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Direct Dark Matter Detection 



Galaxies 
 

•  Rotation curves of spiral galaxies 
•  Gas temperature in elliptical galaxies 

Clusters of galaxies 
 

•  Peculiar velocities and gas temperature 
•  Weak lensing 
•  Dynamics of cluster collision 
•  Filaments between galaxy clusters 

Cosmological scales 
 
Anisotropies in the Cosmic Microwave Background 

Dark Matter is a necessary (and abundant) ingredient in the Universe 

ΩCDM h2 = 0.1196 ± 0.003 

It is one of the clearest hints of  

Physics Beyond the SM 

Planck Satellite 
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van Albada, Sancisi ‘87 

Challenges for DARK MATTER in the 80’s 



We don’t know yet what DM is... but we do know many of its properties 
 
Good candidates for Dark Matter have to fulfil the following conditions 

•  Neutral 

•  Stable on cosmological scales 

•  Reproduce the correct relic abundance 

•  Not excluded by current searches 

•  No conflicts with BBN or stellar evolution 

Many candidates in Particle Physics 

•  Axions and ALPs 

•  Weakly Interacting Massive Particles (WIMPs) 

•  Sterile Neutrinos 

•  SuperWIMPs and Decaying DM 

•  WIMPzillas 

•  Asymmetric DM 

•  SIMPs, CHAMPs, SIDMs 

•  Bose Einstein Condensate … 
... they have very different properties 
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Direct	DM	detec4on	 Collider	DM	searches	

Astro/Cosmo	probes	

Dark matter MUST BE searched for in different ways... 

Indirect	DM	detec4on	
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Accelerator 
Searches 

(production) 

Indirect Detection 
(annihilation or decay) 

Direct Detection 
(scattering) 

... probing DIFFERENT aspects of their interactions with ordinary matter 

“Redundant” detection can 
be used to extract DM 
properties. 

Constraints in one sector 
affect observations in the 
other two. 
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Wish list for DARK MATTER in the 2000’s 

-  Experimental detection (direct, indirect, collider searches) 

-  How is DM distributed (in the DM halo and in larger structures) 

-  Determination of DM parameters (mass and cross sections) 

-  What is the model for physics Beyond the SM 

Outstanding experimental advances à could this happen in the near future?  

2010’s
2020’s 
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DIRECT DARK MATTER SEARCHES: 
look for the recoil of an atom after the scattering off a DM particle 

Scintillation 
 
 Ionization 
 
Temperature increase 

300
km

s �
1

KWIMP =
1

2
mv2 ⇡ 1� 100 keV
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Scattered  
WIMP 

Recoiling 
Nucleus 

•  Ionization 

•  Scintillation 

•  Phonons 

•  Bubble nucleation 

WIMP scattering with nuclei can be measured through 

Detection rate 

Astrophysical parameters Experimental setup Theoretical input 

Local DM density 

Velocity distribution factor 
Differential cross section 

(of WIMPs with quarks) 

 
Nuclear uncertainties  

Target material (sensitiveness to spin-
dependent and –independent 
couplings) 

Detection threshold  

1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

2

Direct DM detection 

For a 100 GeV WIMP, this implies recoil 
energies of order  ER~ 10 keV 
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WIMP-nucleus cross section traditionally separated in two components 

Spin-independent contribution: scalar (or vector) coupling of WIMPs with quarks  

Spin-dependent contribution: WIMPs couple to the quark axial current 

Total cross section with Nucleus scales as A2  

Total cross section with Nucleus scales as J/(J+1)  
Only present for nuclei with J≠ 0 and WIMPs with spin 

Present for all nuclei (favours heavy targets) and WIMPs 

2 Direct dark matter detection

Let us start by briefly reviewing the basic expressions that describe the WIMP rate in

direct dark matter detection [23] (for a recent review see Ref. [24]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER, vmin =
√

(mNER)/(2µ2
N), and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(SI) and a spin-dependent (SD) contribution, and the total WIMP-nucleus cross sec-

tion is calculated by adding coherently the above spin and scalar components, using

nuclear wave functions. The differential cross section thus reads

dσWN

dER
=

(

dσWN

dER

)

SI

+

(

dσWN

dER

)

SD

=
mN

2µ2
Nv

2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the SI and

SD contributions.

The observed number of dark matter events and the differential rate are subject

to uncertainties in the nuclear form factors and the parameters describing the dark

matter halo. Determining the impact of these is crucial to understand the capability

4

loss which leads to a suppression in the event rate for heavy WIMPs or nucleons. In general,
we can express the differential cross section as

dσWN

dER
=

mN

2µ2
Nv2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (5)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momentum

transfer.
The origin of the different contributions is best understood at the microscopic level, by

analysing the Lagrangian which describes the WIMP interactions with quarks. The contribu-
tions to the spin-independent cross section arise from scalar and vector couplings to quarks,
whereas the spin-dependent part of the cross section originates from axial-vector couplings.
These contributions are characteristic of the particular WIMP candidate (see, e.g., [2]) and
can be potentially useful for their discrimination in direct detection experiments.

2.1 Spin-dependent contribution

The contributions to the spin-dependent (SD) part of the WIMP-nucleus scattering cross
section arise from couplings of the WIMP field to the quark axial current, q̄γµγ5q. For
example, if the WIMP is a (Dirac or Majorana) fermion, such as the lightest neutralino in
supersymmetric models, the Lagrangian can contain the term

L ⊃ αA
q (χ̄γ

µγ5χ)(q̄γµγ5q) . (6)

If the WIMP is a spin 1 field, such as in the case of LKP and LTP, the interaction term is
slightly different,

L ⊃ αA
q ϵ

µνρσ(Bρ

↔

∂µ Bν)(q̄γ
σγ5q) . (7)

In both cases, the nucleus, N , matrix element reads

⟨N |q̄γµγ5q|N⟩ = 2λN
q ⟨N |JN |N⟩ , (8)

where the coefficients λN
q relate the quark spin matrix elements to the angular momentum of

the nucleons. They can be parametrized as

λN
q ≃

∆(p)
q ⟨Sp⟩+ ∆(n)

q ⟨Sn⟩
J

, (9)

where J is the total angular momentum of the nucleus, the quantities ∆qn are related to

the matrix element of the axial-vector current in a nucleon, ⟨n|q̄γµγ5q|n⟩ = 2s(n)µ ∆(n)
q , and

⟨Sp,n⟩ = ⟨N |Sp,n|N⟩ is the expectation value of the spin content of the proton or neutron
group in the nucleus1. Adding the contributions from the different quarks, it is customary to
define

ap =
∑

q=u,d,s

αA
q√

2GF
∆p

q ; an =
∑

q=u,d,s

αA
q√

2GF
∆n

q , (10)

1These quantities can be determined from simple nuclear models. For example, the single-particle shell
model assumes the nuclear spin is solely due to the spin of the single unpaired proton or neutron, and therefore
vanishes for even nuclei. More accurate results can be obtained by using detailed nuclear calculations.
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and

Λ =
1

J
[ap⟨Sp⟩+ an⟨Sn⟩] . (11)

The resulting differential cross section can then be expressed (in the case of a fermionic
WIMP) as

(

dσWN

dER

)

SD
=

16mN

πv2
Λ2G2

FJ(J + 1)
S(ER)

S(0)
, (12)

(using d|q⃗|2 = 2mNdER). The expression for a spin 1 WIMP can be found, e.g., in Ref. [2].
In the parametrization of the form factor it is common to use a decomposition into

isoscalar, a0 = ap + an, and isovector, a1 = ap − an, couplings

S(q) = a20S00(q) + a0a1S01(q) + a21S11(q) , (13)

where the parameters Sij are determined experimentally.

2.2 Spin-independent contribution

Spin-independent (SI) contributions to the total cross section may arise from scalar-scalar
and vector-vector couplings in the Lagrangian:

L ⊃ αS
q χ̄χq̄q + αV

q χ̄γµχq̄γ
µq . (14)

The presence of these couplings depends on the particle physics model underlying the WIMP
candidate. In general one can write

(

dσWN

dER

)

SI
=

mNσ0F 2(ER)

2µ2
Nv2

, (15)

where the nuclear form factor for coherent interactions F 2(ER) can be qualitatively under-
stood as a Fourier transform of the nucleon density and is usually parametrized in terms of
the momentum transfer as [3; 4]

F 2(q) =
(

3j1(qR1)

qR1

)2

exp
[

−q2s2
]

, (16)

where j1 is a spherical Bessel function, s ≃ 1 fm is a measure of the nuclear skin thickness,
and R1 =

√
R2 − 5s2 with R ≃ 1.2A1/2 fm. The form factor is normalized to unity at zero

momentum transfer, F (0) = 1.
The contribution from the scalar coupling leads to the following expression for the WIMP-

nucleon cross section,

σ0 =
4µ2

N

π
[Zfp + (A− Z)fn]2 , (17)

with
fp

mp
=

∑

q=u,d,s

αS
q

mq
fp
Tq +

2

27
fp
TG

∑

q=c,b,t

αS
q

mq
, (18)

where the quantities fp
Tq represent the contributions of the light quarks to the mass of the

proton, and are defined as mpf
p
Tq ≡ ⟨p|mq q̄q|p⟩. Similarly the second term is due to the

4
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Discriminating a DM signature (from the otherwise overwhelming background) 

UKHEP	5/11/2015	

Under the hypothesis that the DM is a WIMP 

•  Nuclear recoils (vs. Electron recoils) 

•  Single scattering 

3

(a) (b) (c)

FIG. 3. (color online) All panels show the same data from ⇥900 live hours of detector T3Z1 with the 210Pb source facing side 1. Clearly
visible are the symmetric charge events (large blue dots) in the interior of the crystal, and the events that fail the symmetric charge cut
(small red dots) including surface events from betas, gammas and lead nuclei incident on side 1 from the source. The two blue dots with
circles around them are outliers that show a very low charge yield and just satisfy the symmetry requirement. (a) The symmetry cuts
(dotted blue lines) flare out near the origin so that events are accepted down to the noise wall. The band just below 50 keV is from the
46.5 keV gammas from the source. (b) Ionization yield versus phonon recoil energy with ±2� ionization yield range of neutrons indicated
(area within green lines). The hyperbolic black line is the ionization threshold (2 keVee - ‘ee’ for electron equivalent); the vertical black
line is the recoil energy threshold (8 keVr). Electrons from 210Pb (below ⇥60 keVr) and 210Bi (mostly above 60 keVr) are distinctly
separated from 206Pb recoils (low yield, below ⇥110 keVr). (c) In addition to the data in (a) & (b) this panel also shows nuclear recoils
from neutrons from a 252Cf source (green, low yield). As bulk events these show a symmetric ionization response between side 1 and 2
like the bulk electron recoils at higher yield, and are thus nicely separated from charge-asymmetric surface events.

genic neutron background in the WIMP signal region.
In order to measure directly the background rejection for
these events, 210Pb sources were installed in the Soudan
Underground Laboratory experiment facing two detec-
tors T3Z1(T3Z3), with the source facing the +2 V(-2 V)
electrode. These sources were fabricated by the Stan-
ford group23 using silicon wafers sealed in an aluminum
box for 12 days with a 5 kBq 226Ra source producing
222Rn gas. The silicon wafers were then etched with a
standard wafer cleaning procedure and calibrated with
an XIA ultra-low background alpha counter24. The two
deployed sources are nearly uniformly implanted with
210Pb to a depth of ⇥58 nm and, by the decay chain25,26

shown in Fig. 2, give a total electron interaction rate of
⇥130 events per hour in the 8–115 keVr region of interest.

As shown in Fig. 3a, events taking place in the bulk
of the detectors, such as the 10.4 keV Ge activation line,
produce an ionization response that is symmetrically di-
vided between the two faces of the iZIP. In contrast, sur-
face betas from the source show a signal primarily on the
side of the crystal facing the source. Events that take
place in the outer radial regions of the detector, which
can also su�er from reduced ionization yield, were iden-
tified by comparing the ionization collected in the outer
guard electrode to that collected in the inner electrode
and do not appear in the plot.

As seen in Fig. 3b, surface betas from the 210Pb source
populate a region of reduced ionization yield, which lies
between the electron-recoil (ionization yield ⇥1) and
nuclear-recoil bands. The recoiling 206Pb nuclei from the
210Po alpha decay are also seen, with an ionization yield

of ⇥0.2 which is below the Ge nuclear recoil band because
of reduced yield of Pb recoils in Ge versus Ge recoils in
Ge. This low-yield band ends near the known 103 keV
maximum recoil energy for the recoiling nucleus, thereby
providing direct confirmation for our nuclear-recoil en-
ergy scale. The iZIP’s ability to reject surface events
versus bulk nuclear recoils is demonstrated in Fig. 3c.

In the energy band 8–115 keVr detector T3Z1(T3Z3)
recorded 71,525 (38,178) electrons and 16,258 (7,007)
206Pb recoils in 905.5 (683.8) live hours at Soudan. The
expected background rates are ⇥10,000 times lower and
are neglected in this analysis. A WIMP signal region
is defined by the 2-sigma band around the mean yield
measured for nuclear recoils (using a 252Cf neutron cal-
ibration source). A fiducial volume is defined based on
ionization information, requiring that there is no charge
signal above threshold in the outer ionization sensor and
that the charge signal is symmetric with respect to the
detector faces (blue points in Figs. 3). Using these crite-
ria, no surface events are found leaking into the WIMP
signal region above a recoil energy of 8 keVr. This fidu-
cialization yields a spectrum-averaged acceptance e⇤-
ciency of ⇥50% in the energy range of 8–115 keVr for
a ⇥60 GeV/c2 mass WIMP. The statistics-limited upper
limit to the surface event leakage fraction is 1.7�10�5 at
90% C.L., similar to that found by EDELWEISS above
a threshold of 15 keVr21. For an exposure of 0.3 ton-yr
with a 200 kg Ge SNOLAB experiment, this leakage frac-
tion corresponds to an estimated leakage < 0.6 events at
90% C.L. assuming the same 210Pb background contam-
ination levels as achieved at Soudan.
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the background of ERs. The value of the reconstructed energy depends on whether the event is an NR or 
an ER. 

An auxiliary LZ search for NRs exploits the S2 signal alone (the S2-only analysis), which is more 
sensitive to energy deposits than is the S1 signal. The S2-only analysis provides additional sensitivity to 
small energy deposits from low-mass WIMPs, at the cost of the ability to discriminate against the ER 
background. 

4.1.1"S1+S2"Analysis"

The S1+S2 analysis in 
LZ will follow the 
general framework of 
the published first 
LUX search for NRs 
in response to WIMPs 
[2]. The experimental 
details that influence 
the analysis were 
discussed in 
Chapter 3. We define a 
search region in the 
plane of log(S2/S1) 
versus S1, shown in 
Figure 4.1.1.1. The 
definition of the LZ 
baseline search region 
in this plane is 
described in Table 
4.1.1.1. 
The baseline detector 
performance assumed 
for LZ is in most cases 
more conservative 
than that achieved by 
LUX. The most 
prominent exception 

Figure"4.1.1.1.""The"LUX"WIMP"search"data"[2]."The"logarithm"of"the"ratio"S2/S1"is"

plotted"versus"S1,"after"spatial"corrections."The"centroid"(solid)"and"search"region"

boundaries"(dotted)"are"red"for"the"signal"(NR)"region"or"“band,”"and"corresponding"

lines"in"blue"describe"the"primary"background"(ER)"band."The"dotted"lines"are"±1.28!"
around"the"centroid."Contours"of"equal"recoil"energy"for"NR"(keVnr)"and"ER"(keVee)"

interpretations"are"shown"in"grey."The"LUX"data,"consistent"with"a"background"of"ERs,"

is"shown,"and"the"LUX"NR"search"region"is"between"the"vertical"lightYblue"dotYdash"

lines"and"the"solid"red"and"dashed"red"lines."

Table"4.1.1.1.""Comparison"of"the"key"performance"assumptions"for"LZ"compared"to"published"values"for"LUX."

Quantity" Units" LZ"Assumption" LUX"[2]"

Recoil"threshold,"50%"efficiency" keVnr& 6& 4.3&
Maximum"recoil"energy" keVnr& 30& n/a&
S1"range" Detected&photoelectrons& 3730& 2730&
S2"range" Detected&photoelectrons& >250& >200&
S1"lightYcollection"efficiency" Absolute& 7.5%& 14%&
Photocathode"efficiency" Absolute& 25%& 30%&
Liquid/gas"emission"probability" Absolute& >95%& 65%&
ER"discrimination" Absolute& 99.5%& 99.6%&
NR"acceptance"assumed"for"sensitivity"estimation" Absolute& 50%& 50%&

 

SuperCDMS 	LUX	

(Most) experiments employ information from various channels to remove background  

•  Ionization/scintillation (e.g. LUX) 

•  Ionization/Phonons (e.g. SuperCDMS) 

Electron Recoils	

Nuclear Recoils	



Discriminating a DM signature (from the otherwise overwhelming background) 

DM scattering would lead to 
an exponential signal 

Figure 1: The dependence of the spin independent differential event rate on the WIMP mass
and target. The solid and dashed lines are for Ge and Xe respectively and WIMP masses of
(from top to bottom at ER = 0keV) 50, 100 and 200 keV. The scattering cross-section on
the proton is taken to be σSI

p = 10−8 pb.

4.2 Time dependence

The Earth’s orbit about the Sun leads to a time dependence, specifically an annual modula-
tion, in the differential event rate [29; 49]. The Earth’s speed with respect to the Galactic
rest frame is largest in Summer when the component of the Earth’s orbital velocity in the
direction of solar motion is largest. Therefore the number of WIMPs with high (low) speeds
in the detector rest frame is largest (smallest) in Summer. Consequently the differential event
rate has an annual modulation, with a peak in Winter for small recoil energies and in Summer
for larger recoil energies [50]. The energy at which the annual modulation changes phase is
often referred to as the ‘crossing energy’.

Since the Earth’s orbital speed is significantly smaller than the Sun’s circular speed the
amplitude of the modulation is small and, to a first approximation, the differential event rate
can, for the standard halo model, be written approximately as a Taylor series:

dR

dER
≈

¯(

dR

dER

)

[1 +∆(ER) cosα(t)] , (27)

where α(t) = 2π(t − t0)/T , T = 1 year and t0 ∼ 150 days. In fig. 2 we plot the energy

dependence of the amplitude in terms of vmin (recall that vmin ∝ E1/2
R with the constant of

proportionality depending on the WIMP and target nuclei masses). The amplitude of the
modulation is of order 1-10 %.

The Earth’s rotation provides another potential time dependence in the form of a diur-
nal modulation as the Earth acts as a shield in front of the detector [51; 52], however the

10

Xe	

Ge	

50 GeV	100 GeV	200 GeV	
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Light WIMPs expected at very low 
recoil energies 

Favours light targets  

Low-threshold searches 

Under the hypothesis that the DM is a WIMP 

•  Nuclear recoils (vs. Electron recoils) 

•  Single scattering 

(Most) experiments employ information from various channels to remove background  

•  Ionization/scintillation (e.g. LUX) 

•  Ionization/Phonons (e.g. SuperCDMS) 



Strategy for Light WIMP Searches

SuperCDMS!
analysis range

lower recoil energy!
=!

sensitivity to lighter WIMPs
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Discriminating a DM signature (from the otherwise overwhelming background) 

DM scattering would lead to 
an exponential signal 

Light WIMPs expected at very low 
recoil energies 

Favours light targets  

Low-threshold searches 

Under the hypothesis that the DM is a WIMP 

•  Nuclear recoils (vs. Electron recoils) 

•  Single scattering 

(Most) experiments employ information from various channels to remove background  

•  Ionization/scintillation (e.g. LUX) 

•  Ionization/Phonons (e.g. SuperCDMS) 



energy threshold of 2 keV is considered.
2-6 keV

 Time (day)

R
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V
) DAMA/NaI ≈ 100 kg

(0.29 ton×yr)
DAMA/LIBRA ≈ 250 kg

(0.87 ton×yr)

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 [4, 5, 17, 18]. The zero of the time scale is Jan-
uary 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. The superimposed curve is A cos ω(t − t0) with period T = 2π

ω = 1
yr, phase t0 = 152.5 day (June 2nd) and modulation amplitude, A, equal
to the central value obtained by best fit over the whole data: cumulative
exposure is 1.17 ton × yr. The dashed vertical lines correspond to the
maximum expected for the DM signal (June 2nd), while the dotted vertical
lines correspond to the minimum. See Refs. [17, 18] and text.

The DAMA/LIBRA data released so far correspond to six annual cycles
for an exposure of 0.87 ton×yr [17, 18]. Considering these data together
with those previously collected by DAMA/NaI over 7 annual cycles (0.29
ton×yr), the total exposure collected over 13 annual cycles is 1.17 ton×yr;
this is orders of magnitude larger than the exposures typically collected
in the field. Several analyses on the model-independent DM annual mod-
ulation signature have been performed (see Refs. [17, 18] and references
therein); here just few arguments are mentioned. In particular, Fig. 1
shows the time behaviour of the experimental residual rates of the single-

hit events collected by DAMA/NaI and by DAMA/LIBRA in the (2–6) keV
energy interval [17, 18]. The superimposed curve is the cosinusoidal func-
tion: A cos ω(t− t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5
day (June 2nd), and modulation amplitude, A, obtained by best fit over
the 13 annual cycles. The hypothesis of absence of modulation in the data
can be discarded [17, 18] and, when the period and the phase are released
in the fit, values well compatible with those expected for a DM particle
induced effect are obtained [18]; for example, in the cumulative (2–6) keV
energy interval: A = (0.0116±0.0013) cpd/kg/keV, T = (0.999±0.002) yr
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2 MINIMAL WIMP IN THE SHM

Figure 3: The Galaxy and the Earth in the DM halo. Illustration of annual modulation3:
The Galaxy moves with a constant velocity relative to the DM halo, here called the ‘WIMP
wind’. The orbit of the Earth around the Sun is tilted by 60� with respect to the galactic
plane and the motion exhibited is anti-parallel to the WIMP wind in June and parallel in
December, increasing or decreasing the relative velocity in the Earth frame.

signal can help to distinguish DM interactions from reactions caused by sources on Earth
or other cosmic origins than the DM halo.

The halo distribution function is defined in the frame of the Galactic DM halo.
One has to shift into the Earth frame by a vector ~vlag = ~vlag,0 + ~vE,0 cos(↵(t)), where
↵(t) = 2⇡ t�t0

T and T = 1 year, t0 ⇡ 150 days. ~vlag,0 denotes the constant velocity of the
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but a time-dependent variable. Hence, one has to substitute vlag = vlag(t) in all earlier
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The di↵erential rate can be approximated by a Taylor series [39]
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(1 +�(ER) cos(↵(t))) . (2.20)

The quantity � is an indicator how the distribution modulates over the year. � is
commonly referred to as the ‘annual modulation amplitude’ and is an energy dependent
quantity. It is very convenient to consider this variable and compare it later on with
results from di↵erent modulated operators of the e↵ective field theory (EFT) [57–59].

The extreme values of the modulation are to find in June and December. Accordingly,
a possible definition for the annual modulation amplitude regarding the approximation
as a Taylor series would be [39]
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✓
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���
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� dR
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���
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◆
. (2.21)

3
taken from the DM research website of the University of She�eld www.hep.shef.ac.uk/research/dm
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FIG. 1. (color online) The rate of CDMS II nuclear-recoil
band events is shown for the 5.0–11.9 keVnr interval (dark
blue), after subtracting the best-fit unmodulated rate, �d,
for each detector. The horizontal bars represent the time
bin extents, the vertical bars show ±1� statistical uncertain-
ties (note that one CDMS II time bin is of extremely short
duration). The CoGeNT rates (assuming a nuclear-recoil en-
ergy scale) and maximum-likelihood modulation model in this
energy range (light orange) are shown for comparison. The
CDMS exposure starts in late 2007, while the CoGeNT expo-
sure starts in late 2009.

rates in this energy range with amplitudes greater than
0.06 [keVnr kg day]�1 are excluded at the 99% C.L.

For comparison, a similar analysis was carried out us-
ing the publicly available CoGeNT data [19]. Our analy-
sis of CoGeNT data is consistent with previously pub-
lished analyses [6, 7, 14]. Figure 3 shows the modu-
lated spectrum of both CDMS II and CoGeNT, assum-
ing the phase (106 days) which best fits the CoGeNT
data over the full CoGeNT energy range. Compatibil-
ity between the annual modulation signal of CoGeNT
and the absence of a significant signal in CDMS is de-
termined by a likelihood-ratio test, which involves cal-
culating � ⇤ L0/L1, where L0 is the combined max-
imum likelihood of the CoGeNT and CDMS data as-
suming both arise from the same simultaneous best-fit
values of M and ⇥, while L1 is the product of the maxi-
mum likelihoods when the best-fit values are determined
for each dataset individually. The probability distribu-
tion function of �2 ln� was mapped using simulation,
and agreed with the ⇤2 distribution with two degrees
of freedom, as expected in the asymptotic limit of large
statistics and away from physical boundaries. The simu-
lation found only 82 of the 5⇥103 trials had a likelihood
ratio more extreme than was observed for the two ex-
periments, confirming the asymptotic limit computation
which indicated 98.3% C.L. incompatibility between the
annual-modulation signals of CoGeNT and CDMS for the
5.0–11.9 keVnr interval.

We extend this analysis by applying the same method
to CDMS II single-scatter and multiple-scatter events
without applying the ionization-based nuclear-recoil cut.
These samples are both dominated by electron recoils.
Figure 4 shows the confidence intervals for the allowed
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FIG. 2. (color online) Allowed regions for annual modulation
of CoGeNT (light orange) and the CDMS II nuclear-recoil
sample (dark blue), for the 5.0–11.9 keVnr interval. In this
and the following polar plot, a phase of 0 corresponds to Jan-
uary 1st, the phase of a modulation signal predicted by generic
halo models (152.5 days) is highlighted by a dashed line, and
68% (thickest), 95%, and 99% (thinnest) C.L. contours are
shown.
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FIG. 3. (color online) Amplitude of modulation vs. energy,
showing maximum-likelihood fits for both CoGeNT (light or-
ange circles, 68% confidence interval shown with vertical line)
and CDMS nuclear-recoil singles (dark blue rectangles, 68%
confidence interval given by rectangle height). The phase that
best fits CoGeNT over all energies (106 days) was chosen for
this representation. The upper horizontal scale shows the
electron-recoil-equivalent energy scale for CoGeNT events.
The 5–11.9 keVnr energy range over which this analysis over-
laps with the low-energy channel of CoGeNT has been divided
into 3 (CDMS) and 6 (CoGeNT) equal-sized bins.
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FIG. 3. (color online) Amplitude of modulation vs. energy,
showing maximum-likelihood fits for both CoGeNT (light or-
ange circles, 68% confidence interval shown with vertical line)
and CDMS nuclear-recoil singles (dark blue rectangles, 68%
confidence interval given by rectangle height). The phase that
best fits CoGeNT over all energies (106 days) was chosen for
this representation. The upper horizontal scale shows the
electron-recoil-equivalent energy scale for CoGeNT events.
The 5–11.9 keVnr energy range over which this analysis over-
laps with the low-energy channel of CoGeNT has been divided
into 3 (CDMS) and 6 (CoGeNT) equal-sized bins.
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section is dσ/dER = σ̂AmA/(2v2µ2
A), with

σ̂A=
µ2
A

M4
∗

[fpZF p
A(ER) + fn(A−Z)Fn

A(ER)]
2
, (2)

where fp,n are the couplings to protons and neutrons,
normalized by the choice of mass scaleM∗, and F p,n

A (ER)
are the proton and neutron form factors for nucleus A.
F p
A(ER) and Fn

A(ER) are not identical. F p
A(ER) is

what has typically been measured, but Fn
A(ER) may also

be probed, for example, through neutrino and electron
parity-violating scattering off nuclei [14]. However, since
the isospin violation from this effect is small compared to
the potentially large effects of varying fn/fp, we will set
both form factors equal to FA(ER). With this approxi-
mation, the event rate simplifies to R = σAIA, where

σA =
µ2
A

M4
∗

[fpZ + fn(A− Z)]2 (3)

IA = NTnX

∫

dER

∫ vmax

vmin

d3v f(v)
mA

2vµ2
A

F 2
A(ER) , (4)

and σA is the zero-momentum-transfer SI cross section
from particle physics, and IA depends on experimental,
astrophysical, and nuclear physics inputs. If fn = fp,
we recover the well-known relation R ∝ A2. For IVDM,
however, the scattering amplitudes for protons and neu-
trons may interfere destructively, with complete destruc-
tive interference for fn/fp = −Z/(A− Z).
We assume that each detector either has only one el-

ement, or that the recoil spectrum allows one to distin-
guish one element as the dominant scatterer. But it is
crucial to include the possibility of multiple isotopes. The
event rate is then R =

∑

i ηiσAi
IAi

, where the sum is
over isotopes Ai with fractional number abundance ηi.
IVDM and current data. It will be convenient

to define two nucleon cross sections. The first is σp =
µ2
pf

2
p/M

4
∗
, the X-proton cross section. In terms of σp,

R = σp

∑

i

ηi
µ2
Ai

µ2
p

IAi
[Z + (Ai − Z)fn/fp]

2 . (5)

The second is σZ
N , the typically-derived X-nucleon cross

section from scattering off nuclei with atomic number
Z, assuming isospin conservation and the isotope abun-
dances found in nature. With the simplification that the
IAi

vary only mildly for different i, we find

σp

σZ
N

=

∑

i ηiµ
2
Ai
A2

i
∑

i ηiµ
2
Ai
[Z + (Ai − Z)fn/fp]2

≡ FZ . (6)

If one isotope dominates, the well-known result, FZ =
[Z/A+ (1− Z/A)fn/fp]−2, is obtained.
In Fig. 1 we show regions in the (mX ,σZ

N ) plane and
the (mX ,σp) plane for fn/fp = −0.7 that are favored and
excluded by current bounds. These include the DAMA
3σ favored region [15, 16], assuming no channeling [17]
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FIG. 1. Favored regions and exclusion contours in the
(mX ,σZ

N ) plane (top), and in the (mX ,σp) plane for IVDM
with fn/fp = −0.7 (bottom).

and that the signal arises entirely from Na scattering; the
CoGeNT 90% CL favored region [2]; 90% CL exclusion
contours from XENON100 [3] and XENON10 [4]; and
90% CL bounds from CDMS Ge and Si [5, 6]. The isotope
abundances are given in Tables I and II.

There are controversies regarding the exclusion con-
tours for xenon-based detectors at low mass [18]. The
energy dependence of the scintillation efficiency at low
energies is uncertain, and there are questions about the
assumption of Poisson fluctuations in the expected pho-
toelectron count for light dark matter. We have also not
accounted for uncertainties in the associated quenching
factors for Na, Ge and Si [19]. These issues can enlarge
some of the signal regions or alter some of the exclusion
curves of Fig. 1. We have also not adjusted the favored
regions and bounds to account for differences in the dark
matter velocity distributions adopted by the various anal-
yses, which would slightly shift the contours.

Remarkably, for −0.72 <∼ fn/fp <∼ −0.66, the DAMA-
and CoGeNT-favored regions overlap and the sensitivity
of XENON is sufficiently reduced to be consistent with
these signals, since this choice of fn/fp leads to nearly

Isospin-Violating Dark Matter can ease this discrepancy 
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Figure 6. Isospin-dependent couplings. Left: Combined parameter estimation of fn/fp, m� and �n

(not shown) using a global maximum likelihood method (see text for details). As expected, there
is a preference for fn/fp = �0.7 but the 2� confidence region extends up to fn/fp ⇥ �0.2. Right:
CDMS-Si allowed parameter region and XENON10/100 bounds for fn/fp = �0.7. In both plots, the
best-fit point is indicated with a white cross.
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Figure 7. Alternative choices for isospin-dependent couplings. No significant fine-tuning of fn/fp
is required to weaken the XENON10/100 bounds relative to CDMS-Si. Note the change of scales in
these figures.

strongest constraints on CDMS-Si arise from SIMPLE [55] and the CRESST-II commissioning
run [56] (not shown). For fn/fp = �0.7 these experiments require �n . 10�39 cm2 at
m� ⇥ 10GeV [36] and therefore do not significantly constrain the CDMS-Si preferred region.

In spite of the preference for fn/fp ⇥ �0.7, we observe that much larger values of fn/fp
still give a good fit to the data. At 1� confidence level, we find �0.76 < fn/fp < �0.58
and the 2� confidence region extends up to fn/fp ⇥ �0.2. To illustrate this point, we show
the cases fn/fp = �0.5 and fn/fp = �0.2 in Fig. 7. We conclude that little fine-tuning
is required to suppress the bounds from XENON10/100, in particular we do not require a
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vary only mildly for different i, we find

σp

σZ
N

=

∑

i ηiµ
2
Ai
A2

i
∑

i ηiµ
2
Ai
[Z + (Ai − Z)fn/fp]2

≡ FZ . (6)

If one isotope dominates, the well-known result, FZ =
[Z/A+ (1− Z/A)fn/fp]−2, is obtained.
In Fig. 1 we show regions in the (mX ,σZ

N ) plane and
the (mX ,σp) plane for fn/fp = −0.7 that are favored and
excluded by current bounds. These include the DAMA
3σ favored region [15, 16], assuming no channeling [17]
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FIG. 1. Favored regions and exclusion contours in the
(mX ,σZ

N ) plane (top), and in the (mX ,σp) plane for IVDM
with fn/fp = −0.7 (bottom).

and that the signal arises entirely from Na scattering; the
CoGeNT 90% CL favored region [2]; 90% CL exclusion
contours from XENON100 [3] and XENON10 [4]; and
90% CL bounds from CDMS Ge and Si [5, 6]. The isotope
abundances are given in Tables I and II.

There are controversies regarding the exclusion con-
tours for xenon-based detectors at low mass [18]. The
energy dependence of the scintillation efficiency at low
energies is uncertain, and there are questions about the
assumption of Poisson fluctuations in the expected pho-
toelectron count for light dark matter. We have also not
accounted for uncertainties in the associated quenching
factors for Na, Ge and Si [19]. These issues can enlarge
some of the signal regions or alter some of the exclusion
curves of Fig. 1. We have also not adjusted the favored
regions and bounds to account for differences in the dark
matter velocity distributions adopted by the various anal-
yses, which would slightly shift the contours.

Remarkably, for −0.72 <∼ fn/fp <∼ −0.66, the DAMA-
and CoGeNT-favored regions overlap and the sensitivity
of XENON is sufficiently reduced to be consistent with
these signals, since this choice of fn/fp leads to nearly

The effective interaction of DM particles with nuclei can be more diverse than 
previously considered 

Fitzpatrick, Wick et al. 2012-2014 
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The direction of the DM wind has a privileged DIRECTION 
6

WIMP flux
in galactic coordinates

Constellation Cygnus (l = 90°,b = 0°)

Elastic scattering
100 GeV/c2 WIMP

Angular distribution of Fluorine 
recoils [5;50] keV

WIMP signal
(recoil map)

Directional features: dipole

Background

Unambiguous difference 
between WIMP and 

background

for a standard halo
(isothermal and isotropic)

J. Billard et al., PLB 2010

F. Mayet - Cygnus 2015, Occidental College, Los Angeles

Characteristic dipole signal 

-  Poor resolution 
-  Low- number of WIMPs vs. Background 

J. Billard et al., 2010  

Spergel ‘88 

Bozorgnia et al., 2012  

Figure5.Mollweideequal-areaprojectionmapsofthecelestialsphereinGalacticcoordinates
showing(a)thenumberfractionFWIMP(v̂,vq)ofm=100GeV/c

2
WIMPscrossingtheEarthper

unitsolidangleasafunctionoftheWIMPvelocitydirectionv̂.Forthisfigurewetakeaminimum
speedvq=113km/s,asnecessarytoproduceER=5keVsulfurrecoils.(b)Thedirectional
differentialrecoilrateinCS2atER=5keVform=100GeV/c

2
.Inbothpanelsweassumethe

IMBwithvesc=544km/s,σv=173km/sandVGalRot=312km/sonJune2.Noticethedirection
of−Vlabmarkedwithacross.Thecolorscale/grayscaleshownintheverticalbarscorrespondsto
equalstepsbetweentheminimumandmaximumvaluesin5.ainunitsofsr

−1
,andin5.binunitsof

10
−6

×(ρ0.3σ44/kg-day-keV-sr).Eq.2.11givesf̂center/f̂ring=0.42intherightpanel.

Theupperlimitofthisintegralisvmax(v̂)=−v̂·Vlab+
√

(v̂·Vlab)2−V2
lab+v2

escand

theanalyticexpressionofFWIMP(v̂,vq)isgiveninEq.13ofRef.[13].Themaximumof
FWIMP(v̂,vq)happenswhenv̂·Vlab=−Vlab,i.e.inthedirectionoftheaverageWIMP
velocity−Vlab.MostWIMPsmoveinthedirectionoppositetothelaboratorymotion,
markedbyacrossinthefigures.

InFig.5.bweshowaMollweidemapofthedirectionaldifferentialrecoilrateinCS2,
Eq.2.7,producedbytheWIMPsinFig.5.ainwhichtheringofmaximumratearoundthe
−Vlabdirectionisclearlyvisible.InFig.5,weusedm=100GeV/c2,andtheIMBwith
vesc=544km/s,VGalRot=312km/sandσv=173km/sonJune2.InFig.5.btherecoil
energyisER=5keV.

Itiseasiertoseetheringwhenthecontrastbetweentherateatthecenterofthering
(inthedirectionof−Vlab)andtheringislarger.Intermsoff̂lab,theratioofthevalue
f̂centeratthecenteroftheringtothevaluef̂ringattheringisapproximately,fortheIMB
neglectingtheescapespeed,

f̂center

f̂ring
≃exp

[

−
(Vlab−vq)2

2σ2
v

]

.(2.11)

f̂center/f̂ring=0.42inFig.5.b(seethe5keVprofileinFig.7.a).Thesmallertheratio

f̂center/f̂ring,theeasieritistodetectthering.Thusthebestprospectstoobservethe
ringareatlowrecoilenergiesandforheavierWIMPs(sovqissmall),largeVlabandsmall
σv.InFigs.5.band6wevaryVlabandσvgivingthefourcombinationsofmaximumand
minimumvaluesforboth.Fig.6showsplotsoftheCS2directionalrateforER=5keV,
m=100GeV/c2,andthreecombinationsofVlabandσvdifferentfromthoseinFig.5:(a)
VGalRot=180km/s,σv=225km/sonMay30;(b)VGalRot=180km/s,σv=173km/son
May30;and(c)VGalRot=312km/s,σv=225km/sonJune2.TherightpanelofFig.5
displaysthefourthcombinationofVGalRotandσv.Therateisdominatedbyscatteringoff
S,byafactorofabout100.InFig.6.a,Vlab=208.8km/sandσv=225km/sistheworst
combinationoflowVlabandhighσv.Itisclearlyseenfromthefiguresthattheringismost

–8–

Ring-like structure 

-  Requires low-recoil energies and heavy 
WIMPs 

-  Also aberration due to Earth’s motion 
ER= 5 keV  (CS2) 
mWIMP = 100 GeV 
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Experimental challenges 

Low-pressure TPC to measure direction 

Large exposure needed (from current limits) 



2nd Generation experiments will extend the sensitivity by over an order of magnitude.  
SuperCDMS @ SNOLAB will have an excellent coverage of the light mass window. 

UKHEP	5/11/2015	

SuperCDMS 	

LUX/LZ	



2nd Generation experiments will extend the sensitivity by over an order of magnitude.  
SuperCDMS @ SNOLAB will have an excellent coverage of the light mass window. 
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Are there viable DM candidates in this mass range?  
 
Can they be detected in future detectors? 
 
How does this compare to other searches  
(indirect/colliders) 
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Accelerator 
Searches 

(production) 

Indirect Detection 
(annihilation or decay) 

Direct Detection 
(scattering) 

How does this compare with other searches? 

“Redundant” detection can 
be used to extract DM 
properties. 

Constraints in one sector 
affect observations in the 
other two. 
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Fig. 12 Inferred 90% CL limits on (a) the spin-independent and (b) spin-dependent WIMP–nucleon scattering cross section
as a function of DM mass mχ for different operators (see Sect. 1). Results from direct-detection experiments for the spin-
independent [127–133] and spin-dependent [134–138] cross section, and the CMS (untruncated) results [14] are shown for
comparison. (c) The inferred 95% CL limits on the DM annihilation rate as a function of DM mass. The annihilation rate is
defined as the product of cross section σ and relative velocity v, averaged over the DM velocity distribution (⟨σ v⟩). Results
from gamma-ray telescopes [125, 126] are also shown, along with the thermal relic density annihilation rate [25, 26].

of the ADD and WIMPs models. This is done separately for the different selections, and the one with the
most stringent expected limit is adopted as the nominal result. In the region with squark/gluino masses
below 800 GeV, SR7 provides the best sensitivity while SR9 provides the most stringent expected limits for
heavier squark/gluino masses. Figure 14 presents the final results. Gravitino masses below 3.5 × 10−4 eV,
3 × 10−4 eV, and 2 × 10−4 eV are excluded at 95% CL for squark/gluino masses of 500 GeV, 1 TeV, and
1.5 TeV, respectively. The observed limits decrease by about 9%–13% after considering the −1σ uncertainty
from PDF and scale variations in the theoretical predictions. These results are significantly better than
previous results at LEP [54] and the Tevatron [15], and constitute the most stringent bounds on the gravitino
mass to date. For very high squark/gluino masses, the partial width for the gluino or squark to decay into a
gravitino and a parton becomes more than 25% of its mass and the narrow-width approximation employed
is not valid any more. In this case, other decay channels for the gluino and squarks should be considered,
leading to a different final state. The corresponding region of validity of this approximation is indicated in
the figure. Finally, limits on the gravitino mass are also computed in the case of non-degenerate squarks and
gluinos (see Fig. 15). Scenarios with mg̃ = 4×mq̃, mg̃ = 2×mq̃, mg̃ = 1/2×mq̃, and mg̃ = 1/4×mq̃ have
been considered. In this case, 95% CL lower bounds on the gravitino mass in the range between 1×10−4 eV
and 5× 10−4 eV are set depending on the squark and gluino masses.

In principle more sensitive at low masses (operator dependent) 
 
Dependent on the mediator mass and on the validity regime of the effective theory.	
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q

q̄

χ

χ̄

g

(a)

q

q̄

χ

χ̄

g

Z ′

(b)

Fig. 1 Feynman diagrams for the production of weakly interacting massive particle pairs χχ̄ associated with a jet from
initial-state radiation of a gluon, g. (a) A contact interaction described with effective operators. (b) A simplified model with
a Z′ boson.

be produced directly at the LHC (see Fig. 1(a)). It is assumed here that the DM particle is either a Dirac

Table 1 Effective interactions coupling WIMPs to Standard Model quarks or gluons, following the formalism in Ref. [40],
where M⋆ is the suppression scale of the interaction. Operators starting with a D describe Dirac fermion WIMPs, the ones
starting with a C are for scalar WIMPs and Ga

µν is the colour field-strength tensor.

Name Initial state Type Operator

C1 qq scalar
mq

M2
⋆

χ†χq̄q

C5 gg scalar 1
4M2

⋆

χ†χαs(Ga
µν)

2

D1 qq scalar
mq

M3
⋆

χ̄χq̄q

D5 qq vector 1
M2

⋆

χ̄γµχq̄γµq

D8 qq axial-vector 1
M2

⋆

χ̄γµγ5χq̄γµγ5q

D9 qq tensor 1
M2

⋆

χ̄σµνχq̄σµνq

D11 gg scalar 1
4M3

⋆

χ̄χαs(Ga
µν)

2

fermion or a scalar χ; the only difference for Majorana fermions is that certain interactions are not allowed
and that the cross sections for the allowed interactions are larger by a factor of four. Seven interactions are
considered (see Table 1), namely those described by the operators C1, C5, D1, D5, D8, D9, D11, following
the naming scheme in Ref. [40]. These operators describe different bilinear quark couplings to WIMPs,
qq̄ → χχ̄, except for C5 and D11, which describe the coupling to gluons, gg → χχ̄. The operators for
Dirac fermions and scalars in Ref. [40] fall into six categories with characteristic Emiss

T spectral shapes. The
representative set of operators for these six categories are C1, C5, D1, D5, D9, and D11, while D8 falls
into the same category as D5 but is listed explicitly in Table 1 because it is often used to convert LHC
results into limits on DM pair production. In the operator definitions in Table 1, M∗ is the suppression scale
of the interaction, after integrating out the heavy mediator particles. The use of a contact interaction to
produce WIMP pairs via heavy mediators is considered conservative because it rarely overestimates cross
sections when applied to a specific scenario for physics beyond the SM. Cases where this approach is indeed
optimistic are studied in Refs. [39, 41–45]. Despite the caveats related to the validity of the EFT approach
(see Appendix A), this formalism is used here, as it provides a framework for comparing LHC results to
existing direct or indirect DM searches. Within this framework, interactions of SM and DM particles are

2

new supersymmetric partner for each SM particle, di↵er-
ing by half a unit of spin from, but with gauge coupling
identical to, those of their SM counterparts. Collisions
of protons could result in pair production of squarks, q̃,
which could decay to a SM quark and a neutralino �̃0

1

; the
neutralino is assumed to be stable in R-parity-conserving
models [23]. If the mass di↵erence m

q̃

�m
�̃

0
1
is small, the

SM quarks would have very low momentum and would
therefore not be reconstructed as jets. Again, the radia-
tion of a photon either from an initial-state quark or an
intermediate squark would result in � + Emiss

T

events, as
shown in Fig. 5.

q

q̄

�

�

G

FIG. 1. Graviton (G) production in models of large extra
dimensions.

q

q̄ �

�̄

�

FIG. 2. Production of pairs of dark–matter particles (��̄) via
an e↵ective four-fermion qq̄��̄ vertex.

FIG. 3. Production of pairs of dark–matter particles (��̄) via
an explicit s-channel mediator, V.

The ATLAS [6] and CMS [7] collaborations have re-
ported limits on various models of new physics based
on searches for an excess in � + Emiss

T

events using pp
collisions at a center-of-mass energy

p
s = 7 TeV. This

paper reports the result of a search for new phenomena
in � + Emiss

T

events in pp collisions at
p
s = 8 TeV.

The paper is organized as follows. Section II gives a
brief description of the ATLAS detector. Section III ex-
plains the reconstruction of physics objects and Sec. IV

q

q̄

�

�

�

�̄

FIG. 4. Production of pairs of dark–matter particles (��̄) via
an e↵ective ����̄ vertex.

q

q̄
�

�̃01

�̃01

q

q̄

q̃

q̃⇤

FIG. 5. Pair production of squarks (q̃), followed by decay
into quarks and neutralinos (�̃0

1). The photon may also be
radiated from the squarks or final-state quarks.

describes the event selection applied. Section V describes
the signal and background Monte Carlo simulation sam-
ples used. Section VI outlines how the SM backgrounds
are estimated and discusses the systematic uncertainties
on the background estimation. Section VII describes the
results and their interpretation, and a summary is finally
given in Sec. VIII.

II. THE ATLAS DETECTOR

The ATLAS detector [24] is a multipurpose particle
physics apparatus with a forward-backward symmetric
cylindrical geometry and near 4⇡ coverage in solid an-
gle [25]. The inner tracking detector (ID) covers the
pseudorapidity range |⌘| < 2.5, and consists of a silicon
pixel detector, a silicon microstrip detector, and, for |⌘| <
2.0, a transition radiation tracker (TRT). The ID is sur-
rounded by a thin superconducting solenoid providing a
2T magnetic field. A high-granularity lead/liquid-argon
sampling electromagnetic calorimeter covers the region
|⌘| < 3.2. An iron/scintillator-tile calorimeter provides
hadronic coverage in the range |⌘| < 1.7. The liquid-
argon technology is also used for the hadronic calorime-
ters in the end-cap region 1.5 < |⌘| < 3.2 and for elec-
tromagnetic and hadronic measurements in the forward
region up to |⌘| = 4.9. The muon spectrometer (MS)
surrounds the calorimeters. It consists of three large
air-core superconducting toroid systems, precision track-
ing chambers providing accurate muon tracking out to
|⌘| = 2.7, and additional detectors for triggering in the
region |⌘| < 2.4.

Monojet and monogamma constraints 
can be interpreted as bounds on the 
DM-nucleon scattering cross section.	
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Particle Physics models for dark matter 

Well motivated DM models in theories beyond the Standard Model (e.g., 
Supersymmetry) 

Minimal SUSY extension  

Cerdeño, Muñoz, Seto 08 
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Sneutrino 
 
Viable candidates in scenarios with Right-Handed 
sneutrinos 

Gravitino (Superpartner of the graviton) 
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Extra-weakly interacting massive particles 
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Neutralino 
 
Good annihilation cross section. it is a WIMP 
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Neutralino in the MSSM 

Figure 1 – Theoretical predictions for the spin-independent neutralino-nucleon scattering cross section in the
pMSSM10 and NUHM2 scenarios. Figure adapted from Ref.?.

Figure 2 – Theoretical predictions for the direct detection of the lightest neutralino (left) and the RH-sneutrino
(right) in the NMSSM. Solid lines correspond to current experimental constraints and dotted lines represent the
expected sensitivity of second generation detectors. The gray points are allowed by all experimental constraints,
whereas the black points can be excluded by current searches for gamma-ray lines of Fermi-LAT.

A recent analysis ? of the impact of the first LHC run on the MSSM parameter space
shows that the neutralino mass is confined to a range mχ̃0

1
≈ 100− 2000 GeV, the lowest mass

corresponding to scenarios in which no universality condition is imposed on the soft SUSY-
breaking parameters and the correct relic abundance is obtained through coannihilation effects
(a fine-tuned region with mχ̃1

0
≈ mZ/2 is still viable due to resonant annihilation through the Z

boson). The theoretical predictions for the direct detection of these particles show that a wide
range of the parameter space are within the reach of second generation experiments (see Fig. ??
where the results for the pMSSM and NUHM are summarised).

The neutralino properties are very sensitive to the details of the Higgs sector, and as such,
can vary significantly in extended models such as the NMSSM. In this scenario, the inclusion of
a singlino component and the presence of new annihilation channels have profound consequences
for neutralino searches ?,?. In particular, it has been shown that the NMSSM can accommodate
low-mass neutralino DM ?,?,?,?,?,?,?. The NMSSM can also be enlarged with an extra singlet su-
perfield that incorporates right-handed neutrinos (and sneutrinos) ?,? in order to accommodate a
see-saw mechanism that explains the smallness of neutrino masses. The right-handed (RH) sneu-
trino in the resulting construction is a viable DM candidate ? with interesting phenomenological
properties.

MSSM after LHC1  
Bagnaschi  et al. 2015 

•  Invisible Higgs decay 
	

Impose LHC1 bounds and explore the 
predictions of MSSM parameter space	

•  Bounds on SUSY masses 
	
•  Low-energy observables 
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The current bound on BR(Hà inv) sets constraints on the DM-Higgs coupling 
 
This also translates into (upper) bounds for the scattering cross section of low-mass WIMPs 
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Figure 1 – Theoretical predictions for the spin-independent neutralino-nucleon scattering cross section in the
pMSSM10 and NUHM2 scenarios. Figure adapted from Ref.?.

Figure 2 – Theoretical predictions for the direct detection of the lightest neutralino (left) and the RH-sneutrino
(right) in the NMSSM. Solid lines correspond to current experimental constraints and dotted lines represent the
expected sensitivity of second generation detectors. The gray points are allowed by all experimental constraints,
whereas the black points can be excluded by current searches for gamma-ray lines of Fermi-LAT.

A recent analysis ? of the impact of the first LHC run on the MSSM parameter space
shows that the neutralino mass is confined to a range mχ̃0

1
≈ 100− 2000 GeV, the lowest mass

corresponding to scenarios in which no universality condition is imposed on the soft SUSY-
breaking parameters and the correct relic abundance is obtained through coannihilation effects
(a fine-tuned region with mχ̃1

0
≈ mZ/2 is still viable due to resonant annihilation through the Z

boson). The theoretical predictions for the direct detection of these particles show that a wide
range of the parameter space are within the reach of second generation experiments (see Fig. ??
where the results for the pMSSM and NUHM are summarised).

The neutralino properties are very sensitive to the details of the Higgs sector, and as such,
can vary significantly in extended models such as the NMSSM. In this scenario, the inclusion of
a singlino component and the presence of new annihilation channels have profound consequences
for neutralino searches ?,?. In particular, it has been shown that the NMSSM can accommodate
low-mass neutralino DM ?,?,?,?,?,?,?. The NMSSM can also be enlarged with an extra singlet su-
perfield that incorporates right-handed neutrinos (and sneutrinos) ?,? in order to accommodate a
see-saw mechanism that explains the smallness of neutrino masses. The right-handed (RH) sneu-
trino in the resulting construction is a viable DM candidate ? with interesting phenomenological
properties.

MSSM after LHC1  
Bagnaschi  et al. 2015 

•  Invisible Higgs decay 
	

Impose LHC1 bounds and explore the 
predictions of MSSM parameter space	

•  Bounds on SUSY masses 
	
•  Low-energy observables 
	

•  Correct DM relic density 
	

The predictions for the scattering 
cross section still span many orders of 
magnitude  
 
(excellent motivation for more 
sensitive detectors)  
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1-2 

for achieving cancellations in quantum field theory amplitudes that could cause the Higgs mass to be 
much higher than the 125 GeV/c2 recently observed [9,10]. The neutralino is a coherent quantum state 
formed from the SUSY partners of the photon, the Z0, and Higgs boson, and is a “Majorana” particle, 
meaning it is its own antiparticle. 
Astrophysical measurements show that dark matter behaves like a particle and not like a modification of 
gravity. Gravitational lensing of distant galaxies by foreground galactic clusters can provide a map of the 
total gravitational mass, showing that this mass far exceeds that of ordinary baryonic matter. By 
combining the distribution of the total gravitational mass (from lensing) with the distribution of the 
dominant component of baryonic matter (evident in the X-ray-emitting cluster gas) one can see whether 
the dark mass follows the distribution of baryonic matter. For some galaxy clusters, in particular the 
Bullet cluster [11], the total gravitational mass (dominated by dark matter) follows the distribution of 
other non-interacting test particles (stars) rather than the dominant component of baryonic matter in the 
cluster gas. Combining this evidence with other observations of stellar distributions and velocity 
measurements for galaxies with a wide range of mass-to-light ratios, it appears that the total gravitational 
mass does not follow the distribution of baryonic matter as one would expect for modified gravity, but 
behaves like a second, dark component of relatively weakly interacting particles. 
There are three complementary signals of WIMP dark matter. The dark matter of the Milky Way can 
interact with atomic nuclei, resulting in NRs that are the basis of direct detection (DD) experiments like 
LZ. At the LHC, the dark matter will appear as a stable, non-interacting particle that causes missing 
energy and momentum. Out in the cosmos, dark matter collects at the centers of galaxies and in the sun, 
where pairs of dark-matter particles will annihilate with one another, if the dark matter is a Majorana 
particle, as expected in SUSY theories. The annihilations will produce secondary particles, including 
positrons, antiprotons, neutrinos, and gamma rays, providing the basis for “indirect” detection (ID) by 
gamma ray, cosmic ray, and 
neutrino telescopes. 
In Figure 1.1.1, we show the 
results of a recent analysis of the 
complementarity of the three 
signals from WIMP dark matter. 
The LHC has already provided 
constraints on the simplest 
SUSY parameter space, and the 
Higgs mass is in some tension 
with the most constrained 
versions of SUSY, requiring 
theorists to relax simplifying 
assumptions. One slightly less 
restrictive choice of parameters 
is the so-called 
phenomenological minimal 
supersymmetric standard model 
(pMSSM) model [12,13]. In 
Figure 1.1.1, each point 
represents a choice of pMSSM 
parameters that satisfies all 
known physics and astrophysics 
constraints [14]. The color of the 
points show which experiments 
have adequate sensitivity to test 

Figure"1.1.1.""Scan"of"pMSSM"parameter"space"and"complementarity."
Each"point"in"this"space"of"the"cross"section,"scaled"by"abundance,"of"
WIMPs"with"nucleons"versus"mass"of"the"WIMP"represents"a"SUSY"
model."The"colors"show"models"that"can"be"tested"by"the"three"
techniques"of"detection:"direct"detection"(DD),"LHC,"and"indirect"
detection"(ID),"and"their"combinations."The"expected"LZ"sensitivity"is"
shown"as"the"black"line"[14]."Combined with LHC + Indirect searches à excellent coverage of SUSY parameter space 

The predictions for the scattering 
cross section still span many orders of 
magnitude  
 
(excellent motivation for more 
sensitive detectors)  

•  Invisible Higgs decay 
	

Impose LHC1 bounds and explore the 
predictions of MSSM parameter space	

•  Bounds on SUSY masses 
	
•  Low-energy observables 
	

•  Correct DM relic density 
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Excellent motivation for direct searches at low masses  
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Extensions of the MSSM can be more flexible (new light mediators) 
 
Low-mass SUSY WIMPs are still viable (1-100 GeV) 
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Hooper, Goodenough 2010  
Hooper, Linden 2011 

Compatible with the annihilation of a 
light WIMP ~10-50 GeV 

Abazajian 1011.4275 
Chernyakova 1009.2630 

 Boyarsky, Malyshev, Ruchayskiy, 1012.5839 

or millisecond pulsars, cosmic ray effects 
or different spectrum at galactic centre.  

Cañadas, Morselli, Vitale 2010 

The Galactic Centre Excess: An anomaly in indirect searches?  

Calore, Weniger 2014	

Hooper, Linden 2012-2014 

Pulsars do not have the right morphology 
and Fermi would have seen them 

Fits normally done for pure annihilation channels 

 

Compatible with WIMP DM 

2

annihilation] cross section [DC: in the Early Universe of
⟨σv⟩ ∼] 1-2×10−26 cm3/s, [DC: remarkably close to that
expected for a thermal relic]. ⟨σv⟩ ∼ 10−26 cm3/s
This situation has triggered many studies interpreting

the excess from the particle physics point of view [12–39].
However, as pointed out in Ref. [40], it is [DC: crucial]
to understand if this excess [DC: can be obtained within]
a complete theoretical framework. [DC: In] the case of
SUSY this is highly non-trivial, [DC: however very re-
cently,] a new study has shown that the neutralino in
the MSSM, and other simplified DM models can still de-
scribe the excess for DM masses up to hundreds of GeV
depending on the primary annihilation channel [41]. [DC:
Do they include direct detection bounds and LHC con-
straints as we do?]
In this work, we extend our previous analysis [42] to

demonstrate that the right-handed (RH) sneutrino DM
in the NMSSM is an excellent scenario to account for the
excess while fulfilling constraints from direct detection
experiments, LHC and low energy observables. In our
analysis we also incorporate Fermi-LAT constraints from
dwarf spheroidal galaxies (dSph), including an estimation
of the effect that the most recent results have on our data.
[DC: Modify this paragraph, more details, similar to the
abstract].

RH SNEUTRINO DM IN THE NMSSM

This model has been extensively described in Refs. [45,
46]. It is an extended version of the NMSSM, in which a
new gauge singlet superfield, N , is introduced in order to
account for RH neutrino and sneutrino (Ñi) states [DC:
as in [43, 44]]. The superpotential of this construction is
given by

W = WNMSSM + λNSNN + yNL ·H2N, (1)

where flavour indices are omitted and the dot denotes the
antisymmetric SU(2)L product. WNMSSM is the NMSSM
superpotential, λN is a new dimensionless coupling, yN
is the neutrino Yukawa coupling, and H1,2 are the down
and up type doublet Higgs components, respectively. As
in the NMSSM, a global Z3 symmetry is imposed so that
there are no supersymmetric mass terms in the superpo-
tential. Since we assume R-parity conservation in order
to guarantee the stability of the LSP, the terms NNN
and SSN are forbidden. Furthermore, we do not con-
sider CP violation in the Higgs sector.
After radiative electroweak symmetry-breaking the

Higgs fields get non-vanishing vacuum expectation val-
ues (VEVs) and the physical Higgs states correspond to a
superposition of the H1, H2 and S fields. The RH sneu-
trino interacts with the SM particles through the mix-
ing in the Higgs sector thanks to the coupling λNSNN ,
thereby behaving as a WIMP.

[DC: Interestingly, light RH sneutrinos with masses in
the range of 10− 150 GeV are viable as DM candidates
[49] and constitute ideal candidates to account for the
GCE, as we already pointed out in Ref. [42]. Their phe-
nomenology is very rich, as they can annihilate into a
variety of final states, some of which include scalar and
pseudoscalar Higgses. In particular, if mÑ1

> mH0
1
(A0

1
),

the annihilation final state of sneutrinos is dominated
by a H0

1H
0
1 (A

0
1A

0
1) pair in vast regions of the param-

eter space. It must be noticed that through the pro-
cess Ñ1Ñ1 → H0

1H
0
1 (A

0
1A

0
1) with the subsequent decay

H0
1 (A

0
1) → f f̄ , GḠ where f denotes a fermion and G a

gauge boson, a non-standard final state is produced. In
general, this process will create a gamma ray flux contain-
ing a continuum component plus spectral features coming
from the γγ final states. ]
[DC: Given that the final state is not a pure channel

and include exotic configurations the model independent
approach generally found in the literature is not applica-
ble. In the next section we describe in detail how the fit
to the Fermi-LAT GCE is performed.]

FITTING THE GCE WITH RH SNEUTRINOS

Previous analyses of the GCE employ different assump-
tions on the Galactic diffuse and point source compo-
nents. Consequently, the reconstructed DM mass and
annihilation cross section differ slightly. In this work we
have followed the results of Ref. [10] where the authors
take into account theoretical model systematics by ex-
ploring a large range of Galactic diffuse emission models.
When these systematics are included as correlated er-
rors in the residual spectrum, the best fit for the DM
interpretation corresponds to a bb̄ final state with a mass
of 49+6.4

−5.4 GeV and a velocity averaged cross section of
1.76+0.28

−0.27 × 10−26 cm3/s.
To implement this analysis in our model, we have per-

formed a series of scans over the parameter space of the
model, implementing the bounds from collider, direct and
indirect detection experiments (for more details on the
scan and constraints the reader is referred to Ref. [42]).
All [DC: computing the gamma ray spectrum as well
as the RH sneutrino relic abundance with] micrOMEGAs
3.6.9 [50]. We set an upper bound on the RH sneu-
trino relic abundance, ΩÑ1

h2 < 0.13, consistent with
the latest Planck results [51]. Besides, we have con-
sidered the possibility that RH sneutrinos only con-
tribute to a fraction of the total relic density, and set
for concreteness a lower bound on the relic abundance,
0.001 < ΩÑ1

h2. To deal with these cases, the fractional
density, ξ = min[1,ΩÑ1

h2/0.11], will be introduced to ac-
count for the reduction in the rates for direct and indirect
searches (assuming that the RH sneutrino is present in
the DM halo in the same proportion as in the Universe).
[DC: We .]
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⟨σv⟩ ∼] 1-2×10−26 cm3/s, [DC: remarkably close to that
expected for a thermal relic]. mDM ∼ 20− 100 GeV
This situation has triggered many studies interpreting

the excess from the particle physics point of view [12–39].
However, as pointed out in Ref. [40], it is [DC: crucial]
to understand if this excess [DC: can be obtained within]
a complete theoretical framework. [DC: In] the case of
SUSY this is highly non-trivial, [DC: however very re-
cently,] a new study has shown that the neutralino in
the MSSM, and other simplified DM models can still de-
scribe the excess for DM masses up to hundreds of GeV
depending on the primary annihilation channel [41]. [DC:
Do they include direct detection bounds and LHC con-
straints as we do?]
In this work, we extend our previous analysis [42] to

demonstrate that the right-handed (RH) sneutrino DM
in the NMSSM is an excellent scenario to account for the
excess while fulfilling constraints from direct detection
experiments, LHC and low energy observables. In our
analysis we also incorporate Fermi-LAT constraints from
dwarf spheroidal galaxies (dSph), including an estimation
of the effect that the most recent results have on our data.
[DC: Modify this paragraph, more details, similar to the
abstract].

RH SNEUTRINO DM IN THE NMSSM

This model has been extensively described in Refs. [45,
46]. It is an extended version of the NMSSM, in which a
new gauge singlet superfield, N , is introduced in order to
account for RH neutrino and sneutrino (Ñi) states [DC:
as in [43, 44]]. The superpotential of this construction is
given by

W = WNMSSM + λNSNN + yNL ·H2N, (1)

where flavour indices are omitted and the dot denotes the
antisymmetric SU(2)L product. WNMSSM is the NMSSM
superpotential, λN is a new dimensionless coupling, yN
is the neutrino Yukawa coupling, and H1,2 are the down
and up type doublet Higgs components, respectively. As
in the NMSSM, a global Z3 symmetry is imposed so that
there are no supersymmetric mass terms in the superpo-
tential. Since we assume R-parity conservation in order
to guarantee the stability of the LSP, the terms NNN
and SSN are forbidden. Furthermore, we do not con-
sider CP violation in the Higgs sector.
After radiative electroweak symmetry-breaking the

Higgs fields get non-vanishing vacuum expectation val-
ues (VEVs) and the physical Higgs states correspond to a
superposition of the H1, H2 and S fields. The RH sneu-
trino interacts with the SM particles through the mix-
ing in the Higgs sector thanks to the coupling λNSNN ,
thereby behaving as a WIMP.

[DC: Interestingly, light RH sneutrinos with masses in
the range of 10− 150 GeV are viable as DM candidates
[49] and constitute ideal candidates to account for the
GCE, as we already pointed out in Ref. [42]. Their phe-
nomenology is very rich, as they can annihilate into a
variety of final states, some of which include scalar and
pseudoscalar Higgses. In particular, if mÑ1

> mH0
1
(A0

1
),

the annihilation final state of sneutrinos is dominated
by a H0

1H
0
1 (A

0
1A

0
1) pair in vast regions of the param-

eter space. It must be noticed that through the pro-
cess Ñ1Ñ1 → H0

1H
0
1 (A

0
1A

0
1) with the subsequent decay

H0
1 (A

0
1) → f f̄ , GḠ where f denotes a fermion and G a

gauge boson, a non-standard final state is produced. In
general, this process will create a gamma ray flux contain-
ing a continuum component plus spectral features coming
from the γγ final states. ]
[DC: Given that the final state is not a pure channel

and include exotic configurations the model independent
approach generally found in the literature is not applica-
ble. In the next section we describe in detail how the fit
to the Fermi-LAT GCE is performed.]

FITTING THE GCE WITH RH SNEUTRINOS

Previous analyses of the GCE employ different assump-
tions on the Galactic diffuse and point source compo-
nents. Consequently, the reconstructed DM mass and
annihilation cross section differ slightly. In this work we
have followed the results of Ref. [10] where the authors
take into account theoretical model systematics by ex-
ploring a large range of Galactic diffuse emission models.
When these systematics are included as correlated er-
rors in the residual spectrum, the best fit for the DM
interpretation corresponds to a bb̄ final state with a mass
of 49+6.4

−5.4 GeV and a velocity averaged cross section of
1.76+0.28

−0.27 × 10−26 cm3/s.
To implement this analysis in our model, we have per-

formed a series of scans over the parameter space of the
model, implementing the bounds from collider, direct and
indirect detection experiments (for more details on the
scan and constraints the reader is referred to Ref. [42]).
All [DC: computing the gamma ray spectrum as well
as the RH sneutrino relic abundance with] micrOMEGAs
3.6.9 [50]. We set an upper bound on the RH sneu-
trino relic abundance, ΩÑ1

h2 < 0.13, consistent with
the latest Planck results [51]. Besides, we have con-
sidered the possibility that RH sneutrinos only con-
tribute to a fraction of the total relic density, and set
for concreteness a lower bound on the relic abundance,
0.001 < ΩÑ1

h2. To deal with these cases, the fractional
density, ξ = min[1,ΩÑ1

h2/0.11], will be introduced to ac-
count for the reduction in the rates for direct and indirect
searches (assuming that the RH sneutrino is present in
the DM halo in the same proportion as in the Universe).
[DC: We .]
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Right-handed sneutrino in the NMSSM and the Galactic Centre Emission 

•  Scan in the parameter space imposing all constraints (direct, indirect and colliders) 

•  The full final state is studied 
Do not restrict the analysis to pure annihilation channels.  
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FIG. 3. Differential gamma ray spectrum for the points in Table I for pure (left panel) and predominant (right panel) annihilation
channels. The colour convention is as in Fig. 2. The experimental data and errors are extracted from Ref. [10], as well as the best fit for a
pure bb̄ channel, represented by a black dashed line.

Pure final states

Final state mÑ1
(GeV) ξ2⟨σv⟩0 (cm3/s) ΩÑ1

h2 χ2

H0
1H

0
1 (91.8%) 119.8 5.1× 10−26 0.094 21.9

A0
1A

0
1 (90.6%) 65.0 2.7× 10−26 0.109 22.3

bb̄ (90.2%) 46.1 1.9× 10−26 0.038 22.6

Mixed final states

Final state mÑ1
(GeV) ξ2⟨σv⟩0 (cm3/s) ΩÑ1

h2 χ2

A0
1A

0
1 (44.7%) 63.8 2.9× 10−26 0.061 20.8

bb̄ (42.1%) 63.2 2.9× 10−26 0.042 21.0

H0
1H

0
1 (71.4%) 121.4 5.4× 10−26 0.075 21.6

gg (38.8%) 39.6 1.4× 10−26 0.071 23.7

cc̄ (33.0%) 39.0 1.2× 10−26 0.099 25.4

H0
1H

0
2 (44.5%) 127.4 4.3× 10−26 0.054 25.9

A0
1A

0
1 (4τ ) (67.5%) 25.5 1.5× 10−26 0.068 27.4

W+W− (28.0%) 72.4 2.6× 10−26 0.104 29.2

TABLE I. Properties of the points that provide the best fit
to the GCE for different annihilation final states. We have
separated the solutions into pure final states (which have an
annihilation percentage into a given channel bigger than 90%)
and mixed final states (in which case we show the dominant
channel with its percentage).

Since mA0
1

< 2mb, these pseudoscalars cannot decay
into a pair of b quarks and instead they do it predomi-
nantly into a pair of τ leptons. The resulting process,

Ñ1Ñ1 → 2A0
1 → 4τ , leads to a leptonic final state

(with best fit around mÑ1
≈ 25 GeV), which differs

from the usual 2τ final state (whose best fit is around
10 GeV [10]). We have also found 2τ final states,
however, these appear only for mÑ1

! 5 GeV [53] and
therefore fall out of the 95% C.L.

• mÑ1
≈ 30 − 135 GeV. This region is populated by

points which present annihilation mainly into bb̄ (grey),
cc̄ (green), gg (violet), A0

1A
0
1 (cyan), H0

1H
0
1 (blue) and

H0
1H

0
2 (dark blue).

The best fit for a pure annihilation into a bb̄ pair is
obtained for mÑ1

= 46.1 GeV (see Table I), in good
agreement with Ref. [10], but it shifts to larger masses
mÑ1

= 63.1 GeV if mixed final states are considered.
Very few solutions with dominant cc̄ and gg final states
are found. These channels dominate when the up com-
ponent of the lightest Higgs is larger than the down com-
ponent, which enhances the Higgs coupling to up-type
fermions and top loop contributions to gg final states.
However, these loop contributions also enhance the γγ
line production and most of the points are excluded
for this reason. Besides, these final states are always
related to the resonant annihilation of RH sneutrinos
through a light singlet-like H0

1 [53] and typically have
a smaller relic abundance than the lower bound consid-
ered in this article. This also happens for other channels
when mÑ1

≈ mH0
2
/2 ≈ 63 GeV, and explains the gap in

the plot.
The annihilation into a pair of CP even Higgs bosons

takes place mostly for mÑ1

>∼ 60 GeV. These subse-

quently decay mainly into bb̄ (if the down component

Points fitting the GCE at 90% CL 
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Right-handed sneutrino in the NMSSM and the Galactic Centre Emission 

•  Many of these points can be checked by G2 direct detection experiments  

DGC, Peiró, Robles JCAP 08 (2014) 005 

Once more: Complementarity of DM searches 
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•  Experimental data allow us to reconstruct “phenomenological 
parameters”.  
 

  mX, σSI, σSD, <σv>ij 
 
•  Theoretical models tend to produce similar results  

(e.g., most WIMPs are alike) 

If there is a positive detection of DM, can we identify the underlying model?  

•  Data from different experiments has to be combined in order to 
remove degenerate solutions (and reduce the effect of 
uncertainties) 

Problem:  

Solution:  

Strategies that allow the identification of DM from future data  
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Identification of Dark Matter with direct detection experiments 

Given a DM direct detection, the DM mass and couplings can be determined from the 
observed number of events and energy spectrum. 

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

For spin 1 is different.]The explicit expressions for the scattering cross section de-

pend on the specific particle physics model. The WIMP-nucleon interactions can be

described by means of an effective Lagrangian,

L ⊃ αS
q χ̄χq̄q + αV

q χ̄γµχq̄γ
µq + αA

q (χ̄γ
µγ5χ)(q̄γµγ5q) . (2.4)

The scalar (S) and vector (V) couplings contribute to the spin-independent part of

the cross section, while the coupling to the quark axial current (A) contributes to the

spin-dependent one.

Regarding the spin-dependent contribution it is customary to define the WIMP

couplings to proton and neutrons as

ap =
∑

q=u,d,s

αA
q√

2GF

∆p
q ; an =

∑

q=u,d,s

αA
q√

2GF

∆n
q , (2.5)

and

Λ =
1

J
[ap⟨Sp⟩+ an⟨Sn⟩] . (2.6)

The resulting differential cross section can then be expressed (in the case of a fermionic

WIMP [DC: Is it not possible to use a parametrization which is independent

of fermions-bosons? The kinematical pre-factor is different but as long as

we do not relate it to fundamental parameters...]) as
(

dσWN

dER

)

SD

=
16mN

πv2
Λ2G2

FJ(J + 1)
S(ER)

S(0)
, (2.7)

3

Nuclear form factors 

1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

2

The energy spectrum depends on the 
WIMP mass and the mass of the target 

7

Figure 2. The distribution of the maximum likelihood WIMP masses, mχ, and cross-
sections, σp, for exposures of (top row, left to right and then bottom row left to right)
E = 3 × 102, 3 × 103, 3 × 104 and 3 × 105 kg day. For E = 3 × 102 kg day we explicitly
plot the results from all 104 Monte Carlo experiments. For the larger exposures we
plot contours containing 68% and 95% of the probability distribution. In each panel
the large cross denotes the input parameters: mχ = 100 GeV, σp = 10−7 pb.

carried out assuming a Maxwellian speed distribution with vc = 220 km s−1. For each

experiment the extended likelihood is maximized for WIMP parameters which produce

an expected number of events equal to the actual number of events observed in that
experiment: λ(mχ, σp) = Nexpt. This means that, for fixed exposure, the ML parameters

are localized on curves corresponding to fixed Nexpt. For a given experiment the position

of the ML parameters on the curve depends on the energies of the observed events. For

E = 3 × 102 kg day, λin = 7.8, which is sufficiently small that the stratification of ML

parameters is clearly visible and we hence plot the actual pairs of mχ − σp values. For

the larger exposures the mean number of events expected is proportionately larger, the
stratification is no longer visible, the ML values are better localized in the mχ−σp plane

and we instead plot contours containing 68% and 95% of the simulated experiments.

We calculate the continuous probability distribution of mχ and σp by smoothing the ML

values from the 104 Monte Carlo simulations with a double gaussian kernel and summing
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parameters is clearly visible and we hence plot the actual pairs of mχ − σp values. For

the larger exposures the mean number of events expected is proportionately larger, the
stratification is no longer visible, the ML values are better localized in the mχ−σp plane

and we instead plot contours containing 68% and 95% of the simulated experiments.

We calculate the continuous probability distribution of mχ and σp by smoothing the ML

values from the 104 Monte Carlo simulations with a double gaussian kernel and summing
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Figure 2. The distribution of the maximum likelihood WIMP masses, mχ, and cross-
sections, σp, for exposures of (top row, left to right and then bottom row left to right)
E = 3 × 102, 3 × 103, 3 × 104 and 3 × 105 kg day. For E = 3 × 102 kg day we explicitly
plot the results from all 104 Monte Carlo experiments. For the larger exposures we
plot contours containing 68% and 95% of the probability distribution. In each panel
the large cross denotes the input parameters: mχ = 100 GeV, σp = 10−7 pb.

carried out assuming a Maxwellian speed distribution with vc = 220 km s−1. For each

experiment the extended likelihood is maximized for WIMP parameters which produce

an expected number of events equal to the actual number of events observed in that
experiment: λ(mχ, σp) = Nexpt. This means that, for fixed exposure, the ML parameters

are localized on curves corresponding to fixed Nexpt. For a given experiment the position

of the ML parameters on the curve depends on the energies of the observed events. For

E = 3 × 102 kg day, λin = 7.8, which is sufficiently small that the stratification of ML

parameters is clearly visible and we hence plot the actual pairs of mχ − σp values. For

the larger exposures the mean number of events expected is proportionately larger, the
stratification is no longer visible, the ML values are better localized in the mχ−σp plane

and we instead plot contours containing 68% and 95% of the simulated experiments.

We calculate the continuous probability distribution of mχ and σp by smoothing the ML

values from the 104 Monte Carlo simulations with a double gaussian kernel and summing
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Figure 3: The same as inf Fig. 2, but for the benchmark point L-SI.
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A single experiment cannot determine all the WIMP couplings, a combination of 
various targets is necessary. 

We need multiple experiments (with various targets) 
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reconstruction of DM parameters 
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A single experiment cannot determine all the WIMP couplings, a combination of 
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A combination of Germanium and Xenon greatly helps in reconstructing the DM 
parameters 
 
Targets with different sensitivities to SI and SD cross section are needed (e.g., F, Al) 
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A single experiment cannot determine all the WIMP couplings, a combination of 
various targets is necessary. 

A combination of Germanium and Xenon greatly helps in reconstructing the DM 
parameters 
 
Targets with different sensitivities to SI and SD cross section are needed (e.g., F, Al) 
 
This is an excellent tool to help design future experiments. 

log(m
χ
/GeV)

lo
g(
σ
SI
/p
b)

L−SI
Ge+Xe+CaWO4

1 2 3 4−11

−10

−9

−8

−7

log(m
χ
/GeV)

lo
g(
σ
SD
/p
b)

L−SI
Ge+Xe+CaWO4

1 2 3 4−7

−6

−5

−4

−3

−2

−1

log(σSI/pb)

lo
g(
σ
SD
/p
b)

L−SI
Ge+Xe+CaWO4

−11 −10 −9 −8 −7−7

−6

−5

−4

−3

−2

−1

log(m
χ
/GeV)

lo
g(
σ
SI
/p
b)

L−SI
Ge+Xe+Al2O3

1 2 3 4−11

−10

−9

−8

−7

log(m
χ
/GeV)

lo
g(
σ
SD
/p
b)

L−SI
Ge+Xe+Al2O3

1 2 3 4−7

−6

−5

−4

−3

−2

−1

log(σSI/pb)

lo
g(
σ
SD
/p
b)

L−SI
Ge+Xe+Al2O3

−11 −10 −9 −8 −7−7

−6

−5

−4

−3

−2

−1

log(m
χ
/GeV)

lo
g(
σ
SI
/p
b)

L−SI
Ge+Xe+LiF

1 2 3 4−11

−10

−9

−8

−7

log(m
χ
/GeV)

lo
g(
σ
SD
/p
b)

L−SI
Ge+Xe+LiF

1 2 3 4−7

−6

−5

−4

−3

−2

−1

log(σSI/pb)

lo
g(
σ
SD
/p
b)

L−SI
Ge+Xe+LiF

−11 −10 −9 −8 −7−7

−6

−5

−4

−3

−2

−1

Figure 6: The same as in Fig. 5 but for the case of BM2.
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Are we being too conservative in describing DM-nucleus interactions? 

/ Physics Procedia 00 (2014) 1–10 2

• inelastic interactions need only be considered in unusual cases where a target nucleus has an excited state within
⌃ 100 keV of the ground state; and

• a proper quantum mechanical treatment of the elastic scattering cross section should take into account the size
of the nucleus, as qRnucleus & 1.

Because the WIMP will, in most cases, only scatter elastically, one also sees that parity and time-reversal selection
rules that operate for diagonal matrix elements will limit what can be learned in direct detection experiments.

While we know little about dark matter interactions with ordinary matter, their possible associations with elec-
troweak interactions suggests using the standard model as a guide. In electromagnetism, elastic scattering can occur
through charge or magnetic interactions. Both interactions involve nontrivial isospin – the charge coupling is only to
protons, while the magnetic coupling involves the distinct proton and neutron magnetic moments. Magnetic elastic
scattering occurs through two interfering three-vector operators, spin ⌃�(i) and orbital angular momentum ⌃⇧(i). For
weak interactions, the weak charge operator couples primarily to neutrons, while the axial-charge operator ⌃�(i) · ⌃p(i)
makes e⇥ectively no contribution to elastic scattering, apart from small recoil corrections, due to the constraints im-
posed by parity and time-reversal invariance. One might expect, consequently, that the WIMP-nuclear interaction will
involve a variety of operators as well as couplings that depend on isospin.

In part for historical reasons, WIMP elastic scattering experiments are most often analyzed by assuming the
interaction is simpler than those described above: isoscalar, coupled either to the nucleon number operator 1(i) (spin-
independent or SI) or the nucleon spin �(i) (spin-dependent or SD) [3, 6, 7]. These are the operators for a point
nucleus. While a form factor is often introduced to account phenomenologically for the fact that the momentum
transfer is large on the nuclear scale, the quantum mechanical consequences of o(1) operators like ⌃q · ⌃r(i) have been
largely neglected.

Recently there have been e⇥orts to treat the WIMP-nucleon interaction in more generality, using the tools of ef-
fective field theory (EFT) [8, 9, 10, 11]. We describe the approach of [9, 11] in Sec. 2 and its consequences for
WIMP-nucleus elastic scattering. Consistent with general symmetry arguments, six independent nuclear response
functions are identified, in contrast to the two assumed in SI/SD treatments. The new operators are associated with
derivative couplings, where a proper treatment of ⌃q · ⌃r(i) is essential due to the need to identify associated parity- and
time-reversal-conserving elastic operators. When this is done, we find that velocity-dependent interactions lead to
cross sections ⌃ q2/m2

N G2
F ⌃ 10�2 G2

F , where mN in the nucleon mass and GF the weak coupling constant, in contrast
to the SI/SD result, ⌃ v2

T G2
F ⌃ 10�6 G2

F . Our e⇥ective theory treatment shows that much more can be learned about
the properties of WIMP dark matter from elastic scattering experiments than is generally appreciated. However, it
also shows that a greater variety of experiments will be necessary to extract this information and to eliminate possible
sources of confusion, when competing experiments are compared.

2. The Nuclear Elastic Response from E↵ective Theory

Here we summarize the e⇥ective theory construction of the WIMP-nucleon interaction of Ref. [9, 11]. Details can
be found in the original papers. The Lagrangian density for the scattering of a WIMP o⇥ a nucleon is taken to have
the form

Lint(⌃x) = c �⇤⇥(⌃x)O⇥�⇥(⌃x) �⇤N(⌃x)ON�N(⌃x), (1)

where the �(⌃x) are nonrelativistic fields and where the WIMP and nucleon operators O⇥ and ON may have vector
indices. The operators O⇥ and ON are then allowed to take on their most general form, constrained by imposing
relevant symmetries. The construction was done in the nonrelativistic limit to second order in the momenta. Thus the
relevant operators are those appropriate for use with Pauli spinors. The Galilean-invariant amplitudes take the form

N⇤

i=1

�
cn

i O n
i + cp

i O
p
i

⇥
, (2)

where the coupling coe⇤cients ci may be di⇥erent for proton and neutrons. The number N of such operators Oi –
which have the product form Oi

⇥ ⌅ Oi
N – depends on the generality of the particle physics description.
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These operators contribute to six types of response105

functions, as well as two types of interference. The spin-106

independent response is denoted M and is typically the107

strongest of the six functions since it is related to the108

number of nucleons in the target nucleus. The main con-109

tribution to this response comes from the standard spin-110

independent operator O1, but it also contains higher-111

order contributions from operators 5, 8, and 11. There112

are two spin-dependent responses, ⇥� and ⇥��, which cor-113

respond to projections of spin parallel and perpendicular114

to the momentum transfer. A linear combination of these115

two responses yields the standard spin-dependent opera-116

tor O4. Many of the other operators also appear in one117

of these two responses. The � response, a novel type of118

response introduced in the e⌅ective field theory, is related119

to the net angular momentum of an unpaired nucleon and120

contains contributions from operators 5 and 8. A second121

novel response is ⇤��, which is is sensitive to the product122

of angular momentum and spin. This response tends to123

favor heavier elements and is the dominant response for124

O3. The last response considered in the e⌅ective field125

theory, ⇤̃�, contains contributions from operators 3, 12,126

and 15. ⇤̃� is discussed less frequently in the literature127

since it is di⌃cult to find a model that produces this128

response, but we consider it here for completeness.129

The e⌅ective field theory also includes two operator-130

operator interference terms: ⇥�� andM⇤��. ⇥� interferes131

with � because responses which are dependent on veloc-132

ity are sensitive to properties such as angular momentum133

which depend on the motion of the nucleon within the nu-134

cleus. This interference term is particularly significant for135

germanium, which has large responses to both ⇥� and �.136

The ⇥�� response contains interference between O4 and137

O5, as well as between O8 and O9. In addition, since138

both M and ⇤�� are scalar responses, interference be-139

tween the two can be significant, especially for elements140

like xenon which have large responses to both. The M⇤��
141

response contains interference between operators O1 and142

O3, operators O11 and O12, and operators O11 and O15.143

The strength of an EFT interaction is governed by nu-144

merical coe⌃cients associated with each of the operators,145

one for each operator and isospin. These coe⌃cients are146

here labeled c�i with i indicating operator number and147

� = 0 or 1 indicating isoscalar (cp = cn) and isovector148

(cp = �cn), respectively. They are generalized versions149

of fn and fp and can take on any value, positive or neg-150

ative. The coe⌃cients appear as c�i c
� 0

j in the interaction,151

indicating that operators interfere at most pair-wise.152

This paper discusses the Fitzpatrick et al. e⌅ective field153

theory in the context of current and proposed direct de-154

tection experiments. We present exclusion limits on EFT155

operator coe⌃cients using the optimum interval method.156

We discuss the di⌅erences in energy spectra that arise for157

arbitrary EFT interactions and examine how this energy158

dependence may a⌅ect future experiments if WIMP can-159

didate events are observed. We also consider the vari-160

ation in interaction strength across the elements com-161

monly used as direct detection targets and discuss pos-162

sible ways of exploring interference using experimental163

results. Finally, we discuss the implications of this e⌅ec-164

tive field theory for the G2 direct detection experiments.165

EXCLUSION LIMITS ON A SET OF EFT166

OPERATORS167

The strength of the interaction in the EFT frame-168

work is governed by a set of 28 numerical coe⌃cients169

corresponding to the 14 operators, one for each isospin.170

Other work has attempted to find global fits in this many-171

dimensional EFT parameter space using combined data172

from many direct detection experiments [21]. However,173

since the parameter space is large and relatively uncon-174

strained by current experiments, we choose to calculate175

exclusion limits on the coe⌃cients for individual EFT176

operator for three di⌅erent target elements: germanium177

(SuperCDMS LT and CDMS-II), silicon (CDMS-II), and178

xenon (LUX). This is the first EFT experimental result179

that includes all three target elements that will be used180

in the G2 experiments. In addition, the optimum inter-181

val method provides a more accurate calculation of the182

limits since it includes information about the candidate183

event energies and energy-dependent detection e⌃ciency184

that is lost in likelihood methods that consider a single185
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TABLE VIII. Operators for a spin-1
2 WIMP via a neutral mediator

Scalar Mediator

‰̄‰q̄q ≠æ
3

h

N
1 ⁄1
m

2
„

4
O1

‰̄‰q̄“5q ≠æ
3

h

N
2 ⁄1
m

2
„

4
O10

‰̄“5‰q̄q ≠æ
3

≠h

N
1 ⁄2mN

m

2
„m‰

4
O11

‰̄“5‰q̄“5q ≠æ
3

h

N
2 ⁄2mN

m

2
„m‰

4
O6

Vector Mediator

‰̄“µ‰q̄“
µ

q ≠æ
3

≠h

N
3 ⁄3
m

2
G

4
O1

‰̄“µ‰q̄“
µ

“5q ≠æ
3

≠2h

N
4 ⁄3

m

2
G

4 1
≠O7 + mN

m‰
O9

2

‰̄“µ“5‰q̄“
µ

q ≠æ
3

≠2h

N
3 ⁄4

m

2
G

4
(O8 + O9)

‰̄“µ“5‰q̄“
µ

“5q ≠æ
3

4h

N
4 ⁄4

m

2
G

4
O4

29

E.g., For a spin ½ particle  

These operators can be obtained as the non-relativistic limit of 
relativistic operators (e.g.,  starting from UV complete models) 

Dent, Krauss, Newstead, Sabbharwal 2015  
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These are extremely sensitive to the choice of target material, being crucial in the 
design phase of new experiments.    

Some targets have 
enhanced 
sensitivities for a 
given set of 
operators 
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Limits on EFT operators (SuperCDMS) 

6

FIG. 3. Co-added energy spectrum from 100 simulated experiments (blue histogram) assuming the dark matter interaction
proceeds according to the isoscalar O3 operator for a 10GeV/c2 (left) and a 300GeV/c2 WIMP (right). The detection e�ciency
is assumed to be independent of energy. The smooth cyan, magenta, and black curves show the expected spectrum for the
standard spin-independent rate for several WIMP masses, while the dashed dark blue curve shows the O3 spectrum from which
the simulated experiments were sampled.

FIG. 4. Distribution of 90% confidence level upper limits calculated using the optimum interval method for the simulated
experiments discussed in Sec. 3 and shown in Fig. 3, sampled from the event rate for isoscalar O3. Shaded blue bands show
the 68% and 95% confidence level uncertainty on the distribution. The zero-background Poisson limit is shown in magenta.

tends to be weaker at larger WIMP masses where the
tail of the spin-independent event rate extends to higher
recoil energies. For the 300GeV/c2 case, the distribu-
tion of limits agrees with the Poisson zero-background
limit at low masses; the observed events occur at recoil
energies that cannot be produced by a low-mass WIMP.
At higher masses, the distribution of limits is still close
to the zero-background limit because the shape of the
observed spectrum is very di↵erent from the expected
spin-independent WIMP rate.

The di↵erence in the limits between the spin-
independent and EFT cases demonstrates the impor-
tance of correctly modeling the expected WIMP signal.

Algorithms that assume the standard spin-independent
rate when calculating limits will interpret events from
EFT interactions with di↵erent spectral shapes as back-
ground, and thus, this assumption could lead to a bias in
the exclusion limits reported by experiments, especially
in the case where events are observed.

K. Schneck et al. PRD 2015 

-  Assume contribution from only 
one operator at a time 

 
-  Bounds very sensitive to the 

actual target 

-  Potential cancellations between 
some operators 

•  The spectrum differs from the 
expected for standard 
interactions 

-  A DM signal could be 
misidentified as background 

-  The reconstruction of a signal 
would point towards the wrong 
mass and couplings 
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FIG. 1. Upper limits on the dimensionless isoscalar coe�cients c

0
3 (left) and c

0
8 (right) as a function of WIMP mass for

SuperCDMS Soudan (light blue) [10], CDMS II Ge (dark blue) [26], and CDMS II Si (red) [27], and estimated limits for LUX
(black) [11], for the Maxwellian halo (solid) and an alternate halo model (dashed).

Operator coe�cient SuperCDMS Soudan CDMS II Ge CDMS II Si

(c01)
2 ⇤m4

weak 8.98⇥ 10�5 (—) 1.19⇥ 10�3 (1.13⇥ 10�5) 3.06⇥ 10�3 (7.73⇥ 10�4)

(c03)
2 ⇤m4

weak 3.14⇥ 104 (—) 1.06⇥ 105 (3.08⇥ 101) 8.59⇥ 105 (1.37⇥ 104)

(c04)
2 ⇤m4

weak 8.77⇥ 101 (—) 1.24⇥ 103 (1.53⇥ 101) 3.94⇥ 103 (1.02⇥ 103)

(c05)
2 ⇤m4

weak 6.34⇥ 105 (—) 5.30⇥ 106 (4.82⇥ 103) 2.67⇥ 107 (1.55⇥ 106)

(c06)
2 ⇤m4

weak 4.54⇥ 108 (—) 1.55⇥ 109 (5.21⇥ 105) 2.44⇥ 1010 (3.70⇥ 108)

(c07)
2 ⇤m4

weak 8.44⇥ 107 (—) 1.76⇥ 109 (1.62⇥ 107) 3.19⇥ 109 (929⇥ 108)

(c08)
2 ⇤m4

weak 4.30⇥ 102 (—) 7.68⇥ 103 (3.51⇥ 101) 1.70⇥ 104 (3.49⇥ 103)

(c09)
2 ⇤m4

weak 1.95⇥ 105 (—) 1.32⇥ 106 (4.84⇥ 103) 9.17⇥ 106 (7.34⇥ 105)

(c010)
2 ⇤m4

weak 9.22⇥ 104 (—) 5.83⇥ 105 (1.09⇥ 103) 4.34⇥ 106 (2.86⇥ 105)

(c011)
2 ⇤m4

weak 5.13⇥ 10�1 (—) 3.23⇥ 100 (6.59⇥ 10�3) 1.86⇥ 101 (1.34⇥ 100)

(c012)
2 ⇤m4

weak 1.03⇥ 102 (—) 6.33⇥ 102 (1.04⇥ 100) 2.45⇥ 103 (1.69⇥ 102)

(c013)
2 ⇤m4

weak 4.28⇥ 108 (—) 1.44⇥ 109 (4.12⇥ 105) 2.50⇥ 1013 (1.36⇥ 1012)

(c014)
2 ⇤m4

weak 5.00⇥ 1011 (—) 4.91⇥ 1012 (1.06⇥ 1010) 2.64⇥ 1013 (1.72⇥ 1012)

(c015)
2 ⇤m4

weak 1.32⇥ 108 (—) 2.76⇥ 108 (1.26⇥ 104) 4.44⇥ 109 (1.48⇥ 107)

TABLE I. SuperCDMS and CDMS II 90% confidence level upper limits on the square of the dimensionless EFT coe�cient for
pure isoscalar interaction for a 10 GeV/c2 (300 GeV/c2) WIMP for all isoscalar EFT operators. The upper limits vary in
accordance with the relative strength of the interaction in silicon and germanium.

O8 (Fig. 1, right) includes contributions from the � re-
sponse, which is greater in germanium than in silicon or
xenon. This contribution strengthens the SuperCDMS
Soudan constraint relative to LUX and CDMS II Si. In
addition, the shape of the curve for a single target ele-
ment changes from operator to operator. For example,
O3 depends on the square of the momentum transfer,
naturally suppressing the event rate at low energies. As
a result, the limits at low WIMP mass for O3 are weaker
than for other operators.

The di↵erence between the two WIMP velocity distri-
butions becomes apparent when the only events expected
above the detection thresholds are due to WIMPs in the

high-velocity tails. Since both CDMS and LUX have
thresholds of a few keV, this disparity appears only at
the lowest WIMP masses. The di↵erence is also more
pronounced for LUX, since its target nucleus, xenon, is
heavier than silicon or germanium. A dark matter parti-
cle must have a higher velocity to deposit a given recoil
energy in xenon than in germanium or silicon; higher-
energy recoils become comparatively rarer. For the Su-
perCDMS Soudan result, the di↵erence in velocity dis-
tributions leads to a factor of two di↵erence in the limit
around 4GeV/c2, whereas for LUX, the di↵erence in
velocity distribution leads to a factor of two di↵erence
around 7GeV/c2.
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FIG. 1. Upper limits on the dimensionless isoscalar coe�cients c

0
3 (left) and c

0
8 (right) as a function of WIMP mass for

SuperCDMS Soudan (light blue) [10], CDMS II Ge (dark blue) [26], and CDMS II Si (red) [27], and estimated limits for LUX
(black) [11], for the Maxwellian halo (solid) and an alternate halo model (dashed).

Operator coe�cient SuperCDMS Soudan CDMS II Ge CDMS II Si

(c01)
2 ⇤m4

weak 8.98⇥ 10�5 (—) 1.19⇥ 10�3 (1.13⇥ 10�5) 3.06⇥ 10�3 (7.73⇥ 10�4)

(c03)
2 ⇤m4

weak 3.14⇥ 104 (—) 1.06⇥ 105 (3.08⇥ 101) 8.59⇥ 105 (1.37⇥ 104)

(c04)
2 ⇤m4

weak 8.77⇥ 101 (—) 1.24⇥ 103 (1.53⇥ 101) 3.94⇥ 103 (1.02⇥ 103)

(c05)
2 ⇤m4

weak 6.34⇥ 105 (—) 5.30⇥ 106 (4.82⇥ 103) 2.67⇥ 107 (1.55⇥ 106)

(c06)
2 ⇤m4

weak 4.54⇥ 108 (—) 1.55⇥ 109 (5.21⇥ 105) 2.44⇥ 1010 (3.70⇥ 108)

(c07)
2 ⇤m4

weak 8.44⇥ 107 (—) 1.76⇥ 109 (1.62⇥ 107) 3.19⇥ 109 (929⇥ 108)

(c08)
2 ⇤m4

weak 4.30⇥ 102 (—) 7.68⇥ 103 (3.51⇥ 101) 1.70⇥ 104 (3.49⇥ 103)

(c09)
2 ⇤m4

weak 1.95⇥ 105 (—) 1.32⇥ 106 (4.84⇥ 103) 9.17⇥ 106 (7.34⇥ 105)

(c010)
2 ⇤m4

weak 9.22⇥ 104 (—) 5.83⇥ 105 (1.09⇥ 103) 4.34⇥ 106 (2.86⇥ 105)

(c011)
2 ⇤m4

weak 5.13⇥ 10�1 (—) 3.23⇥ 100 (6.59⇥ 10�3) 1.86⇥ 101 (1.34⇥ 100)

(c012)
2 ⇤m4

weak 1.03⇥ 102 (—) 6.33⇥ 102 (1.04⇥ 100) 2.45⇥ 103 (1.69⇥ 102)

(c013)
2 ⇤m4

weak 4.28⇥ 108 (—) 1.44⇥ 109 (4.12⇥ 105) 2.50⇥ 1013 (1.36⇥ 1012)

(c014)
2 ⇤m4

weak 5.00⇥ 1011 (—) 4.91⇥ 1012 (1.06⇥ 1010) 2.64⇥ 1013 (1.72⇥ 1012)

(c015)
2 ⇤m4

weak 1.32⇥ 108 (—) 2.76⇥ 108 (1.26⇥ 104) 4.44⇥ 109 (1.48⇥ 107)

TABLE I. SuperCDMS and CDMS II 90% confidence level upper limits on the square of the dimensionless EFT coe�cient for
pure isoscalar interaction for a 10 GeV/c2 (300 GeV/c2) WIMP for all isoscalar EFT operators. The upper limits vary in
accordance with the relative strength of the interaction in silicon and germanium.

O8 (Fig. 1, right) includes contributions from the � re-
sponse, which is greater in germanium than in silicon or
xenon. This contribution strengthens the SuperCDMS
Soudan constraint relative to LUX and CDMS II Si. In
addition, the shape of the curve for a single target ele-
ment changes from operator to operator. For example,
O3 depends on the square of the momentum transfer,
naturally suppressing the event rate at low energies. As
a result, the limits at low WIMP mass for O3 are weaker
than for other operators.

The di↵erence between the two WIMP velocity distri-
butions becomes apparent when the only events expected
above the detection thresholds are due to WIMPs in the

high-velocity tails. Since both CDMS and LUX have
thresholds of a few keV, this disparity appears only at
the lowest WIMP masses. The di↵erence is also more
pronounced for LUX, since its target nucleus, xenon, is
heavier than silicon or germanium. A dark matter parti-
cle must have a higher velocity to deposit a given recoil
energy in xenon than in germanium or silicon; higher-
energy recoils become comparatively rarer. For the Su-
perCDMS Soudan result, the di↵erence in velocity dis-
tributions leads to a factor of two di↵erence in the limit
around 4GeV/c2, whereas for LUX, the di↵erence in
velocity distribution leads to a factor of two di↵erence
around 7GeV/c2.

Limits on EFT operators (SuperCDMS) 

6

FIG. 3. Co-added energy spectrum from 100 simulated experiments (blue histogram) assuming the dark matter interaction
proceeds according to the isoscalar O3 operator for a 10GeV/c2 (left) and a 300GeV/c2 WIMP (right). The detection e�ciency
is assumed to be independent of energy. The smooth cyan, magenta, and black curves show the expected spectrum for the
standard spin-independent rate for several WIMP masses, while the dashed dark blue curve shows the O3 spectrum from which
the simulated experiments were sampled.

FIG. 4. Distribution of 90% confidence level upper limits calculated using the optimum interval method for the simulated
experiments discussed in Sec. 3 and shown in Fig. 3, sampled from the event rate for isoscalar O3. Shaded blue bands show
the 68% and 95% confidence level uncertainty on the distribution. The zero-background Poisson limit is shown in magenta.

tends to be weaker at larger WIMP masses where the
tail of the spin-independent event rate extends to higher
recoil energies. For the 300GeV/c2 case, the distribu-
tion of limits agrees with the Poisson zero-background
limit at low masses; the observed events occur at recoil
energies that cannot be produced by a low-mass WIMP.
At higher masses, the distribution of limits is still close
to the zero-background limit because the shape of the
observed spectrum is very di↵erent from the expected
spin-independent WIMP rate.

The di↵erence in the limits between the spin-
independent and EFT cases demonstrates the impor-
tance of correctly modeling the expected WIMP signal.

Algorithms that assume the standard spin-independent
rate when calculating limits will interpret events from
EFT interactions with di↵erent spectral shapes as back-
ground, and thus, this assumption could lead to a bias in
the exclusion limits reported by experiments, especially
in the case where events are observed.

K. Schneck et al. PRD 2015 

-  Assume contribution from only 
one operator at a time 

 
-  Bounds very sensitive to the 

actual target 

-  Potential cancellations between 
some operators 

•  The spectrum differs from the 
expected for standard 
interactions 

-  A DM signal could be 
misidentified as background 

-  The reconstruction of a signal 
would point towards the wrong 
mass and couplings 
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FIG. 1. Upper limits on the dimensionless isoscalar coe�cients c

0
3 (left) and c

0
8 (right) as a function of WIMP mass for

SuperCDMS Soudan (light blue) [10], CDMS II Ge (dark blue) [26], and CDMS II Si (red) [27], and estimated limits for LUX
(black) [11], for the Maxwellian halo (solid) and an alternate halo model (dashed).

Operator coe�cient SuperCDMS Soudan CDMS II Ge CDMS II Si

(c01)
2 ⇤m4

weak 8.98⇥ 10�5 (—) 1.19⇥ 10�3 (1.13⇥ 10�5) 3.06⇥ 10�3 (7.73⇥ 10�4)
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weak 8.44⇥ 107 (—) 1.76⇥ 109 (1.62⇥ 107) 3.19⇥ 109 (929⇥ 108)

(c08)
2 ⇤m4

weak 4.30⇥ 102 (—) 7.68⇥ 103 (3.51⇥ 101) 1.70⇥ 104 (3.49⇥ 103)

(c09)
2 ⇤m4

weak 1.95⇥ 105 (—) 1.32⇥ 106 (4.84⇥ 103) 9.17⇥ 106 (7.34⇥ 105)

(c010)
2 ⇤m4

weak 9.22⇥ 104 (—) 5.83⇥ 105 (1.09⇥ 103) 4.34⇥ 106 (2.86⇥ 105)

(c011)
2 ⇤m4

weak 5.13⇥ 10�1 (—) 3.23⇥ 100 (6.59⇥ 10�3) 1.86⇥ 101 (1.34⇥ 100)

(c012)
2 ⇤m4
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weak 5.00⇥ 1011 (—) 4.91⇥ 1012 (1.06⇥ 1010) 2.64⇥ 1013 (1.72⇥ 1012)
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2 ⇤m4

weak 1.32⇥ 108 (—) 2.76⇥ 108 (1.26⇥ 104) 4.44⇥ 109 (1.48⇥ 107)

TABLE I. SuperCDMS and CDMS II 90% confidence level upper limits on the square of the dimensionless EFT coe�cient for
pure isoscalar interaction for a 10 GeV/c2 (300 GeV/c2) WIMP for all isoscalar EFT operators. The upper limits vary in
accordance with the relative strength of the interaction in silicon and germanium.

O8 (Fig. 1, right) includes contributions from the � re-
sponse, which is greater in germanium than in silicon or
xenon. This contribution strengthens the SuperCDMS
Soudan constraint relative to LUX and CDMS II Si. In
addition, the shape of the curve for a single target ele-
ment changes from operator to operator. For example,
O3 depends on the square of the momentum transfer,
naturally suppressing the event rate at low energies. As
a result, the limits at low WIMP mass for O3 are weaker
than for other operators.

The di↵erence between the two WIMP velocity distri-
butions becomes apparent when the only events expected
above the detection thresholds are due to WIMPs in the

high-velocity tails. Since both CDMS and LUX have
thresholds of a few keV, this disparity appears only at
the lowest WIMP masses. The di↵erence is also more
pronounced for LUX, since its target nucleus, xenon, is
heavier than silicon or germanium. A dark matter parti-
cle must have a higher velocity to deposit a given recoil
energy in xenon than in germanium or silicon; higher-
energy recoils become comparatively rarer. For the Su-
perCDMS Soudan result, the di↵erence in velocity dis-
tributions leads to a factor of two di↵erence in the limit
around 4GeV/c2, whereas for LUX, the di↵erence in
velocity distribution leads to a factor of two di↵erence
around 7GeV/c2.

Limits on EFT operators (SuperCDMS) 

-  Assume contribution from only 
one operator at a time 

 
-  Bounds very sensitive to the 

actual target 

-  Potential cancellations between 
some operators 

•  The spectrum differs from the 
expected for standard 
interactions 

-  A DM signal could be 
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-  The reconstruction of a signal 
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FIG. 3. Co-added energy spectrum from 100 simulated experiments (blue histogram) assuming the dark matter interaction
proceeds according to the isoscalar O3 operator for a 10GeV/c2 (left) and a 300GeV/c2 WIMP (right). The detection e�ciency
is assumed to be independent of energy. The smooth cyan, magenta, and black curves show the expected spectrum for the
standard spin-independent rate for several WIMP masses, while the dashed dark blue curve shows the O3 spectrum from which
the simulated experiments were sampled.

FIG. 4. Distribution of 90% confidence level upper limits calculated using the optimum interval method for the simulated
experiments discussed in Sec. 3 and shown in Fig. 3, sampled from the event rate for isoscalar O3. Shaded blue bands show
the 68% and 95% confidence level uncertainty on the distribution. The zero-background Poisson limit is shown in magenta.

tends to be weaker at larger WIMP masses where the
tail of the spin-independent event rate extends to higher
recoil energies. For the 300GeV/c2 case, the distribu-
tion of limits agrees with the Poisson zero-background
limit at low masses; the observed events occur at recoil
energies that cannot be produced by a low-mass WIMP.
At higher masses, the distribution of limits is still close
to the zero-background limit because the shape of the
observed spectrum is very di↵erent from the expected
spin-independent WIMP rate.

The di↵erence in the limits between the spin-
independent and EFT cases demonstrates the impor-
tance of correctly modeling the expected WIMP signal.

Algorithms that assume the standard spin-independent
rate when calculating limits will interpret events from
EFT interactions with di↵erent spectral shapes as back-
ground, and thus, this assumption could lead to a bias in
the exclusion limits reported by experiments, especially
in the case where events are observed.

K. Schneck et al. PRD 2015 
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Conclusions 

Exciting times ahead with future DM experiments (Generation 2) 

Excellent complementarity to LHC and indirect searches (testing potential signals) 
 

Good coverage for most WIMP models 

… if DM is not a WIMP? (sensitivity to axion-like particles and other 
exotics) 

E.g., Direct detection and the Galactic Centre Excess 

Future new data might provide information about the DM properties 

The use of multiple targets, or combination of different data is crucial  

Need to consider more general DM interactions and/or simplified 
models  
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Right-handed sneutrino in the NMSSM 

EW-scale 
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Majorana 
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210Pb Source


β   γ  206Pb

iZIP calibration 

~900 live hours in T3Z1 with a 210Pb source on side 1 
 

 71,525 electrons  
 16,258 206Pb recoils 

 

3

(a) (b) (c)

FIG. 3. (color online) All panels show the same data from ⇥900 live hours of detector T3Z1 with the 210Pb source facing side 1. Clearly
visible are the symmetric charge events (large blue dots) in the interior of the crystal, and the events that fail the symmetric charge cut
(small red dots) including surface events from betas, gammas and lead nuclei incident on side 1 from the source. The two blue dots with
circles around them are outliers that show a very low charge yield and just satisfy the symmetry requirement. (a) The symmetry cuts
(dotted blue lines) flare out near the origin so that events are accepted down to the noise wall. The band just below 50 keV is from the
46.5 keV gammas from the source. (b) Ionization yield versus phonon recoil energy with ±2� ionization yield range of neutrons indicated
(area within green lines). The hyperbolic black line is the ionization threshold (2 keVee - ‘ee’ for electron equivalent); the vertical black
line is the recoil energy threshold (8 keVr). Electrons from 210Pb (below ⇥60 keVr) and 210Bi (mostly above 60 keVr) are distinctly
separated from 206Pb recoils (low yield, below ⇥110 keVr). (c) In addition to the data in (a) & (b) this panel also shows nuclear recoils
from neutrons from a 252Cf source (green, low yield). As bulk events these show a symmetric ionization response between side 1 and 2
like the bulk electron recoils at higher yield, and are thus nicely separated from charge-asymmetric surface events.

genic neutron background in the WIMP signal region.
In order to measure directly the background rejection for
these events, 210Pb sources were installed in the Soudan
Underground Laboratory experiment facing two detec-
tors T3Z1(T3Z3), with the source facing the +2 V(-2 V)
electrode. These sources were fabricated by the Stan-
ford group23 using silicon wafers sealed in an aluminum
box for 12 days with a 5 kBq 226Ra source producing
222Rn gas. The silicon wafers were then etched with a
standard wafer cleaning procedure and calibrated with
an XIA ultra-low background alpha counter24. The two
deployed sources are nearly uniformly implanted with
210Pb to a depth of ⇥58 nm and, by the decay chain25,26

shown in Fig. 2, give a total electron interaction rate of
⇥130 events per hour in the 8–115 keVr region of interest.

As shown in Fig. 3a, events taking place in the bulk
of the detectors, such as the 10.4 keV Ge activation line,
produce an ionization response that is symmetrically di-
vided between the two faces of the iZIP. In contrast, sur-
face betas from the source show a signal primarily on the
side of the crystal facing the source. Events that take
place in the outer radial regions of the detector, which
can also su�er from reduced ionization yield, were iden-
tified by comparing the ionization collected in the outer
guard electrode to that collected in the inner electrode
and do not appear in the plot.

As seen in Fig. 3b, surface betas from the 210Pb source
populate a region of reduced ionization yield, which lies
between the electron-recoil (ionization yield ⇥1) and
nuclear-recoil bands. The recoiling 206Pb nuclei from the
210Po alpha decay are also seen, with an ionization yield

of ⇥0.2 which is below the Ge nuclear recoil band because
of reduced yield of Pb recoils in Ge versus Ge recoils in
Ge. This low-yield band ends near the known 103 keV
maximum recoil energy for the recoiling nucleus, thereby
providing direct confirmation for our nuclear-recoil en-
ergy scale. The iZIP’s ability to reject surface events
versus bulk nuclear recoils is demonstrated in Fig. 3c.

In the energy band 8–115 keVr detector T3Z1(T3Z3)
recorded 71,525 (38,178) electrons and 16,258 (7,007)
206Pb recoils in 905.5 (683.8) live hours at Soudan. The
expected background rates are ⇥10,000 times lower and
are neglected in this analysis. A WIMP signal region
is defined by the 2-sigma band around the mean yield
measured for nuclear recoils (using a 252Cf neutron cal-
ibration source). A fiducial volume is defined based on
ionization information, requiring that there is no charge
signal above threshold in the outer ionization sensor and
that the charge signal is symmetric with respect to the
detector faces (blue points in Figs. 3). Using these crite-
ria, no surface events are found leaking into the WIMP
signal region above a recoil energy of 8 keVr. This fidu-
cialization yields a spectrum-averaged acceptance e⇤-
ciency of ⇥50% in the energy range of 8–115 keVr for
a ⇥60 GeV/c2 mass WIMP. The statistics-limited upper
limit to the surface event leakage fraction is 1.7�10�5 at
90% C.L., similar to that found by EDELWEISS above
a threshold of 15 keVr21. For an exposure of 0.3 ton-yr
with a 200 kg Ge SNOLAB experiment, this leakage frac-
tion corresponds to an estimated leakage < 0.6 events at
90% C.L. assuming the same 210Pb background contam-
ination levels as achieved at Soudan.

No events leaking into the signal region (8-115 keV) 
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