # f, and to
SD scattering is straightforward. The predicted number
of events in an interval of observed energies [E1, Eo] is

NEes = MTA? /O dEpn F3(Eny)G 5y, 53] (Enr )i (0m).
(8)

Here G(g, g,)(En;) is the detector response function,
which describes the contribution of events with true
nuclear-recoil energy E,,, to the observed energy interval
[E1, Eo]. It may be non-zero outside the E,, € [E1, Es]
interval due to the finite energy resolution and includes
also (possibly energy dependent) efficiencies. M and T
are the detector mass and exposure time, respectively,
and
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where 7 has units of events/kg/day/keV.

Now we can use the fact that 77 is a monotonically de-
creasing function of v,, [11] (see also [14, 15]). Among all
possible forms for 7 such that they pass through 7j(v,,)
at v, the minimal number of events is obtained for 7
constant and equal to 7(vy,,) until v, and zero after-
wards. Therefore, for a given v,, we have a lower bound

N[péleflEz](vm) > w(vpm) with
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where E(v,,) is given in (2). Suppose an experiment
observes N[Obl“)f, F,) events in the interval [Ey, E]. Then
we can obtain an upper bound on 7 for a fixed v,, at
a confidence level CL by requiring that the probability

of obtaining N[Ob?f ) €vents or less for a Poisson mean

of u(vy,) is equal to 1—CL. Note that this is actually a
lower bound on the CL, since Eq. (10) provides only a
lower bound on the true Poisson mean. For the same
reason we cannot use the commonly applied maximum-
gap method to derive a bound on 7. If several different
nuclei are present, there will be a corresponding sum in
Egs. (8) and (10).

The limit on 7 can then be used in the r.h.s. of Eq. (6)
or (7) to constrain the modulation amplitude. For con-
creteness we first focus on the annual modulation in
DAMA. If m, is around 10 GeV, then DM particles do
not have enough energy to produce iodine recoils above
the DAMA threshold. We can thus assume that the
DAMA signal is entirely due to the scattering on sodium.

We define A, = oppx/(2myp2,) Ay, which is related to



the observed modulation amplitude Afbs by
_ A?bSqNa
A12\Ta<F1%a>ifNa .

Here qna = dEc./dE,, is the sodium quenching fac-
tor, for which we take gn, = 0.3. The index ¢ labels
energy bins, with v, given by the corresponding en-
ergy bin center using Eq. (2). Further, (FZ,); is the
sodium form factor averaged over the bin width and
fNa = mna/(mNa + mp) is the sodium mass fraction.
For the modulation amplitude in CoGeNT we proceed
analogously. Note that the conversion factor from % to 7
is the same as for A,, to A,, and is not dependent on the
nucleus. Therefore, the bounds (6) and (7) apply to 7,
fln without change, even if the l.h.s. and r.h.s. refer to
different experiments.

Let us briefly describe the data we use to derive the up-
per bounds on 7. We consider results from XENON10 [7]
(XE10) and XENON100 [8] (XE100). In both cases we
take into account the energy resolution due to Poisson
fluctuations of single electrons. For XE100 we adopt
the best-fit light-yield efficiency Leg from [8]. The XE10
analysis is based on the so-called S2 ionization signal and
we follow [7] imposing a sharp cut-off of the efficiency
below threshold. From CDMS we use results from a low-
threshold (LT) analysis [9] of Ge data, as well as data on
Si [16]. For SIMPLE [17] we use the observed number of
events and expected background events to calculate the
combined Poisson probability for stage 1 and 2.

For all experiments we use the lower bound on the
expected events, Eq. (10), to calculate the probability of
obtaining less or equal events than observed. For XE100,
CDMS Si, and SIMPLE we just use the total number of
events in the entire reported energy range. For XE10 and
CDMS LT the limit can be improved if data are binned
and the probabilities for each bin are multiplied. This as-
sumes that the bins are statistically independent, which
requires to make bins larger than the energy resolution.
For XE10 we only use two bins. For CDMS LT we com-
bine the 36 bins from Fig. 1 of [9] into 9 bins of 2 keV
where the energy resolution is 0.2 keV.

Results. In Fig. 1 we show the 3¢ limits on 7 com-
pared to the modulation amplitudes A,, from DAMA and
CoGeNT for a DM mass of 10 GeV. Similar results have
been presented in [14, 15]. The CoGeNT amplitude de-
pends on whether the phase is let to vary freely in the
fit or fixed at June 2nd [6], which applies to the “gen-
eral” and “symmetric” halos, respectively. Already at
this level XE100 is in tension with the modulation from
DAMA (and to some extent also CoGeNT).

We now apply our method. As shown in Fig. 2 the
null results become significantly more constraining after
applying the bound Eq. (6). DAMA and GoGeNT are
strongly excluded by XE100, XE10, CDMS LT already
for the general halo, and even more assuming a symmet-
ric halo. Then also CDMS Si excludes DAMA, and there
is some tension with SIMPLE (not shown). In Fig. 3 we
consider two variations of DM—nucleus interaction. The
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FIG. 1: 30 upper bounds on 7. The modulation amplitude
A, is shown for DAMA (for gne = 0.3) and CoGeNT for
both free phase fit (general) and fixing the phase to June
2nd (symmetric). We assume a DM mass of 10 GeV and SI

interactions.
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FIG. 2: Integrated modulation signals, f:f dvAjz, from
DAMA and CoGeNT compared to the 30 upper bounds for
the general halo, Eq. (6). We assume SI interactions and a
DM mass of 10 GeV. The integral runs from vy = vmin till
v2 = 743 km/s (end of the 12th bin in DAMA).

upper panel is for SD interactions with the proton, where
the bound from SIMPLE is in strong disagreement with
the DAMA modulation, due to the presence of fluorine
in their target. (A comparable limit has been published
recently by PICASSO [18].) In the lower panel of Fig. 3
we show the case of SI isospin violating interactions with
fn/fp = —0.7. This choice evades bounds from Xe, but
now the DAMA modulation is excluded by the bounds
from CDMS Si for the general halo and CDMS Si, LT,
and SIMPLE for the symmetric halo.

Let us now quantify the disagreement between the ob-
served DAMA modulation and the rate from another
null-result experiment using our bounds. We first fix v,,.
To each value of 77(v,,) Eq. (10) provides a Poisson mean
1(vy,). We can then calculate the probability p, to ob-
tain equal or less events than measured by the null-result
experiment. Then we construct the bound on the modu-
lation using the same value 7(v,,) on the r.h.s. of Eq. (6)
or (7) (the integrand 7(v) in Eq. (6) is calculated using
the same p, but with v > v, in Eq. (10)). We calculate
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FIG. 3: Integrated modulation signal f:{iin dvAj; from DAMA
compared to the 30 upper bounds for the general halo, Eq. (6)
(solid), and symmetric halo, Eq. (7) with sina = 0.5 (dotted).
We assume a DM mass of 10 GeV, and SD interactions on
protons (upper panel) and SI interactions with f,,/f, = —0.7
(lower panel).

the probability p4 that the bound is not violated by as-
suming on the Lh.s. of Eq. (6) or (7) a Gaussian distribu-
tion for the DAMA modulation signal with the measured
standard deviations in each bin. Then pjoint(7) = pypa
is the combined probability of obtaining the experimen-
tal result for the chosen value of 7. Then we maximize
Dioint (77) With respect to 7 to obtain the highest possible
joint probability.

The results of such an analysis are shown in Fig. 4. The
analysis is performed at the fixed v,, corresponding to the
3rd modulation data point in DAMA, depending on the
DM mass m,.. We find that for all considered interaction
types and m, < 15 GeV at least one experiment disfavors
a DM interpretation of the DAMA modulation at more
than 40 even under the very modest assumptions of the
“general halo”. In the case of SI interactions the tension
with XE100 is at more than 60 for m, 2 8 GeV and
saturates at the significance of the modulation data point
itself at about 6.40 for m, 2 13 GeV. The exclusion
from XE10 is nearly independent of the DM mass slightly
below 60. We show also a few examples of the joint
probability in case of a “symmetric halo”.

As mentioned above, one requirement for our method
to apply is that the DM velocity distribution f(v) is
smooth on scales < v.. Results from N-body simula-
tions [19] indicate that close to the galactic escape ve-
locity vese ~ 550 km/s fluctuations at such small scales
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FIG. 4: The probability that the integrated modulation am-
plitude in DAMA (summed starting from the 3rd bin) is com-
patible with the bound derived from the constraints on 7 for
various experiments as a function of the DM mass. The label
SI (SD), refers to spin-independent (spin-dependent) interac-
tions with fn, = fp (fn = 0), and IV refers to isospin-violating
SI interactions with f,/f, = —0.7. For solid and dashed
curves we use the bounds from Egs. (6) and (7), respectively.

can become significant due to the presence of cold un-
virialized DM streams. Note however, that in all cases
shown above the DAMA modulation signal is excluded
already for v, well below ves., where f(v) is expected
to be sufficiently smooth [19]. Furthermore, since O(v?)
terms in the expansion of Eq. (1) lead to the appearance
of a [cos(27t)]? time dependence, the validity of this ap-
proximation can be checked experimentally by searching
for higher harmonics in the modulation.

While astrophysics uncertainties are avoided, the ob-
tained bounds are still subject to nuclear, particle physics
and experimental uncertainties. For instance, the ten-
sion between the DAMA signal and the bounds depends
on the value of the Na quenching factor gn,, light yield
or ionization yield efficiencies in Xe, upward fluctuations
from below threshold, and so on. For example, if a value
of gng = 0.45 is adopted instead of the fiducial value of
0.3 consistency for SD and isospin violating interactions
can be achieved in the case of the general halo at around
30, while for ST interactions the XE10 bound still implies
tension at more than 50 for m, 2 10 GeV. Hence, the
precise CL of exclusion may depend on systematic uncer-
tainties. We also stress that the above bounds apply to
elastic scattering only.

In conclusion, we have presented a powerful method
to check the consistency of an annual modulation signal
in a DM direct detection experiment with bounds on the
total DM scattering rate from other experiments, almost
completely independent of astrophysics, for a given type
of DM-—nucleus interaction. While our bounds strongly
disfavor a DM interpretation of present annually modu-
lated signals for several models of DM interactions (SI
and SD elastic scattering), the method will be an impor-
tant test that any future modulated signal will have to
pass before a DM interpretation can be accepted.

Acknowledgements: J.H.-G. is supported by the



MICINN under the FPU program. J.H.-G. and T.S. ac-
knowledge support from the EU FP7 ITN INVISIBLES
(MC Actions, PITN-GA-2011-289442). J.Z. was sup-

ported in part by the U.S. National Science Foundation
under CAREER Award PHY1151392.

[1] E. Komatsu et al. [WMAP Collaboration], Astrophys. J.
Suppl. 192, 18 (2011) [arXiv:1001.4538].

[2] A. K. Drukier, K. Freese and D. N. Spergel, Phys. Rev. D
33, 3495 (1986); K. Freese, J. A. Frieman and A. Gould,
Phys. Rev. D 37, 3388 (1988).

[3] R. Bernabei et al. [DAMA Collaboration], Eur. Phys. J.
C 56 (2008) 333 [arXiv:0804.2741]; Eur. Phys. J. C 67
(2010) 39 [arXiv:1002.1028].

[4] C. E. Aalseth et al. [CoGeNT Collaboration|, Phys. Rev.
Lett. 107, 141301 (2011) [arXiv:1106.0650].

[5] T. Schwetz and J. Zupan, JCAP 1108 (2011) 008
[arXiv:1106.6241]; J. Kopp, T. Schwetz and J. Zupan,
JCAP 1203 (2012) 001 [arXiv:1110.2721]; M. Farina,
D. Pappadopulo, A. Strumia and T. Volansky, JCAP
1111 (2011) 010 [arXiv:1107.0715];

[6] P. J. Fox, J. Kopp, M. Lisanti and N. Weiner, Phys. Rev.
D 85 (2012) 036008 [arXiv:1107.0717].

[7] J. Angle et al. [XENON10 Collaboration], Phys. Rev.
Lett. 107 (2011) 051301 [arXiv:1104.3088].

[8] E. Aprile et al. [XENON100 Collaboration], Phys. Rev.
Lett. 107, 131302 (2011) [arXiv:1104.2549).

[9] Z. Ahmed et al. [CDMS-II Collaboration], Phys. Rev.

Lett. 106 (2011) 131302 [arXiv:1011.2482].

[10] Z. Ahmed et al. [CDMS Collaboration], arXiv:1203.1309.

[11] P. J. Fox, J. Liu and N. Weiner, Phys. Rev. D 83 (2011)
103514 [arXiv:1011.1915].

[12] P. J. Fox, G. D. Kribs and T. M. P. Tait, Phys. Rev. D
83, 034007 (2011) [arXiv:1011.1910].

[13] J. Herrero-Garcia, T. Schwetz and J. Zupan, JCAP 1203
(2012) 005 [arXiv:1112.1627].

[14] M. T. Frandsen, F. Kahlhoefer, C. McCabe, S. Sarkar
and K. Schmidt-Hoberg, JCAP 1201 (2012) 024
[arXiv:1111.0292).

[15] P. Gondolo and G. B. Gelmini, arXiv:1202.6359.

[16] D. S. Akerib et al. [CDMS Collaboration], Phys. Rev.
Lett. 96, 011302 (2006) [astro-ph/0509259].

[17) M. Felizardo et al. [SIMPLE Collaboration]|, Phys. Rev.
Lett. 108, 201302 (2012) [arXiv:1106.3014].

[18] S. Archambault et al. [PICASSO Collaboration], Phys.
Lett. B 711 (2012) 153 [arXiv:1202.1240).

[19] M. Kuhlen et al, JCAP 1002, 030
[arXiv:0912.2358].

(2010)



