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XENON100 Results: Spin-Dependent
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Phys. Rev. Lett. 111, 021301 (2013)
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World-best limit for neutron coupling: 

σ
n
 < 3.0×10-40 cm2 @ 45 GeV/c2 (90% CL)

Aprile et al (XENON100) 2013

Direct WIMP searches (2015)

Spin-dependent 
interactions

Amole et al (PICO) 2015

IceCube and SuperK 
(high-energy neutrinos from the Sun) 

ATLAS and CMS 
(WIMP production at the LHC) 

protonneutron DAMADAMA



Aprile et al (XENON100) 2015

Direct WIMP searches (2015)

Interactions 
with electrons



Direct WIMP searches (near future)

Summary by Elena Aprile 2015



• DAMA observes such kind of modulation
2-4 keV
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Figure 2: Model-independent residual rate of the single-hit scintillation events, mea-
sured by the new DAMA/LIBRA experiment in the (2 – 4), (2 – 5) and (2 – 6) keV
energy intervals as a function of the time. The residuals measured by DAMA/NaI and
already published in ref. [4, 5] are also shown. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment. The exper-
imental points present the errors as vertical bars and the associated time bin width
as horizontal bars. The superimposed curves represent the cosinusoidal functions be-
haviours A cosω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained by
best fit over the whole data, that is: (0.0215± 0.0026) cpd/kg/keV, (0.0176± 0.0020)
cpd/kg/keV and (0.0129±0.0016) cpd/kg/keV for the (2 – 4) keV, for the (2 – 5) keV
and for the (2 – 6) keV energy intervals, respectively. See text. The dashed vertical
lines correspond to the maximum of the signal (June 2nd), while the dotted vertical
lines correspond to the minimum. The total exposure is 0.82 ton×yr.
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Bernabei et al 1997-now

• The revolution of the Earth around the 
Sun modulates the WIMP event rate

Annual modulation in direct detection

Drukier, Freese, Spergel 1986

9.3σ detection



Direct evidence for dark matter particles?
The DAMA signal seems incompatible with other experiments

Aprile et al (XENON) 2015

XENON100 finds an 
annual modulation in 
single- and multiple-

electron scattering events
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DAMA modulation

No systematics or side reaction able to 
account for the measured modulation 
amplitude and to satisfy all the 
peculiarities of the signature 
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Multiple hits events =  
Dark Matter particle “switched off” 

This result offers an additional strong support for the presence of DM particles in the 
galactic halo further excluding any side effect either from hardware or from software 
procedures or from background 

2-6 keV 

Comparison between single hit residual rate (red points) and multiple 
hit residual rate (green points); Clear modulation in the single hit events; 
No modulation in the residual rate of the multiple hit events  
A=-(0.0005±0.0004) cpd/kg/keV 

EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648 

Principal mode  
2.737×10-3 d-1 ≈ 1 y-1 

Model$Independent$Annual$Modulation$Result8
DAMA/NaI + DAMA/LIBRA-phase1   Total exposure: 487526 kg×day = 1.33 ton×yr 

The data favor the presence of a modulated behaviour with all the proper 
features for DM particles in the galactic halo at about 9.2σ C.L. 

                                                                                                                                                                                                                                                                                                                                                Acos[ω(t-t0)] 

The measured modulation amplitudes (A), period (T) 
and phase (t0) from the single-hit residual rate vs time 
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DAMA modulation

•  No modulation above 6 keV  
•  No modulation in the whole energy spectrum 
•  No modulation in the 2-6 keV multiple-hit 

events 

R(t) = S0 + Sm cos ω t − t0( )"# $%
hereT=2π/ω=1 yr and t0= 152.5 day 

No systematics or side processes able to 
quantitatively account for the measured modulation 
amplitude and to simultaneously satisfy the many 
peculiarities of the signature are available. 

( )[ ] ( )[ ] ( )[ ]*0000 cossincos)( ttYSttZttSStR mmm −+=−+−+= ωωω

Model$Independent$Annual$Modulation$Result8

ΔE = 0.5 keV bins 

DAMA/NaI + DAMA/LIBRA-phase1   Total exposure: 487526 kg×day = 1.33 ton×yr 
EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648 
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Direct evidence for dark matter particles?
The DAMA signal seems incompatible with other experiments

DAMA signal
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Detector response

Is a nuclear recoil detectable?

Probability of detecting an event with energy (or number of 
photoelectrons) E, given an event occurred with recoil energy ER.

Counting efficiency, energy resolution, scintillation response, etc.
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Detector response
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Compilation of measurements of the light 
efficiency factor Leff in liquid xenon

Aprile et al (XENON100), 1104.2549
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tion light (S1) and ionization electrons, the latter being
detected through the process of proportional scintilla-
tion (S2) in the gaseous xenon above the liquid. Both
S1 and S2 signals are registered by photomultiplier tubes
(PMTs), at the bottom of the LXe target for optimal
light collection, and placed above in the gas phase. The
interaction vertex is reconstructed in 3 dimensions, with
the (x, y)-position determined from the hit pattern of the
localized S2 signal on the top PMT array, and the z-
coordinate deduced from the drift time between the S1
and S2 signals. This allows to fiducialize the target vol-
ume to exploit the excellent self-shielding capabilities of
LXe. Due to their di↵erent ionization densities, ERs (�,
� background) and NRs (WIMP signal or neutron back-
ground) have a di↵erent S2/S1 ratio, which is used as
discrimination parameter.

The 242 PMTs used in XENON100 are 100-square
Hamamatsu R8520-AL PMTs with a quantum e�ciency
of ⇠30% at the Xe light wavelength of 178 nm, and low
intrinsic radioactivity [8]. The measured average energy
threshold of the LXe veto is ⇠ 100 keVee.

The TPC is installed inside a vacuum insulated stain-
less steel cryostat which is surrounded by a passive shield
made of high purity copper, polyethylene, lead and water
in order to suppress external backgrounds. A constant
flow of high-purity nitrogen boil-o↵ gas keeps the 222Rn
level inside the shield < 1Bq/m3. A 200 W pulse tube
refrigerator, installed outside the shield structure, keeps
the detector at its operating temperature of �91�C, with
excellent stability over time (fluctuations <0.05%). To
bring calibration sources (60Co, 137Cs, 241AmBe) close
to the target, a copper tube penetrates the shield and
winds around the cryostat. XENON100 is installed un-
derground at the Italian Laboratori Nazionali del Gran
Sasso (LNGS) below an average 3600m water equivalent
rock overburden, which reduces the muon flux by a fac-
tor ⇠ 106.

At low energies, the event trigger is provided by the S2
signal. The summed signal of 84 central PMTs is shaped
and fed into a low-threshold discriminator. The trigger
e�ciency has been measured to be > 99% at 300 photo-
electrons (PE) in S2.

Three algorithms are used to reconstruct the (x, y) co-
ordinates of the events. They yield consistent results out
to a radius of 14.2 cm, with the active TPC radius be-
ing 15.3 cm. The (x, y) resolution was measured with
a collimated source and is <3 mm (1�). The algorithm
based on a Neural Network gives the most homogeneous
response and thus is used for event positioning, while
the information from the other algorithms is used for
consistency checks. The drift time measurement gives a
z-position resolution of 0.3mm (1�) and allows to dis-
tinguish two S2 interaction vertices if separated by more
than 3 mm in z. The positions are corrected for non-
uniformities of the drift field, as inferred from a finite-
element simulation and validated by data.

XENON100 uses continuous xenon purification
through a hot getter. The mean electron lifetime ⌧e is
indicative of the amount of charge lost to impurities [11].
It increased from 230µs to 380µs for the data reported
here, as measured weekly with 137Cs calibrations. A
linear fit to the ⌧e time evolution yields the z-correction
for the S2 signals with negligible systematic uncer-
tainty (< 2.5%). (x, y) variations of the S2 signal are
corrected using a map obtained with the 662 keVee line
from 137Cs.
The spatial dependence of the S1 signal due to the

non-uniform light collection is corrected for using a map
obtained with the 40 keVee line from neutrons scatter-
ing inelastically on 129Xe. It agrees within 3% with
maps inferred from data using the 662 keVee line and the
164 keVee line, from neutron-activated 131mXe. The light
yield Ly(122 keVee) = (2.20± 0.09)PE/keVee at the ap-
plied drift field of 530V/cm in the LXe is determined
by a fit to the light yields measured with all available
calibration lines [7].
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FIG. 1: All direct measurements of Le↵ [12, 13] described by a
Gaussian distribution to obtain the mean (solid line) and the
uncertainty band (shaded blue, 1� and 2�). Below 3 keVnr,
where no direct measurements exist, the trend is logarithmi-
cally extrapolated to Le↵ = 0 at 1 keVnr.

The NR energy Enr is inferred from the S1 signal us-
ing Enr=(S1/Ly)(1/Le↵)(See/Snr). The scintillation ef-
ficiency Le↵ of NRs relative to the one of 122 keVee �-
rays at zero field is taken as the parametrization shown
in Fig. 1, which is strongly supported by measurements
from the Columbia group [12] but includes all direct mea-
surements of this quantity [13]. Le↵ is logarithmically ex-
trapolated below the lowest measured energy of 3 keVnr.
The electric field scintillation quenching factors for ERs
See = 0.58 and NRs Snr = 0.95 are taken from [14].
From a comparison of the measured background rate

with Monte Carlo simulations of the XENON100 elec-
tromagnetic background [10], a natKr concentration of
(700 ± 100) ppt is inferred for the data reported here,
higher than in the 11 days data reported earlier [7].
The additional Kr was introduced by an air leak dur-
ing maintenance work on the gas re-circulation pump,
prior to the start of the data-taking period. This
results in an expected ER background of < 22 ⇥

New efforts 
to measure 
efficiency at 

low recoil 
energy
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Particle physics model

WIMP-nucleus cross section:
spin-independent, spin-dependent, 

electric, magnetic, ...

What force couples dark matter to nuclei?
Coupling to nucleon number density, nucleon spin density, ...

WIMP speed

WIMP mass Nucleus recoil energy
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Spin-independent
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Effective four-
particle vertices

Nuclear spin 
structure functions
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nucleus DM
v2 dσ/dER

light mediator heavy mediator

“charge” “charge” 1/ER2 1/M4

“charge” dipole 1/ER ER/M4

dipole dipole const + ER/v2 ER2/M4

See e.g.  Barger, Keung, Marfatia 2010; Fornengo, Panci, Regis 2011; An et al 2011

All terms may be multiplied by nuclear or DM form factors F(ER)

Velocity and/or transfer energy dependence in scattering cross sections

Particle physics model



Particle physics model
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O
q,g q,g

Four-particle effective operators

All non-relativistic short-distance operators to second order in v, q

of particles of spin one or less (i.e. at most quadratic in either ~S or ~v). In any Lorentz-invariant

local quantum field theory, CP-violation is equivalent to T-violation, so let us first consider

operators that respect time reversal symmetry. These operators are
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The operators in the first line of eq. (4) are parity conserving, while those of the second line

are parity violating. In addition, there are T-violating operators:
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).

In order to determine the interaction of DM particles with the nucleus, the above oper-

ators need to be inserted between nuclear states. Experimentally, the relevant question is

thus what sort of nuclear responses these operators illicit when DM couples to the nucleus.

We find that there are six basic responses corresponding to single-nucleon operators labeled

M
J ;p,n

, ⌃0
J ;p,n

, ⌃00
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, �
J ;p,n

, �̃0
J ;pn

, �00
J ;p,n

in our discussion of section 3. Five of these re-
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, ⌃00
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, �00
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) arise in CP conserving interactions (due to the

exchange of spin one or less), and we therefore primarily focus on this smaller set. Although a

certain CP-violating interaction can be viable (see section 6), finding a UV-model which will

result in the response �̃0
J ;pn

seems more challenging. In this paper we provide form factors in

detail for some commonly used elements, however, it is useful to have a heuristic description

for the responses. M is the standard spin-independent response. ⌃0, ⌃00 are the transverse

and longitudinal (with respect to the momentum transfer) components of the nucleon spin

(either p or n). They favor elements with unpaired nucleons. A certain linear combination

of them is the usual spin-dependent coupling. � at zero-momentum transfer measures the

net angular-momentum of a nucleon (either p or n). This response can be an important

contribution to the coupling of DM to elements with unpaired nucleons, occupying an orbital

shell with non-zero angular momentum. Finally, �00, at zero-momentum transfer is related to

(~L · ~S)
n,p

. It favors elements with large, not fully occupied, spin-partner angular-momentum

orbitals (i.e. when orbitals j = ` ± 1

2

are not fully occupied). As all these responses view

nuclei di↵erently, a completely model independent treatment of the experiments requires data

to be considered for each response separately (up to interference e↵ects).

Our paper is organized as follows. In section 2, we describe in detail the e↵ective field

theory, emphasizing the non-relativistic building blocks of operators and their symmetry

properties, and demonstrate that the operators in (4,5) describe the most general low-energy

theory given our assumptions. In section 3, we discuss the relevant nuclear physics, and in

particular we thoroughly analyze the possible nuclear response function in a partial wave

basis, which is the standard formalism for such physics. In section 4, we give an overview of

the various new nuclear responses, with an emphasis on their relative strength at di↵erent

elements. In section 5, we summarize these results in a format that can be easily read o↵ and
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Fitzpatrick et al 2012

Interference is important although often, but not always, neglected.
Long-distance interactions are not included.



Combined analysis of short-distance operators Catena, Gondolo 2014
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Figure 5. 2D profile likelihood in the 45 planes spanned by all the independent pairs of e↵ective
couplings considered in this work. For illustrative purposes we have introduced in this figure the new
variables xi ⌘ c

0
im

2
v, with i = 1, 3, . . . , 11. These 2D profile likelihoods have been extracted from an

analysis in which all the datasets with null results were fit simultaneously varying all the e↵ective
couplings and the dark matter mass (together with the nuisance parameters). This figure clearly
shows the absence of strong correlations between the di↵erent e↵ective couplings, except between
c

0
1–c

0
3 and c

0
4–c

0
6 (see text and Figs. 4 and 6).

We exploit the Multinest program to explore the multidimensional parameter space of
the dark matter-nucleon e↵ective theory by simultaneously varying the 11 model parameters
and the 4 additional nuisance parameters listed in Tab. 2. Our analysis is based on about 3
million likelihood evaluations.

Fig. 5 shows the 2D profile likelihoods in the planes c

0
i vs c

0
j (with i, j = 1, 3, . . . , 11

and i 6= j), obtained by profiling out all parameters but c0i and c

0
j . There are 45 independent
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⌘
O11 = �i

~

S� · ~q
mN

Table 1. List of the 10 non-relativistic operators defining the e↵ective theory of the dark matter-
nucleon interaction studied in this paper. The operators Oi are the same as in Ref. [32].

interactions. Equivalently, cpi = (c0i + c

1
i )/2 and c

n
i = (c0i � c

1
i )/2 are the coupling constants

for protons and neutrons, respectively. In this paper we restrict our analysis to isoscalar
interactions (often but improperly called “isospin-conserving” interactions), i.e., we set c1i = 0
(see Ref. [38] for an analysis of isovector couplings). The interaction Hamiltonian used
to calculate the cross section for dark matter scattering on nucleons bound in a detector
nucleus is obtained from Eq. (2.1) by replacing the point-like charge and spin operators
with the corresponding extended nuclear charge and spin-current densities, as for instance
in Eq. 27 of Ref. [32]. In this case the relative �-nucleon transverse velocity operator ~v?�N is

conveniently rewritten as ~v?�N = ~v

?
�T � ~v

?
NT [30], where the first term ~v

?
�T is the �-nucleus

transverse velocity operator (with matrix element equal to ~v�T � ~q/2µT , where ~v�T is the
initial �-nucleus relative velocity and µT is the �-nucleus reduced mass), and the second term
~v

?
NT is the transverse relative velocity of the nucleon N with respect to the nucleus center of
mass [30]. To simplify the notation and connect it to the usual notation in analyses of dark
matter experiments, we write ~v without index for the relative �-nucleus velocity ~v�T .

The di↵erential cross section for dark matter scattering on a target nucleus of mass mT

is given by

d�

dER
=

mT

2⇡v2

"
1

2j� + 1

1

2jN + 1

X

spins

|MNR|2
#

(2.2)

where |MNR|2 denotes the square modulus of the non-relativistic scattering amplitude MNR

(related to the usual invariant amplitude M by M = 4m2
TMNR), and j� and jN are the

dark matter and nucleus spins, respectively. When averaged over initial spins and summed
over final spins, |MNR|2 gives a quantity Ptot proportional to the total transition probability,
which can be expressed as a combination of nuclear and dark matter response functions. In
the most general case it takes the following form

Ptot(v
2
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Figure 4. 95% CL profile-likelihood upper limits on the coupling constants c0i (i = 1, 3, . . . , 11) that
can in principle exhibit correlations, for the LUX experiment and a dark matter particle massm� = 10
TeV. There is negligible correlation between c

0
4 and c

0
5 and between c

0
8 and c

0
9, positive correlation

between c

0
1 and c

0
3, and negative correlation between c

0
4 and c

0
6.

for a given experiment at a given m� and ⌘ are ellipses in the c0i –c
0
j plane. These ellipses can

be obtained without random sampling in parameter space by writing

aii(c
0
i )

2 + 2aijc
0
i c

0
j + ajj(c

0
j )

2 = µSconst, (5.4)

where µSconst is the desired value of µS (e.g., its upper limit) and the coe�cients aii, aij ,
and ajj are obtained using Eqs. (2.3), (2.5), (4.1), (4.2), and (B.1). The relative size of these
coe�cients, and thus the shape of the ellipses, is essentially fixed by the nuclear structure
functions W . The correlation coe�cient rij for the pair of variables c0i and c

0
j follows as

rij = � aijp
aiiajj

. (5.5)

Fig. 4 shows the ellipses (5.4) for LUX at m� = 10 TeV, with µSconst corresponding to the
LUX upper limit. We see that out of the four possible cases, two exhibit negligible correlations
(with r45 = �0.027 and r89 = 0.054), one has positive correlation (c01 and c

0
3 with r13 = 0.90)

and one has negative correlation (c04 and c

0
6 with r46 = �0.64). These correlations survive

when all experiments are included in the profile likelihood analysis, as seen next.
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Astrophysics model: annual modulation
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Astrophysics model: local density

Read at IDM 2014

Measurement | Historic measures

Read 2014
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Conclusions

• The latest constraints on the local dark matter density give:

• Comparing these with the rotation curve implies a near-spherical MW 
halo at ~8kpc, little dark disc, and a quiescent merger history. 

• We have searched for stars accreted along with the dark disc, finding 
none so far; this supports the “quiescent MW” scenario.

• Gaia will move us into the realm of truly precise measurements of the 
Local Dark Matter Density.

�dm = 0.33+0.26
�0.075 GeV cm�3 �dm = 0.25± 0.09GeV cm�3

[volume complete; G12*;R14] [SDSS; Z13]

Garbari et al. 2012; Zhang et al. 2013; Read 2014; Ruchti, Read et al. 2014, submitted
Tuesday, June 24, 2014

The dark matter density near the Solar System 
is known reasonably well



Cosmological N-Body 
simulations including 
baryons are challenging 
but underway

We know very little about 
the dark matter velocity 
distribution near the Sun 

Phase-space structure in the local dark matter distribution 3

for all six halos with about 200 million particles within R200. Fur-
ther details of the halos and their characteristics can be found in
Springel et al. (2008).

In the following analysis we will often compare the six level-2
resolution halos, Aq-A-2 to Aq-F-2. To facilitate this comparison,
we scale the halos in mass and radius by the constant required to
give each a maximum circular velocity of Vmax = 208.49 km/s,
the value for Aq-A-2. We will also sometimes refer to a coordi-
nate system that is aligned with the principal axes of the inner halo,
and which labels particles by an ellipsoidal radius rell defined as
the semi-major axis length of the ellipsoidal equidensity surface on
which the particle sits. We determine the orientation and shape of
these ellipsoids as follows. For each halo we begin by diagonal-
ising the moment of inertia tensor of the dark matter within the
spherical shell 6 kpc < r < 12 kpc (after scaling to a com-
mon Vmax). This gives us a first estimate of the orientation and
shape of the best fitting ellipsoid. We then reselect particles with
6 kpc < rell < 12 kpc, recalculate the moment of inertia tensor
and repeat until convergence. The resulting ellipsoids have minor-
to-major axis ratios which vary from 0.39 for Aq-B-2 to 0.59 for
Aq-D-2. The radius restriction reflects our desire to probe the dark
matter distribution near the Sun.

3 SPATIAL DISTRIBUTIONS

The density of DM particles at the Earth determines the flux of
DM particles passing through laboratory detectors. It is important,
therefore, to determine not only the mean value of the DM density
8 kpc from the Galactic Centre, but also the fluctuations around this
mean which may result from small-scale structure.

We estimate the local DM distribution at each point in our
simulations using an SPH smoothing kernel adapted to the 64
nearest neighbours. We then fit a power law to the resulting dis-
tribution of ln ρ against ln rell over the ellipsoidal radius range
6 kpc < rell < 12 kpc. This defines a smooth model density
field ρmodel(rell). We then construct a density probability distribu-
tion function (DPDF) as the histogram of ρ/ρmodel for all particles
in 6 kpc < rell < 12 kpc, where each is weighted by ρ−1 so that
the resulting distribution refers to random points within our ellip-
soidal shell rather than to random mass elements. We normalise the
resulting DPDFs to have unit integral. They then provide a prob-
ability distribution for the local dark matter density at a random
point in units of that predicted by the best fitting smooth ellipsoidal
model.

In Fig. 1 we show the DPDFs measured in this way for all
resimulations of Aq-A (top panel) and for all level-2 halos after
scaling to a common Vmax (bottom panel). Two distinct compo-
nents are evident in both plots. One is smoothly and log-normally
distributed around ρ = ρmodel, the other is a power-law tail to high
densities which contains less than 10−4 of all points. The power-
law tail is not present in the lower resolution halos (Aq-A-3, Aq-
A-4, Aq-A-5) because they are unable to resolve subhalos in these
inner regions. However, Aq-A-2 and Aq-A-1 give quite similar re-
sults, suggesting that resolution level 2 is sufficient to get a reason-
able estimate of the overall level of the tail. A comparison of the six
level 2 simulations then demonstrates that this tail has similar shape
in different halos, but a normalisation which can vary by a factor
of several. In none of our halos does the fraction of the distribu-
tion in this tail rise above 5× 10−5. Furthermore, the arguments of
Springel et al (2008) suggest that the total mass fraction in the in-
ner halo (and thus also the total volume fraction) in subhalos below
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Figure 2. Top four panels: Velocity distributions in a 2 kpc box at the Solar
Circle for halo Aq-A-1. v1, v2 and v3 are the velocity components parallel
to the major, intermediate and minor axes of the velocity ellipsoid; v is the
modulus of the velocity vector. Red lines show the histograms measured
directly from the simulation, while black dashed lines show a multivari-
ate Gaussian model fit to the individual component distributions. Residuals
from this model are shown in the upper part of each panel. The major axis
velocity distribution is clearly platykurtic, whereas the other two distribu-
tions are leptokurtic. All three are very smooth, showing no evidence for
spikes due to individual streams. In contrast, the distribution of the velocity
modulus, shown in the upper left panel, shows broad bumps and dips with
amplitudes of up to ten percent of the distribution maximum. Lower panel:
Velocity modulus distributions for all 2 kpc boxes centred between 7 and
9 kpc from the centre of Aq-A-1. At each velocity a thick red line gives the
median of all the measured distributions, while a dashed black line gives
the median of all the fitted multivariate Gaussians. The dark and light blue
contours enclose 68% and 95% of all the measured distributions at each ve-
locity. The bumps seen in the distribution for a single box are clearly present
with similar amplitude in all boxes, and so also in the median curve. The
bin size is 5 km/s in all plots.

NO BARYONS!!!!

Maxwellian

Vogelsberger et al 2009

Median
68% 95%

Astrophysics model: velocity distribution

orbit
Pal 5

trailing tail

leading tail

Odenkirchen et al 2002 (SDSS)

SDSS, 2MASS, SEGUE,…….

Streams of stars have been 
observed in the galactic halo
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FIG. 3. Small gray dots are all veto-anticoincident single-
scatter events within the ionization-partition fiducial volume
that pass the data-quality selection criteria. Large encircled
shapes are the 11 candidate events. Overlapping shaded re-
gions (from light to dark) are the 95% confidence contours ex-
pected for 5, 7, 10 and 15 GeV/c2 WIMPs, after application
of all selection criteria. The three highest-energy events occur
on detector T5Z3, which has a shorted ionization guard. The
band of events above the expected signal contours corresponds
to bulk electron recoils, including the 1.3 keV activation line
at a total phonon energy of ⇠3 keV. High-radius events near
the detector sidewalls form the wide band of events with near-
zero ionization energy. For illustrative purposes, an approxi-
mate nuclear-recoil energy scale is provided.

a WIMP-nucleon scattering interpretation of the excess
reported by CoGeNT, which also uses a germanium tar-
get. Similar tension exists with WIMP interpretations
of several other experiments, including CDMS II (Si),
assuming spin-independent interactions and a standard
halo model. New regions of WIMP-nucleon scattering
for WIMP masses below 6 GeV/c2 are excluded.
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the United States Department of Energy.

FIG. 4. The 90% confidence upper limit (solid black) based on
all observed events is shown with 95% C.L. systematic uncer-
tainty band (gray). The pre-unblinding expected sensitivity
in the absence of a signal is shown as 68% (dark green) and
95% (light green) C.L. bands. The disagreement between the
limit and sensitivity at high WIMP mass is due to the events
in T5Z3. Closed contours shown are CDMS II Si [3] (dotted
blue, 90% C.L.), CoGeNT [4] (yellow, 90% C.L.), CRESST-II
[5] (dashed pink, 95% C.L.), and DAMA/LIBRA [34] (dash-
dotted tan, 90% C.L.). 90% C.L. exclusion limits shown are
CDMS II Ge [22] (dotted dark red), CDMS II Ge low-threshold
[17] (dashed-dotted red), CDMSlite [20] (solid dark red), LUX
[35] (solid green), XENON10 S2-only [19, 36] (dashed dark
green), and EDELWEISS low-threshold [18] (dashed orange).
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Figure 14: Astrophysics independent comparison of CoGeNT and DAMA modulation amplitudes.

4.3.2 Summary of Halo-Independent Comparisons

A direct comparison of the modulated amplitude allows us to make interesting comparisons

between di↵erent experiments. The most direct, to CDMS-Ge, shows that the modulation is

compatible with CDMS, but only if the modulation is nearly 100%. As a consequence, the

modulation should be easily apparent in the CDMS data.

Ultimately, while there is a rough agreement between the size of the CoGeNT modulation

and the DAMA modulation, the energy range over which the modulation is spread seems

in conflict with previous interpretations [35] invoking a high Q
Na

, without disregarding a

modulation in an energy range which is statistically as significant as in the lower energy

range.

Indeed, as expected, the presence of modulation in the high energy range brings about

the greatest tensions overall. The absence of a signal at CDMS-Si requires the signal to be

highly modulated, while XENON100 should have seen a signal unless L
eff

is significantly

smaller than the measurements of [50].

Such comparisons are only in the context of SI scattering proportional to A2. Invoking

interference between protons and neutrons to alleviate XENON100 constraints would exacer-

bate tensions with CDMS-Si, and likely cannot address these questions. Other models, such

as SD couplings or iDM would fall outside this analysis, however.

Clearly, if the modulation in the high energy regime persists, any interpretation in terms

of spin-independent elastic scattering will be challenging.

5. Conclusions

The search for dark matter is a central element of modern astrophysics, modern cosmology

and particle physics. The discovery of particle dark matter is of such importance that any

claim must be corroborated by another experiment, and within a single experiment, before

it can be believed. The presence of modulation of events in the CoGeNT experiment makes
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Figure 7. Measured values of �g̃(vmin) from DAMA and CoGeNT compared to the exclusion limits
from other experiments. For the upper panels, no assumptions on the modulation fraction have
been made, for the lower panels, we assume that the modulation fraction is bounded by the red
line in the right panel of Figure 8. Even for weak assumptions on the modulation fraction, there
is significant tension between the di↵erent experiments, most notably it is impossible to find a DM
velocity distribution that describes the observed modulations and evades the bound from XENON100.

constrain �g̃(vmin). We consider therefore whether it is reasonable to make stronger assump-
tions about the modulation fraction and thus obtain more stringent experimental bounds.

5.1 Constraining the modulation fraction

We will now discuss what can be reasonably assumed about the modulation fraction given
known models of the galactic halo, and how it can be constrained once the velocity integral
has been measured. The predicted modulation fraction for various halo models are shown in
the left panel of Figure 8. We observe that for most values of vmin it is significantly below
100%. Note that a modulation fraction of 100% implies that no signal is observed at t0+0.5
yr, which is possible only if vmin > vesc + vE(t0 + 0.5 yr).
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FIG. 7: A comparison of measurements and constraints of the astrophysical observable g(v) [see

relevant expressions in (1),(2),(8)] for m
�

= 10 GeV: CoGeNT (blue), CDMS-Si (red, solid),

CDMS-Ge (green, dot-dashed), XENON10 - MIN L
eff

(purple, dashed), and XENON10 - MED

L
eff

(gray, dotted). CoGeNT values assume the events arise from elastically scattering dark

matter, while for other experiments, regions above and to the right of the lines are excluded at

90% confidence. The jagged features of the CDMS-Ge curve arise from the presence of the two

detected events.

how one quantifies a constraint. However, one can exploit the fact that g is a monotonically

decreasing function, so for our constraints, we simply assume that g(v) is constant below

v, and assume a Poisson limit on the integral of (8) from the experimental threshold to v.

However, other techniques could also be used, see the Appendix for more details.

This approach with a g � v plot has numerous advantages over the traditional m
�

� �

plots. It makes manifest what the relationships between the di↵erent experiments are in

terms of what v
min

-space is probed, and shows (for a given mass) whether tensions exist.

Moreover, the quantity g(v) is extremely tightly linked to the data, with only a rescaling

by form factor as in (8). Thus, unlike m
�

� � plots, which have a tremendous amount of

processing in them, this provides a direct comparison of experimental results on the same
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The original idea applies to specific interactions only, and refers to 
the recoil spectrum dR/dER, which is not accessible to experiments 
because of energy-dependent efficiencies and energy resolution, and 
the fact that often only part of the recoil energy is actually measured.

Astrophysics-independent approach

Recoil energyMeasured energy Effective energy 
response function

dR

dE
=

Z 1

0
G(E,ER)

dR

dER
dER

Generalize to all interactions and use quantities accessible to 
experiments, i.e., include effective energy response function.

Gondolo Gelmini 1202.6359; Del Nobile, Gelmini, Gondolo, Huh 1304.6183,1306.5273



Astrophysics-independent approach

Change variables:
Minimum WIMP speed  

to impart recoil energy ER

Astrophysics factor, same for all  
direct detection experiments

Constant reference cross section

Gondolo Gelmini 1202.6359; Del Nobile, Gelmini, Gondolo, Huh 1304.6183,1306.5273

vmin =

s
(mTER + µT �)2

2mTERµ2
T

�����

⌘̃(vmin) = �ref
⇢�
m�

Z 1

vmin

f(v)

v
d3v



R =

Z 1

0
dvR(v) ⌘̃(v)

Astrophysics-independent approach

Response function

• Every experiment is sensitive to a “window in velocity space” 
given by the response function.

R[E1,E2](v) =

Z E2

E1

dE
@

@v

Z 2µ2
T v2/mT

0
dER G(E,ER)

v2

�refmT

d�

dER

Measured rate Rescaled astrophysics factor

• The measured rate is a “weighted average” of the astrophysical factor.

Gondolo Gelmini 1202.6359; Del Nobile, Gelmini, Gondolo, Huh 1304.6183,1306.5273
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Figure 1: Response functions v�r
min

R
[E0

1

,E0
2

]

(v
min

) with arbitrary normalization
for several detected energy intervals and detectors for SI interactions (gray
dashed line) and for MDM.

XENON10. We take the data from Ref. [6] and use only S2 without
S1/S2 discrimination. The exposure is 1.2 kg ⇥ 12.5 days. We con-
sider the 32 events within the 1.4 keV–10 keV acceptance box in the
Phys. Rev. Lett. article (not the arXiv preprint, which had an S2 window
cut). We take a conservative acceptance of 0.94. For the energy resolution,
we convert the quoted energies into number of electrons ne = EQy(E), with
Qy(E) as in Eq. 1 of [6] with k = 0.11, and use the Poisson fluctuation
formula in Eq. (15) of [66].

In Fig. 1 we illustrate the e↵ect of various choices of r on the response
function v�r

min

R
[E0

1

,E0
2

]

(v
min

) for MDM for several energy bins and experiments:
the first energy bin of DAMA/LIBRA [1], 2 to 2.5 keVee, the 7 to 9 keV
CoGeNT-II used for the Si data [5] and the first, 0.43 to 1.11 keVee, and
last, 2.49 to 3.18 keVee, of CoGeNT [2, 3]. We also include RSI

[E0
1

,E0
2

]

(v
min

)

for the standard SI interaction (gray dashed line) for a comparison. The
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Examples of response functions (“windows in velocity space”)
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Astrophysics-independent approach

Measure or constrain astrophysics factor in velocity interval [v1,v2]

⌘̃[v1,v2] =
Rmeasured

[E1,E2]R1
0 R[E1,E2](vmin) dvmin

⌘̃(v) <
Rupper limit

[E1,E2]R v
0 R[E1,E2](vmin) dvmin

Binned or unbinned

R[E1,E2] =

Z E2

E1

dE
dR

dE

Gondolo Gelmini 1202.6359; Del Nobile, Gelmini, Gondolo, Huh 1304.6183,1306.5273



Spin-independent isoscalar interactions

Still depends on 
particle model

Halo modifications 
alone cannot save 
the SI signal regions 
from the Xe and Ge 
bounds

Del Nobile, Gelmini, Gondolo, Huh 2014

d�

dER
=

2m

⇡v2
A2f2

pF
2(ER)

CDMS-Si event rate is 
similar to yearly 
modulated rates



Still depends on 
particle model

Del Nobile, Gelmini, Gondolo, Huh 2014

The CDMS-Si events lie 
“below” the CoGeNT/DAMA 
modulation amplitudes

Dark matter coupled 
differently to protons 
and neutrons may have 
a slim chance

d��A

dER
=

2m

⇡v2
[Zfp + (A� Z)fn]

2 F 2(ER)

Spin-independent nonisoscalar interactions



Anapole dark matter

Still depends on 
particle model

Del Nobile, Gelmini, Gondolo, Huh 2014

For anapole dark 
matter, the lowest 
DAMA bins may be 
compatible with null 
searches

d�

dER
=

2m

⇡v2
e2g2

⇤2

h�
v2 � v2min

�
F 2
L(ER) + F 2

T (ER)
i

The modulation amplitude 
would need to be large

Excluded



Exothermic nonisoscalar scattering

Still depends on 
particle model

For light exothermic 
nonisoscalar scattering, 
the DAMA modulation 
can be compatible with 
other experiments

Scopel, Yoon 2014

m = 3 GeV/c2 
δ = -70 keV 
fn/fp = -0.79

d��A

dER
=

2m

⇡v2
[Zfp + (A� Z)fn]

2 F 2(ER)

Excluded



Unbinned likelihood analysis

Astrophysics-independent approach

Fox, Kahn, McCullough 2015

Fox, Kahn, McCullough (2015) 
show that for reasonable energy 
response functions G(E,ER), the 

likelihood is maximized when the 
astrophysics factor η(v) is a 

sequence of ≤N downward steps.

L =
e
�

R E
max

E
min

dR
dE dE

N !

NY

i=1

dR

dE

���
E=Ei

Excluded
(90% CL)

Best fit

Confidence 
interval
(90% CL)

CDMS-Si events



Conclusions

• Halo-independent methods for direct WIMP searches are a 
powerful way to compare claimed signals with null searches.

• The results depend on the particle model: mass and type of 
interaction.

• There is tension between upper limits and claimed signals.

• The statistical interpretation of halo-independent methods is 
getting understood.


