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Overview

Basics of WIMP direct detection & annual modulation

CoGeNT and DAMA modulation signals

A more detailed treatment of modulation?

Gravitational focusing of WIMPs (and cosmic neutrinos)
Higher-harmonic modes
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Direct Detection 101

Direct detection of WIMP-induced nuclear recoils
via phonons, scintillation, ionization, etc.
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Direct Detection 101

Event rate given by

dR

dE
(t) =

σ0F
2(E)

2mχµ2χN︸ ︷︷ ︸
PARTICLE

× ρ0
∫ ∞
vmin

d3v
f (v, t)

v︸ ︷︷ ︸
ASTRO

=
σ0F

2(E)

2mχµ2χN
× ρ0 η(vmin, t)︸ ︷︷ ︸

mean inverse speed

Minimum lab-frame WIMP speed required to induce nuclear
recoil with energy E

vmin =

√
mNE

2µ2χN
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Direct Detection 101

Event rate depends on lab-frame WIMP velocity distribution

f(v, t) = g(v + vlab(t))

Standard Halo Model (truncated Maxwellian) generally
assumed for galactic-frame velocity distribution

g(v) ∝ e−v2/v20 θ(vesc − v)

v0 = 220 km/s, vesc ≈ 550 km/s

Event rate can be written as

dR

dE
∝

∫ ∞
vmin(E)

d3v
f (v)

v
≈ A0(E)

For SHM, and typical WIMP and experiments,

A0(E) ∝ e−E/E0 , E0 ≈ 10 keV
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Modulation 101

Modulation of event rate can be written as

dR

dE
(t) ∝

∫ ∞
vmin(E)

d3v
f (v, t)

v
≈ A0(E) +A1(E) cos[ω(t− tmax)]

For SHM, and typical WIMP and experiments,

A0(E) ∝ e−E/E0 , E0 ≈ 10 keV, Ā1/Ā0 ≈ few%, tmax ≈ June 1
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Modulation at DAMA: Signal

2-6 keV

 Time (day)
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Figure 1: Experimental model-independent residual rate of the single-

hit scintillation events, measured by DAMA/NaI over seven and by
DAMA/LIBRA over six annual cycles in the (2 – 6) keV energy interval as
a function of the time [5, 21, 11, 12]. The zero of the time scale is January
1st of the first year of data taking. The experimental points present the
errors as vertical bars and the associated time bin width as horizontal bars.
See refs. [11, 12] and text.

features at 8.9σ C.L.[12].
The same data of Fig. 1 have also been investigated by a Fourier analysis

obtaining a clear peak corresponding to a period of 1 year [12]; this analysis
in other energy regions shows instead only aliasing peaks. It is worth noting
that for this analysis the original formulas in Ref. [23] have been slightly
modified in order to take into account for the different time binning and
the residuals errors (see e.g. Ref. [13]).

Moreover, in order to verify absence of annual modulation in other
energy regions and, thus, to also verify the absence of any significant back-
ground modulation, the time distribution in energy regions not of interest
for DM detection has also been investigated: this allowed the exclusion
of background modulation in the whole energy spectrum at a level much
lower than the effect found in the lowest energy region for the single-hit

events [12]. A further relevant investigation has been done by applying the
same hardware and software procedures, used to acquire and to analyse the
single-hit residual rate, to the multiple-hits events in which more than one
detector “fires”. In fact, since the probability that a DM particle interacts
in more than one detector is negligible, a DM signal can be present just in
the single-hit residual rate. Thus, this allows the study of the background
behaviour in the same energy interval of the observed positive effect. The
result of the analysis is reported in Fig. 2 where it is shown the residual
rate of the single-hit events measured over the six DAMA/LIBRA annual
cycles, as collected in a single annual cycle, together with the residual rates
of the multiple-hits events, in the same considered energy interval. A clear

4

Energy (keV)

S m
 (c

pd
/k

g/
ke

V
)

-0.05

-0.025

0

0.025

0.05

0 2 4 6 8 10 12 14 16 18 20

Figure 3: Energy distribution of the modulation amplitudes Sm for the
total cumulative exposure 1.17 ton×yr obtained by maximum likelihood
analysis. The energy bin is 0.5 keV. A clear modulation is present in the
lowest energy region, while Sm values compatible with zero are present just
above. See refs. [11, 12] and text.

annual cycles and energy bins; these and other discussions can be found in
ref. [12].

Many other analyses and discussions can be found in Refs. [11, 12, 13]
and references therein. Both the data of DAMA/LIBRA and of DAMA/NaI
fulfil all the requirements of the DM annual modulation signature.

Careful investigations on absence of any significant systematics or side
reaction have been quantitatively carried out (see e.g. Ref. [5, 3, 10,
11, 12, 17, 13, 24, 25, 26, 27, 28, 29, 30], and references therein). No
systematics or side reactions able to mimic the signature (that is, able to
account for the measured modulation amplitude and simultaneously satisfy
all the requirements of the signature) has been found or suggested by anyone
over more than a decade.

The obtained DAMA model independent evidence is compatible with
a wide set of scenarios regarding the nature of the DM candidate and
related astrophysical, nuclear and particle Physics. For examples some
given scenarios and parameters are discussed e.g. in Ref. [2, 3, 4, 5, 11, 13].
Further large literature is available on the topics (see for example in Ref
[13]). Moreover, both the negative results and all the possible positive hints,
achieved so-far in the field, are largely compatible with the DAMA model-
independent DM annual modulation results in many scenarios considering
also the existing experimental and theoretical uncertainties; the same holds
for indirect approaches; see e.g. arguments in Ref. [13] and references
therein. As an example in Fig. 4 there are shown allowed regions for
DM candidates interacting by elastic scattering on target-nuclei with spin-

6

T = 0.999± 0.002 year, tmax = May 25± 7 days
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Modulation at DAMA: Summary

Exposure of ∼ton-year at NaI target

∼9σ annual modulation of single-hit residuals at 2–6 keVee

Assuming SHM, 10 GeV and 80 GeV ROIs allowed

Phase compatible, fractional amplitude not measured
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Modulation at CoGeNT: Signal

Calculating EC BG:

T = 336± 24 days
S = 12.4± 5%
→ Ā1/Ā0 ≈ 35%

Fitting EC BG:

T = 350± 20 days
S = 21.7± 15%
→ Ā1/Ā0 ≈ 62%

Fixing T = 1 year:
tmax = April 13± 47 days
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Modulation at CoGeNT: Summary

Exposure of 1,129 live days at Ge target

Events in low-energy (0.5–2.0 keVee) and high-energy
(2.0–4.5 keVee) bins

Improved bulk/surface discrimination via rise-time cuts

∼2.2σ annual modulation in low-energy, bulk events
(decrease from ∼2.8σ)

For SHM, best fit by ∼8 GeV & 2× 10−41 cm2

Phase compatible, but fractional amplitude ∼4-7x larger
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Exclusion at Other Experiments?
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Billard et al. 2013 (and others...)
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Modulation in More Detail: Motivation

Making modulation a better smoking gun?

Moving towards a holistic understanding of dark-matter
particle physics and astrophysics

Sensitivity to velocity substructures (disk, streams, etc.)

May extend reach below neutrino floor (if necessary...)
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Modulation 102

Galilean transformation relates lab and galactic frame

f(v, t) = g(v + vlab(t))

= g(v + v� + v⊕(t))
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Modulation 102

Event rate dR
dE (t) proportional to integral of

f(v, t)

v

integrated over v ≥ vmin(E)
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Modulation 102

Samuel Lee Beyond Annual Modulation 15/29



Modulation 102
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Modulation 102
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Modulation 102

Phase of the modulation flips: maximum of event rate in
December (June) at low (high) vmin

100 200 300 400
June 1

May 1

April 1

March 1

Feb 1

Jan 1

Dec 1

vmin Hkm�sL
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Modulation 201: Gravitational Focusing

Sun’s gravitational potential induces comparable modulation
(for slowly moving WIMPs)

Ā1/Ā0 ∼ ε ∼
v⊕
v�
∼

√
GM�/R⊕
v0

Sun

Earth

DM Wind

June 1 

Sept 1 March 1 

Dec 1 

Wednesday, July 31, 13

SKL, Mariangela Lisanti, Annika Peter, Ben Safdi 2013
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Modulation 201: Gravitational Focusing

Sun

Earth

DM Wind

June 1 

Sept 1 March 1 

Dec 1 

Wednesday, July 31, 13

SKL, Mariangela Lisanti, Annika Peter, Ben Safdi 2013
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Modulation 201: Gravitational Focusing

Non-Galilean transformation relates lab and galactic frames

f(v, t) = g(v∞ [v + v⊕(t), t] + v�)

v∞[vs, t] =
v2∞vs + v∞(GM�/rs)r̂s − v∞vs(vs · r̂s)

v2∞ +GM�/rs − v∞(vs · r̂s)

Sun

Earth

DM Wind

June 1 

Sept 1 March 1 

Dec 1 

Wednesday, July 31, 13

Alenazi and Gondolo 2006
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Modulation 201: Gravitational Focusing

Gravitational focusing results in an
ENERGY-DEPENDENT MODULATION PHASE

t0

t0 + Dt

t0, no GF

100 200 300 400
June 1

May 1

April 1

March 1

Feb 1

Jan 1

Dec 1

vmin Hkm�sL

50 GeV

15 GeV

8 GeV

0.1 1 5 20 50
June 1

May 1

April 1

March 1

Feb 1

Jan 1

Dec 1

Emin HkeVnrL

t̄0(Emin, Emin + 1 keVnr)

Smoking gun 2.0 – but low energy thresholds required!
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Modulation 201: Gravitational Focusing

-1in-1in
50 GeV
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Modulation 201: GF and DAMA?

GF may already be important for 80 GeV DAMA ROI
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Modulation 201: GF and Dark Disk

Co-rotating dark-disk scenarios with slowly moving WIMPs
will be especially sensitive to GF

SKL, Lisanti, Peter, Safdi in prep
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Modulation 201: GF and Cosmic Neutrinos

GF is solely responsible for modulation of cosmic neutrinos,
which may be detected via velocity-independent capture

νe +N → N ′ + e
2

����� ����

������� ����

�����

���

ŷ

ẑ

�������� ������ �����
����

����� ���

�������
����

���� ��

✏̂1

✏̂2

FIG. 1: The direction of the neutrino wind relative to the ecliptic plane affects both the amplitude and phase of the modulation.
(left) A projection of the Earth’s orbit onto the Galactic ŷ–ẑ plane. The dotted curve illustrates the Sun’s orbit about the
Galactic Center in the x̂–ŷ plane. The bound neutrino wind is at an angle ∼60◦ to the ecliptic plane, compared to ∼10◦ for
the unbound wind. This results in a suppressed modulation fraction for the bound neutrinos. (right) The Earth’s orbit in the
ecliptic plane, spanned by the vectors �̂1 and �̂2. The focusing of bound and unbound neutrinos by the Sun is also depicted.
The neutrino density is maximal around March 1(September 11) for the bound(unbound) components. The Earth is shown at
March 1 in both panels.

g⊕(pν) is the lab-frame phase-space distribution of neu-
trinos [19]. The product σNCBvν is velocity-independent
to very high accuracy when Eν � Qβ , which always ap-
plies to cosmic neutrinos. For tritium decay [19],

σNCB

�
3H

�
vν = (7.84± 0.03)× 10−45 cm2 . (3)

In this limit, (2) simplifies to

λν = nν lim
pν→0

σNCB vν , nν =

�
g⊕(pν)

d3pν
(2π)3

, (4)

where nν is the local neutrino density.
At the time of decoupling, the neutrinos follow the

relativistic Fermi-Dirac distribution,

g̃CνB(pν) =
1

1 + epν/Tν
, (5)

in the CνB rest-frame. Because particle number is
conserved after decoupling, this distribution holds even
when the neutrinos become non-relativistic, if the ef-
fects of cosmological perturbations are ignored. In this
case, the number density of electron neutrinos today is
nν ≈ 56 cm−3.
While relic neutrinos are relativistic at decoupling,

they become non-relativistic at late times and their av-
erage velocity is

�vν� = 160(1 + z) (eV/mν) km/s , (6)

where z is the redshift and mν is the neutrino mass.
Galaxies and galactic clusters have velocity dispersions
of order 102–103 km/s; dwarf galaxies have dispersions
of order 10 km/s. Therefore, sub-eV neutrinos can clus-
ter gravitationally only when z � 2.

In reality, the local neutrino phase-space distribution,
as needed for (2), is more complicated than the Fermi-
Dirac distribution. Non-linear evolution of the CνB can
affect both the density and velocity of the neutrinos
today, depending primarily on the neutrino mass [16].
Ref. [14] simulated neutrino clustering in a Milky Way-
like galaxy and found that the local neutrino density is
enhanced by a factor of ∼2(20) for 0.15(0.6) eV neutri-
nos. In addition, they find more high-velocity neutrinos
than expected from a Fermi-Dirac distribution.

Current numerical predictions for the neutrino phase-
space distribution do not account for the relative velocity
of the Milky Way with respect to the CνB. The last scat-
tering surface of cosmic neutrinos is thicker and located
closer to us than that for photons, because the neutri-
nos become non-relativistic at late times [20]. The av-
erage distance to the neutrinos’ last scattering surface is
∼2000(500) Mpc for neutrinos of mass 0.05(1) eV [20].
For comparison, the last scattering surface for photons
is ∼104 Mpc away. These distances are greater than the
sizes of the largest superclusters, which are O(100) Mpc
in length. Consequently, it is reasonable to assume that
neutrinos do not have a peculiar velocity relative to the
CMB. Measurements of the CMB dipole anisotropy show
that the Sun is traveling at a speed of vCMB ≈ 369 km/s
in the direction v̂CMB = (−0.0695,−0.662, 0.747) relative
to the CMB rest-frame [21–23]. In this Letter, we assume
that the same is true for the CνB rest-frame.

Given the uncertainties on g⊕(pν), we consider the lim-
iting cases where the relic neutrinos in the Solar neigh-
borhood are either all unbound or all bound to the Milky
Way. We show that the neutrino capture rate modulates
annually in both these limits, but that the modulation
phase differs between the two. More realistically, the lo-
cal distribution is likely a mix of bound and unbound
neutrinos, and the correct phase is different from the ex-

Safdi, Lisanti, Spitz, Formaggio 2014
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Modulation 201: Higher Harmonics

Higher modes are generically present, but suppressed by ε = v⊕
4v�

Circular orbit usually assumed, leading to cosine expansion

dR

dE
(t) = A0(E) +

∑
n

An(E) cos[nω(t− tmax)]

with An/A0 ∼ εn and MT (An)/MT (A0) ∼ ε−2n

SKL, Lisanti, Safdi 2013
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Modulation 201: Higher Harmonics

Consistent expansion should include eccentricity e = 0.017 ∼ ε
Elliptical orbit (correcting Lewin and Smith 1996) leads to

dR

dE
(t) = A0(E) +

∑
n

An(E) cos[nω(t− tmax)]

+
∑
n

Bn(E) sin[nω(t− tmax)]

with Bn/A0 ∼ εn and MT (Bn)/MT (B0) ∼ ε−2n (except n = 1)

�p

✏̂1

✏̂2

a

b

E
⌫

SKL, Lisanti, Safdi 2013
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Modulation 201: Higher Harmonics

Harmonic structure is typically related to orbital parameters

B1(E)

A1(E)
≈ 2e sin(λp − wφ) ≈ 1

59

B2(E)

B1(E)
≈ 1

2

Relations can be used to test presence of velocity substructure

�p

✏̂1

✏̂2

a

b

E
⌫

SKL, Lisanti, Safdi 2013
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Modulation 201: Higher Harmonics

Higher harmonics can be enhanced in various scenarios

SHM: vmin = 420 km�s DD: vmin = 120 km�s
SHM: vmin = 780 km�s Str: vmin = 420 km�s

June
21st

Sep.

22nd

Dec.
21st

March
21st

May
31st

t HdaysL

dR
�d

E
nr

Orbit of the earth and DM velocity distribution both leave
UNIQUE IMPRINT ON HARMONIC STRUCTURE
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Modulation 201: Higher Harmonics

Higher harmonics can be enhanced in various scenarios
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Conclusion

Confusion surrounding hints of signals motivates a more
detailed consideration of modulation

Higher-order effects can be powerful and informative
discriminators

Gravitational focusing by sun → energy-dependent phase
Details of earth’s orbit → structure of higher harmonics

Low thresholds (GF) or large exposures (harmonics)

Time dependence provides a key axis (along with
directional and material signals) for DM detection and
characterization!
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