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We have “hints” that there is BSM physics out there  
- dark matter is a good example!

If new physics exists, we don’t have a good sense of the 
scale yet!  (Naturalness?!?)

Models of DM alone 
span many orders of 

magnitude 
in energy scales.

BSM Physics in the LHC era
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!

We have a vast number of NP models and many approaches  
to try and discover NP.

SUSY 
(m)UED 
2HDM 

Comp. H 
… Collider 

signatures 

Cosmological 
signatures 

Astrophysical 
signatures

neutrinos,!
e+ spectra,!

anti-protons, !
gamma rays…

dark matter relic density, 
CMB,  
baryon asymmetry…

!
forward-backward asymmetry, 
flavor observables, 
missing energy signatures…!
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Fig. 5 Upper limits at 90% CL on the spin-independent �–
nucleon cross-section (�SI

�-N) for the scalar operator D1 (red)
as a function of m

�

. The yellow and green curves represent the
exclusion limits recently set by the LUX and Super-CDMS
collaborations [6,7,66]. The coupling is assumed to be g

q

g
�

=
g = 4⇡.

and 6 show the corresponding 90% CL exclusion curves
for the spin-independent and spin-dependent �–nucleon
cross-section for the scalar (D1) and tensor (D9) oper-
ators as a function of m� for the strongest results ob-
tained in any signal region. The most stringent limits
set by direct detection experiments [6–9] are also shown.
Only m� where more then 90% of the events fulfill the
e↵ective field theory validity constraints are shown in
Figs. 5 and 6.

The limits shown are especially strong in the low-
mass region where several collaborations [28,67–69] have
recently claimed possible observations of DM. The re-
sults reported in this article represent the first ATLAS
limits on the scalar operator C1 and they significantly
improve the sensitivity to �–nucleon interactions medi-
ated by the scalar operator D1 compared to previous
ATLAS results [14, 16, 18,19].

Figure 7 shows the exclusion curves observed and
expected for the b-FDM model as a function of the me-
diator and DM masses. For each point in (m�, m�),
the signal region with the best expected sensitivity is
used, with SR1 dominating over the other signal re-
gions. For a DM particle of approximately 35 GeV, as
suggested by the interpretation of data recorded by the
Fermi-LAT collaboration, mediator masses between ap-
proximately 300 GeV and 500 GeV are excluded at 95%
CL.
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Fig. 6 Upper limits at 90% CL on the spin-dependent �–
nucleon cross-section (�SD

�-N) for the tensor operator D9 (red)
as a function of m

�
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exclusion limits recently set by the COUPP and PICASSO
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Fig. 7 Exclusion contour at 95% CL for the b-FDM model
from combined results of SR1 and SR2. The expected limit is
given by the dashed line, and the yellow band indicates the
±1 � uncertainty. The observed limit, largely dominated by
SR1, is given by the solid red line. The region beneath the
curve indicating the observed limit is excluded.

5 Conclusions

In summary, this article reports a search for dark-matter
pair production in association with bottom or top quarks.
The analysis is performed using 20.3 fb�1 of pp col-
lisions collected at

p
s = 8 TeV by the ATLAS de-

Colliders can be more  
sensitive to low mass DM

Eur.Phys.J. C75 (2015) 92

ATLAS DM searches in effective theory approach

Direct detection provides 
better limit in “high mass” regime
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Fig. 1 Dominant Feynman diagrams for DM production in
conjunction with (a) a single b-quark and (b) a heavy quark
(bottom or top) pair using an e↵ective field theory approach.
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Fig. 2 Example of DM production in the b-FDM model.

operators are normalized by mq, which mitigates con-
tributions to flavour-changing processes, strongly con-
strained by flavour physics observables [25,26], through
the framework of minimal flavour violation (MFV). The
dependence on the quark mass makes final states with
bottom and top quarks the most sensitive to these op-
erators.

This search is also sensitive to tensor couplings be-
tween DM and quarks. The tensor operator (D9), which
describes a magnetic moment coupling, is parameter-
ized as [12]:

O
tensor

=
X

q

1

M2

⇤
�̄�µ⌫�q̄�µ⌫q. (2)

MFV suggests that the D9 operator should have a mass
dependence from Yukawa couplings although canoni-
cally this is not parametrised as such.

The results are also interpreted in light of a bottom-
Flavoured Dark Matter model (b-FDM) [27]. The b-
FDMmodel was proposed to explain the excess of gamma
rays from the galactic centre, recently observed by the
Fermi Gamma-ray Space Telescope, and interpreted as
a signal for DM annihilation [28]. This analysis of the
data recorded by the Fermi-LAT collaboration favours
DM with a mass of approximately 35 GeV annihilating
into b-quarks via a coloured mediator. In this model, a
new scalar field, �, mediates the interactions between
DM and quarks as shown in Fig. 2. DM is assumed to
be a Dirac fermion that couples to right-handed, down-

type quarks. The lightest DM particle, which consti-
tutes cosmic DM, preferentially couples to b-quarks.
The collider signature of this model is b-quarks pro-
duced in association with missing transverse momen-
tum. This analysis sets constraints on the mass of the
mediator and DM particle in the framework of the b-
FDM model.

2 Detector description and physics objects

The ATLAS detector [34] at the LHC covers the pseu-
dorapidity1 range of |⌘| < 4.9 and is hermetic in azi-
muth �. It consists of an inner tracking detector sur-
rounded by a superconducting solenoid, electromagnetic
and hadronic calorimeters, and an external muon spec-
trometer incorporating large superconducting toroidal
magnets. A three-level trigger system is used to select
events for subsequent o✏ine analysis. The data set used
in this analysis consists of 20.3 fb�1 of pp collision data
recorded at a centre-of-mass energy of

p
s = 8 TeV with

stable beam conditions [35] during the 2012 LHC run.
All subsystems listed above were required to be opera-
tional.

This analysis requires the reconstruction of muons,
electrons, jets, and missing transverse momentum. Muon
candidates are identified from tracks that are well recon-
structed inside both the inner detector and the muon
spectrometer [36]. To reject cosmic-ray muons, muon
candidates are required to be consistent with produc-
tion at the primary vertex, defined as the vertex with
the highest ⌃(ptrack

T

)2, where ptrack
T

refers to the trans-
verse momentum of each track.

Electrons are identified as tracks that are matched
to a well-reconstructed cluster in the electromagnetic
calorimeter. Electron candidates must satisfy the tight
electron shower shape and track selection criteria of
Ref. [37]. Both electrons and muons are required to have
transverse momenta p

T

> 20 GeV and |⌘| < 2.5. Poten-
tial ambiguities between overlapping candidate objects
are resolved based on their angular separation. If an
electron candidate and a jet overlap within �R < 0.2,
then the object is considered to be an electron and the
jet is discarded. If an electron candidate and any jet
overlap within 0.2 < �R < 0.4, or if an electron can-
didate and a b-tagged jet overlap within �R < 0.2 of

1 ATLAS uses a right-handed coordinate system with its
origin at the nominal interaction point (IP) in the centre of
the detector, and the z-axis along the beam line. The x-axis
points from the IP to the centre of the LHC ring, and the y-
axis points upwards. Cylindrical coordinates (r, �) are used
in the transverse plane, � being the azimuthal angle around
the beam line. The pseudorapidity ⌘ is defined in terms of
the polar angle ✓ as ⌘ = � ln tan(✓/2). Observables labeled
“transverse” are projected into the x–y plane.

(D9)
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Abstract This article reports on a search for dark
matter pair production in association with bottom or
top quarks in 20.3 fb�1 of pp collisions collected atp
s = 8 TeV by the ATLAS detector at the LHC. Events

with large missing transverse momentum are selected
when produced in association with high-momentum jets
of which one or more are identified as jets contain-
ing b-quarks. Final states with top quarks are selected
by requiring a high jet multiplicity and in some cases
a single lepton. The data are found to be consistent
with the Standard Model expectations and limits are
set on the mass scale of e↵ective field theories that de-
scribe scalar and tensor interactions between dark mat-
ter and Standard Model particles. Limits on the dark-
matter–nucleon cross-section for spin-independent and
spin-dependent interactions are also provided. These
limits are particularly strong for low-mass dark mat-
ter. Using a simplified model, constraints are set on the
mass of dark matter and of a coloured mediator suit-
able to explain a possible signal of annihilating dark
matter.

1 Introduction

The existence of dark matter (DM) in the Universe is
highly motivated by many astrophysical and cosmolog-
ical observations [1–4]. However, its nature remains a
mystery. One of the best motivated candidates for a
DM particle is a weakly interacting massive particle
(WIMP) [5]. At the Large Hadron Collider (LHC), one
can search for DM particles (�) that are pair produced
in pp collisions. These studies are sensitive to low DM

CERN, 1211 Geneva 23, Switzerland, E-mail: at-
las.publications@cern.ch

masses (m�  10 GeV), and therefore provide informa-
tion complementary to direct DM searches, which are
most sensitive to larger DM masses [6–9].

If the particles that mediate the interactions be-
tween DM and Standard Model (SM) particles are too
heavy to be produced directly in the experiment, their
interactions can be described by contact operators in
the framework of an e↵ective field theory [10–12]. For
each operator considered, the reach is expressed in terms
of the e↵ective mass scale of the interaction, M⇤, and of
the �–nucleon cross-section, ��-N, as a function of m�.

Since DM particles do not interact in the detector,
the main signature of DM pair production at colliders
is large missing transverse momentum. Initial-state ra-
diation (ISR) of jets, photons, Z, or W bosons, was
used to tag DM pair production at colliders in several
searches at the Tevatron [13] and the LHC [14–22].

A new search for DM pair production in associa-
tion with one b-quark or a pair of heavy quarks (b or
t) was proposed in Ref. [23]. The dominant Feynman
diagrams for these processes are shown in Fig. 1. To
search for these processes, dedicated selections are de-
fined to reconstruct the various production and decay
modes of these heavy-quark final states. For final states
containing a semileptonic decay of a top quark, the re-
sults of the search for a supersymmetric partner of the
top quark are used [24].

The analysis presented in this article is particularly
sensitive to e↵ective scalar interactions between DM
and quarks described by the operator [12]

O
scalar

=
X

q

mq

MN
⇤
q̄q�̄�, (1)

whereN = 3 for Dirac DM (D1 operator) andN = 2 for
complex scalar DM (C1 operator). The quark and DM
fields are denoted by q and �, respectively. The scalar

(D1)

Note: Complementarity of DM searches is model dependent!
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A new generation of tools necessary 
to efficiently link all the complementary approaches



MadDM

MadDM emerged as an effort to link: 
 - DM collider searches, with  
 - early cosmology signatures (relic density) and  
 - direct/indirect detection. 

Version 1.0 of MadDM focused on calculations of  
DM relic density (in a generic UFO model).

Cosmological Signatures 

Astrophysical Signatures 

Process 
Generation… 

Detector sim.

Collider 

!

!

Version 2.0 of MadDM extends the functionality to  
DM direct detection.
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MadDM - DM-nucleon cross section

where N = p, n. The squared amplitude for a nucleon after averaging (summing) over
the polarization of incoming (outgoing) particles is,

|ASI
N |2 = 64 (λNMχMN )2 (4)

where MN is the nucleon mass. Scalar and vector WIMP-nucleon interactions naturally
induce scalar and vector WIMP-nuclei interactions. Summing on proton and neutron
amplitudes gives for WIMP-nucleus interaction at rest,

|ASI
A |2 = 64M2

χM2
A(λpZ + λn(A− Z))2 (5)

where Z is the nucleus charge and A the total number of nucleons. It leads to the cross
section for a WIMP scattering at rest from a point-like nucleus

σSI
0 =

4µ2
χ

π
(λpZ + λn(A− Z))2 (6)

where µχ is the WIMP-nucleus reduced mass, µχ = MχMA/(Mχ + MA). Note that the
nucleon cross-section adds coherently so that there is a strong enhancement for large
nuclei, ∝ A2 when λp ≈ λn.

Spin dependent interactions

The effective Lagrangian for spin dependent interactions of a Majorana fermion at
zero momentum transfer reads

LSD = ξNψχγ5γµψχψNγ5γ
µψN (7)

It leads to the squared amplitude

|ASD
N |2 = 192(ξNMχMN )2 (8)

In order to get the amplitudes for nuclei we have to sum the spin currents produced
by the protons and neutrons separately. Since we know that the spins of protons with
the same orbital state should be opposite, we expect strong compensation of currents
produced by protons as well as those produced by neutrons. First note that for interactions
at rest, the γ0 component of the pseudovector current, Eq. 7, vanishes. The resulting
interaction ψ̄γ5γiψ leads to a three dimensional vector current. This vector current has
to be proportional to the angular momentum J . We can write for nuclei

J⃗A
N = SA

N J⃗A/|JA| (9)

where SA
N are the expectation value of the spin content of the nucleon N in a nucleus with

A nucleons. By definition, for protons and neutrons Sp
p = Sn

n = 0.5 and Sn
p = Sp

n = 0.
The second peculiarity of the SD case is a non-trivial summation over spins. Because

the matrix element is proportional to J⃗A the summation over spin states in a nucleus gives
a factor

∑

sχ,s′χ

∑

sA,s′A

∑

1≤k,l≤3

< sχ|Jk
χ|s′χ >< s′χ|J l

χ|sχ >< sA|Jk
A|s′A >< s′A|J l

A|sA >

=
∑

1≤k,l≤3

tr(Jk
χJ l

χ)tr(Jk
AJ l

A) = (2Jχ + 1)Jχ(Jχ + 1)(2JA + 1)JA(JA + 1)/3 (10)

5

•  We consider both the SI and SD cross sections:

here we use s, s′ for labelling polarization states and JA refers to the angular momentum
of a nucleus with A nucleons. After averaging over initial polarizations, a factor (2Jχ +
1)(2JA + 1) will cancel out.

Taking into account the spin currents structure (9) and the J dependence (10) we can
write the WIMP-nucleus squared amplitudes as

|ASD|2 = 256
JA + 1

JA

(

ξpS
A
p + ξnS

A
n

)2
M2

χM2
A (11)

This reduces to Eq. 8 in the special case of the nucleon and leads to the cross section at
rest for a point-like nucleus [44],

σSD
0 =

16µ2
χ

π

JA + 1

JA

(

ξpS
A
p + ξnS

A
n

)2
(12)

The quantities SA
N are obtained from nuclear calculations or from simple nuclear mod-

els, such as the odd-group model. They are estimated to be ≈ 0.5 for a nuclei with an odd
number of protons or neutrons and ≈ 0 for an even number. Thus no strong enhancement
is expected for SD interactions in nuclei. The treatment of the nuclei form factors taking
into account the momentum dependence will be discussed in section 5.2.

2.2 Generalization to other DM candidates

To derive the formulae for elastic scattering on point-like nuclei, we started from the ef-
fective WIMP-nucleon Lagrangian (3,7) written for a Majorana WIMP. In fact these can
be generalized to all types of WIMPs . Our aim it to give the generic form of the effec-
tive Lagrangians for a fermionic, scalar and vectorial WIMP including the possibility of
complex fields. In all cases we define the effective Lagrangian such that the normalization
conditions (4,8) are satisfied. Here we write only operators that contribute at q2 = 0.
As we have argued for Majorana fermions, other operators are suppressed by q2/m2

χ(A)

and can potentially be of the same order as the operators we consider only when both
contributions to the scattering cross section are small. Note that in the case of a complex
field, χ and χ have in general different cross-sections. For each type of interaction, SI (SD)
one can then construct two operators, one that is even with respect to χ−χ interchange,
λN,e(ξN,e) and is the only remaining operator for Majorana’s and another that is odd,
λN,o (ξN,o).

For a fermion field the most general Lagrangian reads

LF = λN,eψ̄χψχψ̄NψN + λN,oψ̄χγµψχψ̄Nγ
µψN

+ ξN,eψ̄χγ5γµψχψ̄Nγ5γ
µψN −

1

2
ξN,oψ̄χσµνψχψ̄Nσ

µνψN (13)

This Lagrangian leads to matrix elements which satisfy the normalization conditions
Eq. 4(8) with

λN =
λN,e ± λN,o

2
and ξN =

ξN,e ± ξN,o

2
(14)

where the +(−) signs correspond to WIMP (anti-WIMP) interactions. The special case of
a self-conjugated WIMP such as the Majorana fermion is recovered when λN,o = ξN,o → 0

6

• Calculation of Cq simple analytically, but tricky numerically.

hM�q!�qi = Cqhq̄qi

fp,n ⇠
X

q

fqCq
mp,n

mq
Nucleon amplitude

Need to extract the 
coefficient Cq  !

susy.phsx.ku.edu/~mihailo/

�p,n

Nucleon form factor  
(typically extracted from data)

• Took a long time to implement. New model merging features of 
MadGraph were crucial! (thank you MG guys!)
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Figure 4. Spin-independent (left panel) and spin-dependent (right panel) DM-proton cross section for

MUED. The blue curves correspond to theoretical values coming from Kaluza-Klein dark matter literature

[45, 46]. The green points are the MadDM data. We show the results for three values of the � parameter.

MadDM (pb) MicrOMEGAs (pb) di↵erence (%)

SI
proton 2.159 ⇥ 10�10 2.182 ⇥ 10�10 1.05

neutron 2.153 ⇥ 10�10 2.172 ⇥ 10�10 0.87

SD
proton 6.533 ⇥ 10�6 6.556 ⇥ 10�6 0.35

neutron 8.789 ⇥ 10�6 8.792 ⇥ 10�6 0.03

Table IV. MadDM and MicrOMEGAs comparison for DM-nucleon cross section in MSSM (SPS1a).

3. Minimal Supersymmetric Standard Model

Finally, we also validated MadDM for SPS1a benchmark point in Minimal Supersymmetric

Standard Model (MSSM) [47]. MSSM neutralino dark matter is similar to KK photon dark matter

in that the processes relevant for direct detection typically proceed via squark exchange in the

s- and u-channels and Higgs exchange in the t-channel (see Fig. 3). In Table IV, we compare

MadDM with MicrOMEGAs for DM-nucleon cross-section for the SPS1a point. The ratio of the

two tools cross-sections indicates that MadDM agrees with MicrOMEGAs to ⇠ 1% level. We have

checked that the statement is also true if we vary the neutralino mass around the SPS1a point

(m
�̃

0
1
= 96.68GeV). We have not been able to validate other SPS points against MicrOMEGAs as

it is a non-trivial task to produce model files for MicrOMEGAs and MadDM with identical sets of

model parameters.

Validations (mUED):

We also validated the calculation of SI and SD cross sections in  
a wide range of simplified models and MSSM (SPS1a). 
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Figure 2. Spin-independent elastic scattering cross section of scalar DM in the simplified SM model scenario

with proton and neutron for � = 0.1 (top). Spin-dependent elastic scattering cross section of Dirac fermion

DM with proton and neutron for gA� = 0.1 (bottom).

q1

�1 �1

qq

q

q

q1

�1

�1 �1 �1

h

q q

Figure 3. Feynman diagrams for elastic scattering of KK photon with a quark.

MadDM results against those using the private code used in Refs. [43, 46]. The results, shown in

Fig. 4, show perfect agreement between MadDM and the private code over a wide range of dark

matter masses and for several values of �. The DM-neutron cross sections are also in excellent

agreement.

Excellent agreement between MadDM and literature!
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i.e. a t-channel Higgs exchange. The Higgs-DM coupling is included in the �

2H
†HS operator where

S is the DM scalar field. It implies that the model leads only to spin-independent cross section.

For the purpose of validating calculations of the spin-dependent cross sections, we consider a

similar simplified model, with an axial-vector mediator which couples through fermionic DM and

SM via the following Lagrangian:

L
A

= gA
�

�̄�µ�5�Vµ

+ gA
q

q̄�µ�5qVµ

, (29)

where � and V
µ

are the DM and mediator fields, respectively. Fig. 2 shows our results for

proton/neutron DM cross section for the two simplified models against results obtained with Mi-

crOMEGAs. In both cases, we find an excellent agreement between MadDM and MicrOMEGAs

with the di↵erences at . 1% level. We have also checked that the results from MadDM are con-

sistent results from MicrOMEGAs in case of simplified models with di↵erent mediators (scalar,

fermion and vector) and di↵erent DM candidate (scalar, fermion and vector), which are shown in

Table I.

2. Minimal Universal Extra Dimensions

After validating MadDM for a class of simplified models, we turn to more complex models.

For this purpose, we chose to examine the results of MadDM for the Minimal Universal Extra

Dimension model (MUED) against the results in existing literature.

MUED is the simplest model containing a Kaluza-Klein (KK) dark matter candidate among

extra dimensions theories. The lightest KK particle, the KK-photon (�1) appears as a dark matter

candidate in vanilla UED scenarios. At tree level, the inverse radius R�1 of the extra-dimension

corresponds roughly to the mass of the massive fields at level one. The mass splitting between

KK-quark (q1) and KK-photon:

� =
m

q1 � m
�1

m
�1

, (30)

plays an important role as a free parameter in direct detection. The details and phenomenology

of MUED will not be discussed here since it has been studied extensively in the past [43–46] and

we will proceed directly to the comparison of MadDM results on direct detection to the results in

literature.

The diagrams contributing to DM-nucleon cross section are displayed in Fig. 3. The Higgs-

exchange diagram contributes to SI DM-nucleon cross section while the other two diagrams in-

volving KK quarks contribute both for SI and SD DM-nucleon cross sections. We compared the

KK photon

susy.phsx.ku.edu/~mihailo/



MadDM - Nucleus Recoil Rates

10

z

x

y

α
β

Incident
direction

Scattering
direction

Recoil
direction

ϑ
φ

Vsun

Figure 1. Geometry of DM scattering o↵ a target nucleus in the detector. The DM is incident at an angle

(↵,�) relative to the z axis. The nucleus recoils in the (✓,�) direction. Note that � and � angles lie in

the x, y plane. The thin and dashed thin lines serve to illustrate the projection of the incoming and recoil

vectors onto the z axis and the xy plane.

recoiling nucleus and the initial DM trajectory, while �
�N

is the DM-nucleus scattering cross-

section, weighted by the nuclear elastic scattering form factor F (q). Assuming the nucleus is a

sphere with uniform density, the form-factor is the Fourier transform of the nuclear density and

includes all the relevant nuclear e↵ects. For a detailed discussion on F (q) see Section IID. The

DM-nucleus cross-section is summed over contributions from the spin-independent (�
SI

) and spin-

dependent (�
SD

) cross-sections respectively, as defined in Eq. (1) and Eq. (2) respectively. Eq. (17)

becomes

d2R

dEd⌦(✓,�)
=

N0 ⇢0 ��N
⇡Arm2

�

F 2(q)

Z
�(v cos ✓ � q

2µ
)f(v)d3v, (19)

where r = 4m
N

m
�

/(m
N

+ m
�

)2, N0 = 6.022 ⇥ 1026 kg�1 is Avogadro’s number, m
N

= 0.932 A

is the target mass and A the atomic mass number (the factor of 0.932 is the value of atomic mass

units (AMU) in GeV). This form of the double di↵erential recoil rate is particularly useful as the

quantity

f̂(v
q

, q̂) =

Z
�(v · q̂ � v

q

)f(v)d3v, (20)
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as concrete proposals for future experiments [10, 13, 32–35]. Hence, we deemed it important to

include the ability to calculate the angular rates into the MadDM code.

One reason why angular information could be important is that low energy recoil events recorded

by direct detection experiments lie well within the range dominated by cosmogenic backgrounds

and those resulting from radioactivity. A strong signature of dark matter may come from direc-

tional detection, which exhibits a very large forward-backward asymmetry (A
FB

) in the angular

distribution of nuclear recoil events. A large A
FB

would be di�cult to mimic with any known

backgrounds as one expects the angular distribution of such processes to be roughly uniform

The fact that background processes are (typically) spatially isotropic could be used to overcome

another impeding problem. As the direct detection bounds on the DM-nucleon cross-sections get

lower, neutrino backgrounds will present an obstacle [36] and directional detection could provide

a way to circumvent the so called “neutrino floor”.

In case a signal is ever observed, the study of directionality in DM-nucleus recoils will be of

foremost interest. The angular distribution of the recoil rates could provide useful information

about the astrophysical aspects of the DM galactic halo profile [11, 37], as well as information on

the anisotropy in the DM halo velocity distribution and prospects for more accurate measurements

of the DM mass and interaction cross-section [10].

In this section we present a detailed overview of the theoretical background of di↵erential recoil

rates for DM detection. We begin by considering our solar system moving through the Galactic

“DM-wind” in the direction of the Cygnus X � 2 constellation as illustrated in Fig. 1. A DM

particle of mass m
�

, incident at velocity v = v(sin↵ cos� x̂+sin↵ sin� ŷ+cos↵ ẑ) in the detector,

elastically scatters o↵ a target nucleus of mass m
N

, stationary in the detector, and causes it to

recoil with velocity u = u(sin ✓ cos� x̂ + sin ✓ sin� ŷ + cos ✓ ẑ) and momentum q in the direction

(✓,�). The event rate per unit recoil energy and unit recoil solid angle is

d2R

dE
R

d⌦(✓,�)
=

2 ⇢0
m

�

Z
d�

dq2d⌦(✓,�)
vf(v)d3v, (17)

where ⇢0 is the dark matter density in our local galaxy and f(v) is the velocity distribution of the

DM in the galactic halo. The di↵erential cross-section

d�

dq2d⌦(✓,�)
=

�
�N

8⇡µ2v
F 2(q)�

�
v cos ✓ � q

2µ

�
, (18)

is obtained from the two body scattering phase space distribution [12]. Here, µ = m
�

m
N

/(m
�

+

m
N

) is the reduced mass of the DM-nucleus system, q =
p
2m

N

E
R

is the recoil momentum

with E
R

the recoil energy, angle ✓ is the recoil angle which determines the direction between the
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Figure 5. Nuclear recoil energy (left panel) and angular (right panel) distributions for spin-independent

interactions for di↵erent materials, assuming a 100 kg detector measuring events over one year for a DM

mass of 100 GeV and DM-nucleon cross-section of 1 ⇥ 10�9 pb.

B. Recoil Rates

Upon validating the DM-nucleon scattering cross section results from MadDM, we proceed to

the recoil rates for DM scattering o↵ a target nucleus. We begin with a simple, model independent

validation of the recoil rate calculation, where we simply assume that the DM-nucleon cross section

�
�n

= 109 pb, chosen for the purpose of comparison with the results from Ref. [20]. To reproduce

the SI recoil rates as a function of energy/angle as in Ref. [20], we employ the di↵erential recoil

spectrum of Eq. (24), integrated over time and angle/energy. Fig. 5 shows the spin-independent

recoil rates as a function of recoil energy (left) and recoil angle (right). We find that both distribu-

tions are in a very good agreement with the results found in Ref. [20], over a wide range of target

materials.

As a next validation, we check the recoil rates in UED model following the procedure described

in Ref. [45], which shows sum of SI and SD recoil rates. The spin-dependent recoil rates are

sensitive to numerical values of various quantities such as magnetic moments and parametrization

of form factors. We use those values quoted in the references that are cited in Ref. [45]. Fig. 6

shows nuclear recoil energy distributions as a function of recoil energy for Xenon, Germanium and

NaI. KK photon mass is chosen to be 1000 GeV with the DM-nucleon scattering cross-sections for

both spin-dependent and spin-independent for � = 15% as illustrated in Fig. 4. Despite the minor

di↵erences in the spin-dependent recoil rates, we find that Fig. 6 shows a good agreement between

we implemented a 
wide range of target 

materials! 
(also, composites: NaI 

and CF)

Nuclear recoil due to 
DM has preferred 

direction 
(due to DM “wind”)
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Target Material Sij hSni hSpi J

Xenon Ref. [39] -0.272 -0.009 3
2

Germanium Ref. [40] 0.378 0.030 9
2

Silicon Ref. [41] 0.13 -0.002 1
2

Neon Refs. [26, 41] 0.294 0.02 1
2

⇤

Argon Ref. [26] 0⇤ 0⇤ 1
2

⇤

Sodium Ref. [39] 0.0199 0.2477 3
2

Iodine Ref. [39] 0.075 0.309 5
2

Carbon Ref. [26] -0.172 -0.009 1
2

Fluorine Refs. [41, 42] -0.0087 0.4751 1
2

Sulphur Ref. [26] 0⇤ 0⇤ 1
2

⇤

Table III. List of structure functions, moments and angular momenta for di↵erent materials. The fitting

polynomials for the structure functions can be found in the references cited. We were not able to find the

magnetic moments for Argon and Sulphur thus we set them to be zero, thus MadDM does not currently

compute the SD rates for them. We were also not able to find the orbital spin values for Argon, Neon and

Sulphur, we set these to 1
2 in the code at the moment.

and the numerical calculations are performed by the FORTRAN module. As in the previous ver-

sion, the code does not require any pre-compilation. Simply placing the code within a Mad-

Graph5 aMC@NLO folder su�ces. Note however, that Numpy is now a pre-requisite for running

the MadDMv.2.0 code. In order to use the plotting functionality, Matplotlib is also required.

In the following we briefly describe how to use the MadDM code relevant for direct detection

of dark matter, while we give detailed descriptions of the main functions/features of the MadDM

v.2.0 package in the Appendix 3.

As in version 1.0, the main MadDM program can be executed via the maddm.py script. The

interface will prompt the user to enter the name of the UFO dark matter model (TAB auto-complete

included), a name of the projects, as well as o↵er a choice of available computations (relic density,

DM-nucleon cross sections and recoil rates). The Python module of MadDM will then proceed to

generate all the relevant scattering/annihilation diagrams and set up the directory structure of the

user defined project in Projects/<projectname> folder.

The user can choose to enter the DM candidate manually, or to allow MadDM to determine the

dark matter candidate automatically (the code assumes that the lightest particle with the PDG

code greater than 25 and zero width is the DM candidate). The code also o↵ers the user to edit the

3 For the reference on the relic density calculation see Ref. [7].
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Figure 5. Nuclear recoil energy (left panel) and angular (right panel) distributions for spin-independent

interactions for di↵erent materials, assuming a 100 kg detector measuring events over one year for a DM

mass of 100 GeV and DM-nucleon cross-section of 1 ⇥ 10�9 pb.

B. Recoil Rates

Upon validating the DM-nucleon scattering cross section results from MadDM, we proceed to

the recoil rates for DM scattering o↵ a target nucleus. We begin with a simple, model independent

validation of the recoil rate calculation, where we simply assume that the DM-nucleon cross section

�
�n

= 109 pb, chosen for the purpose of comparison with the results from Ref. [20]. To reproduce

the SI recoil rates as a function of energy/angle as in Ref. [20], we employ the di↵erential recoil

spectrum of Eq. (24), integrated over time and angle/energy. Fig. 5 shows the spin-independent

recoil rates as a function of recoil energy (left) and recoil angle (right). We find that both distribu-

tions are in a very good agreement with the results found in Ref. [20], over a wide range of target

materials.

As a next validation, we check the recoil rates in UED model following the procedure described

in Ref. [45], which shows sum of SI and SD recoil rates. The spin-dependent recoil rates are

sensitive to numerical values of various quantities such as magnetic moments and parametrization

of form factors. We use those values quoted in the references that are cited in Ref. [45]. Fig. 6

shows nuclear recoil energy distributions as a function of recoil energy for Xenon, Germanium and

NaI. KK photon mass is chosen to be 1000 GeV with the DM-nucleon scattering cross-sections for

both spin-dependent and spin-independent for � = 15% as illustrated in Fig. 4. Despite the minor

di↵erences in the spin-dependent recoil rates, we find that Fig. 6 shows a good agreement between
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Figure 5. Nuclear recoil energy (left panel) and angular (right panel) distributions for spin-independent

interactions for di↵erent materials, assuming a 100 kg detector measuring events over one year for a DM

mass of 100 GeV and DM-nucleon cross-section of 1 ⇥ 10�9 pb.

B. Recoil Rates

Upon validating the DM-nucleon scattering cross section results from MadDM, we proceed to

the recoil rates for DM scattering o↵ a target nucleus. We begin with a simple, model independent

validation of the recoil rate calculation, where we simply assume that the DM-nucleon cross section

�
�n

= 109 pb, chosen for the purpose of comparison with the results from Ref. [20]. To reproduce

the SI recoil rates as a function of energy/angle as in Ref. [20], we employ the di↵erential recoil

spectrum of Eq. (24), integrated over time and angle/energy. Fig. 5 shows the spin-independent

recoil rates as a function of recoil energy (left) and recoil angle (right). We find that both distribu-

tions are in a very good agreement with the results found in Ref. [20], over a wide range of target

materials.

As a next validation, we check the recoil rates in UED model following the procedure described

in Ref. [45], which shows sum of SI and SD recoil rates. The spin-dependent recoil rates are

sensitive to numerical values of various quantities such as magnetic moments and parametrization

of form factors. We use those values quoted in the references that are cited in Ref. [45]. Fig. 6

shows nuclear recoil energy distributions as a function of recoil energy for Xenon, Germanium and

NaI. KK photon mass is chosen to be 1000 GeV with the DM-nucleon scattering cross-sections for

both spin-dependent and spin-independent for � = 15% as illustrated in Fig. 4. Despite the minor

di↵erences in the spin-dependent recoil rates, we find that Fig. 6 shows a good agreement between
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MadDM - directional detection of DM	
In case DM is discovered -  need to measure the DM and halo 
properties. Directional information could be important in this case!

FIG. 3. The angular distribution of nuclear recoil events, dR/dΩ for an isothermal halo model with φ = 0 and v0 = 220 km/s
as a function of cos γ and for various threshold energies. Here the thresholds are (from upper to lower) Eth = 0 keV (upper
solid curve), 2 keV, 4 keV, 6 keV, 8 keV, and 10 keV (lower solid curve).

FIG. 4. The angular distribution of nuclear recoil events, dR/dΩ for the isothermal and Evans halo models with φ = 0
Eth = 0 keV as a function of cos γ. The Evans model with q = 1 is not shown since it is nearly identical to the isothermal
model with v0 = 220 km/s. There are two curves shown for the v0 = 220 km/s isothermal model; one for mχ = 60 GeV (solid
line) and the other for mχ = 180 GeV (dashed-dotted line). The Evans model with q = 0.85 (dashed line) and q = 1/

√
2 (long

dashed-short dashed line) are also shown. Finally the corotating model (dotted line) is shown. See the text for more details.

14

Copi, Krauss (arXiv:astro-ph/0009467) 

 

Comparison of different halo models

susy.phsx.ku.edu/~mihailo/Figure 4. Illustration of measurements of mass and cross section of galactic dark matter at 90%
confidence level (CL) with �Wn0 = 5 ⇥ 10�11 pb for (a) M�0 = 15 GeV, (b) M�0 = 60 GeV, (c)
M�0 = 80 GeV, and (d) M�0 = 100 GeV. The four di↵erent contours represent di↵erent types of
detectors assumed in the likelihood analysis. For ‘Energy�Angle’ (black, solid), we use both recoil
energy and angular information obtained from the theoretical distribution. We integrate over the angle
and annual modulation to obtain the recoil energy information only for ‘Energy only’ (red, dashed).
A detector without head-to-tail information is shown in the green-dot-dashed contours. Finally for ‘2
Angle Bins’ (blue, dotted) we use 2 bins in the angular distribution. The input point for our simulation
is (M�0, �Wn0) and is represented by a dot inside the ellipses. All events are normalized to a Xenon
detector for 10 ton-year exposure.

of the parameter space that is consistent with the input point at 90% C.L, shown as four ellipses for
each case in Figure 4. The minimum of the log-likelihood is marked for each case and they should
coincide with the input study point in the absence of any statistical fluctuations. Although finite
statistics would shift the best fit point o↵ from the original input and may alter the shape of contours
slightly, our study indicates what improvement is expected in the best case scenario.

– 9 –

Angular+energy recoil information 
gives better mass/cross  
section measurements

Directionality can give us useful info. 
about the halo models

cos(✓)

Mohlabeng, Kong, Li, Para, Yoo  
arXiv:1503.03937 
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Figure 12: Left : Neutrino iso-event contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nulceon cross-section vs. WIMP mass plane which for which dark matter experiments
will see neutrino events (see Section IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from SIMPLE [55] (purple), COUPP [56] (teal), ZEPLIN-III [57] (blue),
EDELWEISS standard [58] and low-threshold [59] (orange), CDMS II Ge standard [60] and low-threshold [61] (red), XENON10
S2-only [62] (light green), and XENON100 [1] (dark green). The filled regions identify possible signal regions associated with
data from CDMS-II Si [2] (light blue, 90% C.L.), CoGeNT [64] (yellow, 90% C.L.), DAMA/LIBRA [65] (tan, 99.7% C.L.), and
CRESST [66] (pink, 95.45% C.L.) experiments. The light green shaded region is the parameter space excluded by the XENON
collaboration.

and supernovae. We have specifically focused on experi-
ments that are only sensitive to energy deposition from
WIMPs. We have determined the minimum detectable
spin-independent cross section as a function of WIMP
mass over wide range of masses from 500 MeV/c2 to
10 TeV/c2 that could lead to a significant dark matter
detection. WIMP-nucleon cross sections of ∼10−45 cm2

and ∼10−49 cm2 are the maximal sensitivity to light and
heavy WIMP dark matter respectively that direct detec-
tion searches without directional sensitivity could reach,
given the uncertainties on the neutrino fluxes. This li-
mit is roughly about three to four orders of magnitude
below the most recent experimental constraints. In the
case of light WIMPs (about 6 GeV/c2) next generation
experiments might already reach the saturation regime
with about 100 neutrino background events. For heavier
WIMPs (above 20 GeV/c2) we have shown that progress
below 10−48 cm2 will be strongly limited by the very
large increases in exposure required for decreasing gains
in discovery reach.
As a main conclusion of this work, our results show

that the neutrino background poses a hard limit on
the discovery potential of future direct detection expe-
riments. However, it is possible to reduce the impact of
neutrino backgrounds on direct searches experiments in
four ways :

1. An improvement in the theoretical estimation and
experimental determination of the neutrino fluxes.

In particular more precise measurements of the dif-
ferent neutrino flux components by future experi-
ments will improve the ultimate discovery limit of
dark matter experiments.

2. A utilization of different target nuclei. As we have
shown in Figure 8, even though utilizing different
target nuclei generally does not improve sensitivity
as much as an increase in exposure does, it will
be important for independent measurements of the
neutrino fluxes and the coherent scattering cross
section. This is consistent with several recent ana-
lyses [48, 49]. However, it is certainly likely that if
the WIMP couples differently to the proton and
neutron, as in the case of isospin-violating dark
matter dark matter, the utilization of different tar-
get nuclei will be even more important.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross-sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-

J. Billard, L. Strigari, E. Figueroa-Feliciano  
( arXiv:1307.5458 )
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 In case DM is not discovered - Neutrinos could become a  
non-negligible background in the future 
 
Directional information can be used to  
discriminate neutrino backgrounds!
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FIG. 4: Neutrino event rate in a CF4 detector. For this plot
a perfect energy e�ciency and an upper threshold of 100 keV
were considered. For the rest of the paper we assume a more
realistic energy e�ciency function lowering the total event
rate.

only 8B and hep neutrinos from the Sun as well as all
atmospheric and supernovae neutrinos are important.

The scattering angle of the nucleus with respect to
the incoming neutrino direction can then be found from
scattering kinematics to be

cos ✓0 =
E

⌫

+m
T

E
⌫

r
E

r

2m
T

. (13)

Figure 5 shows the two dimensional probability distribu-
tion of recoil energy and event angle for neutrinos in a
CF

4

detector with a 5 keV energy threshold. The signif-
icant di↵erence to the dark matter probability distribu-
tion is the clear peak at cos ✓

sun

= �1 and small recoil en-
ergies due to the solar neutrino events. Atmospheric and
supernovae neutrinos contribute as a smooth, isotropic
background. For a 5 keV CF

4

detector we can see in
figure 4 that the nonsolar neutrinos have only a small
contribution such that in this example the probability
distribution function falls o↵ steeply away from the solar
peak. The ratio of the solar peak to the smooth back-
ground of nonsolar neutrinos depends on the target mate-
rial and the recoil energy threshold. In di↵erent detector
configurations the dominance of the solar peak over the
nonsolar background is not necessarily this significant.

IV. DARK MATTER SEARCHES IN THE
PRESENCE OF NEUTRINO BACKGROUNDS

Having obtained detailed spectra for dark matter and
neutrino events as a function of energy, direction and
time, we need a statistic to test these signal and back-
ground distributions in a given experiment. In order to

FIG. 5: The two dimensional probability distribution ⇢ of
recoil energy and event angle of neutrinos in a CF4 detector
with 5 keV threshold.

do this, we perform a CLs test [47] to distinguish be-
tween background and signal + background hypotheses,
in which the background comes from solar, atmospheric
and di↵use supernovae neutrino coherent elastic scatter-
ing. We consider a range of targets and moderately op-
timistic energy thresholds, as well as energy and angular
resolutions, which should be realistically achievable by
the next-generation experiments.

A. Statistical Test

The presence of backgrounds in direct searches of any
kind implies that a given set of observed events is ei-
ther pure background or contains background plus signal.
One way to distinguish between these two cases statisti-
cally is to perform a hypothesis test. Such a test can be
carried out by looking at the ratio between the probabil-
ity densities of the measured data ~X being either signal

plus background or background only, eQ = L(

~

X,S+B)

L(

~

X,B)

[47].

We take this as the definition of our test statistic:
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Throughout this work, we use the notation p(x) =
dP (x)/dx as the probability distribution function of the
variable x where P (x) is therefore the cumulative prob-
ability of this quantity at x. In equation 14, s is the
number of expected dark matter events given by equa-
tion 4, b the number of expected neutrino events given
by equation 11 and n the total number of observed events
in an experiment. The functions with capital letters B
or S denote di↵erent normalised probability distribution

3

FIG. 1: Two dimensional dark matter probability distribu-
tion ⇢ of recoil energy and event angle for a 6 GeV dark matter
particle in a CF4 detector with 5 keV threshold in September.

of the recoiling nucleus with respect to the incoming dark
matter velocity is then given by

tan ✓0 =
p0 sin ✓p

2m
DM

E
DM

� p0 cos ✓
, (6)

with p0 =
p
2m

DM

E
DM

� 2m
T

E
r

.
Figure 1 shows the two dimensional probability distri-

bution of event angle and recoil energy in a tetrafluo-
romethane, CF

4

, detector with 5 keV energy threshold
for a 6 GeV dark matter particle. Two distinct features
should be noted. First, the event angles of dark matter
scattering events preferably lie at large cos ✓

sun

(small
angles) because there is more solid angle (on the sphere)
there. Second, the probability distribution drops to zero
above the largest possible recoil energy for the given dark
matter mass and escape velocity. The power of direction-
ality is that dark matter masses that create an energy
spectrum very similar to the neutrino background can
easily be distinguished when the event angle is taken into
account. As we will see, for light dark matter a strong
gain in sensitivity compared to nondirectional detectors
is therefore expected.

A third feature that is not directly visible in figure 1,
but is important nonetheless, is a variation of the peak
of the dark matter probability distribution in time. The
direction of the Earth’s overall velocity vector will point
approximately towards the radio galaxy Cygnus A [59],
such that the incoming dark matter particles in the lab
frame will have a preferred direction coming from Cygnus
A. The relative angle between the Sun and Cygnus A
changes over the year, such that the peak in the dark
matter probability distribution will follow a similar pat-
tern.

The annual modulation in the event rate of light dark
matter has a maximum in June because at this time the

FIG. 2: Distribution of the angle between the incoming dark
matter velocity and the Earth-Sun direction over the year for
events above a 5 keV threshold in a CF4 detector. For each
month 1⇥ 104 dark matter events have been simulated. The
maximum of the distribution follows the expected pattern as
described in the text.

velocity vector of the Earth and the Sun are parallel to
each other [26]. Both vectors approximately point into
the direction of Cygnus A. In December, these two vec-
tors are antiparallel resulting in a minimum of the event
rate. The angle between the Earth-Sun direction and the
Earth-Cygnus A direction, ✓

sun�CygnA

, is expected to be
the same in June and December, because the Earth has
simply moved to the other side of the Sun. However,
in September the Earth is between the Sun and Cygnus
A, such that ✓

sun�CygnA

is at its largest value. The two
objects appear on opposite directions in the sky. Analo-
gously, in March when the Earth is behind the Sun rela-
tive to Cygnus, ✓

sun�CygnA

is at its smallest value. These
situations were studied to test the coordinate system of
our simulations.

The time evolution of the peak in the two dimensional
dark matter probability distribution arises because of this
modulation in the relative angle between the incoming
dark matter velocity vector and the Earth-Sun direction,
✓
DM�sun

. Since in September the Sun and Cygnus A ap-
pear in di↵erent directions on the sky, the velocities of
the incoming WIMPs that can produce an event above a
detector’s fixed energy threshold therefore preferentially
point along the Earth-Sun direction. In March, however,
the incoming dark matter velocities will point away from
the Sun, resulting in a large ✓

DM�sun

. When simulating
light dark matter events for each month of the year and
producing a histogram for ✓

DM�sun

, we expect the peaks
of these histograms to show a modulation that follows ex-
actly this pattern. In figure 2 we color code the number
of events in each angular bin. It is visible that the dis-
tribution in ✓

DM�sun

follows the expected pattern with a

Solar neutrinos

dark meter

Grothaus,Fairbairn, Monroe

 Phys.Rev. D90 (2014) 5, 055018

 points from the Sun✓



MadDM - directional detection of DM	
Several small scale experiments have sensitivity  

to nuclear recoil directionality, but are limited by detector volume  
(DRIFT (CF4 + CS2), DM-TPC (CF4), MIMAC (CF4)…)

Many proposals for directional detection in the literature:
• G. Mohlabeng, K. Kong, J. Li, A. Para, and J. Yoo, (2015), arXiv:1503.03937 [hep-ph]. 	


• C. J. Copi, J. Heo, and L. M. Krauss, Phys.Lett. B461, 43 (1999), arXiv:hep-ph/9904499 [hep-ph]. 	


• D. Santos, J. Billard, G. Bosson, J. Bouly, O. Bourrion, et al., J.Phys.Conf.Ser. 460, 012007 (2013),  
arXiv:1304.2255 [physics.ins-det]. 	


• E. Daw, J. Fox, J.-L. Gauvreau, M. Gold, L. Harmon, et al., JINST 9, P07021 (2014), arXiv:1307.5525  
[physics.ins-det]. 	


• G. Sciolla et al. (DM-TPC collaboration), (2008), arXiv:0806.2673 [astro-ph]. 	


• D. Nygren, J.Phys.Conf.Ser. 460, 012006 (2013). 	


• …. and more	
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Figure 7. Comparison of recoil energy distribution for I and Ge (left panel) and for Xe and Na (right panel)

for a Higgs portal scalar dark matter model.

C. LUX exclusion bound

As a final validation of the MadDM code, we attempt to reproduce the exclusion limit on the

DM-nucleon cross-section as a function of DM mass similar to the LUX 2013 experimental results

[18]. For this purpose, we assume the e�ciency function of nuclear recoils displayed in the black

curve of Fig. 1 in Ref. [23].

Fig. 8 shows the results fromMadDM for di↵erent energy threshold cuts as compared to the data

reported by the LUX experiment. We present the contours assuming 2.3 events, coinciding with

the number of events at 90% confidence as required by the Feldman-Cousins confidence intervals.

We find a good match between the LUX data and limits from MadDM. As we could not obtain

information on what value of the energy threshold cut is used in the LUX limit, we considered

di↵erent values of threshold cuts. As illustrated in Fig. 8, the threshold cuts only impact the lower

mass side since a higher threshold cut reduces the statistics for a lower DM mass.

Note that, as described in the previous sections, the exclusion curves in Fig. 8 can be obtained

in MadDM by using LUX_Exclusion routine found in the test routines part in maddm.f. The

routine multiplies dR

dE

by the e�ciency obtained from Ref. [23], which is is then weighted by a

50 % acceptance rate for nuclear recoils as stated in the LUX analysis. From the recoil spectrum

weighted by the e�ciency and the acceptance rate, the function then calculates the total number

of expected events. The default value for the detector e�ciency is 100%, and can be easily replaced

by a user defined function.

Validations (Higgs portal, scalar DM):
We find good agreement in recoil rates with micrOMEGAs. 

Assuming a 1pb DM-nucleon scattering cross section



Simulation of Detector Effects:

• a ‘symmetric columnar recombination’ detector, thus capable of the determination of |cos ✓L|,
with some characteristic resolution (we refer to this case as ‘no head-to-tail’, it is also known as
a ‘folded’ directional rate [41]. See also Ref. [42] for related studies.)

• an ‘asymmetric columnar recombination’ detector, thus capable of classifying the events in two
angular bins

In addition we compare the capabilities of directional detectors constructed on a movable system
that maintains the orientation of the detector’s electric field in the galactic frame – thus rotating in
the Earth coordinates. We use the direction of the Earth’s motion as our reference direction, and we
define the direction of dark matter flow as our forward direction, which is opposite to Cygnus. We
call this the ‘parallel’ case, when ~E is aligned with our forward direction and ‘perpendicular’, when
~E is perpendicular [43]. We define the corresponding angle between the electric field and the recoil
direction as ✓L = ✓k and ✓L = ✓?, respectively. This set up conveniently identifies ✓L = ✓k as the
recoil angle ✓ in Eq. (2.6), for the parallel case.

Figure 2 illustrates the double di↵erential distributions for the first two types of detector concepts
(head-to-tail or no head-to-tail) for both a parallel and perpendicular electric field. We define them
as d2N

dERd cos ✓k
in (a), d2N

dERd| cos ✓k| in (b), d2N
dERd cos ✓?

in (c) and d2N
dERd| cos ✓?| in (d), respectively, where

subscripts k and ? denote the direction of the drift electric field with respect to the WIMP direction.
Along each curve, the same number of events are expected. Figure 2(a) is the most ideal case with a
full coverage of the recoil angle. By our set up, dN

d cos ✓k
= dN

d cos ✓ and also dN
d| cos ✓k| =

dN
d| cos ✓| , which is

the ‘folded’ directional recoil rate, where | cos ✓| does not distinguish the beginning of the recoil track
from its end (lack of head-tail discrimination) [24, 41]. A detector that is fixed on Earth may weaken
the DM directionality and we have checked this e↵ect by orienting the electric field at a fixed angle
↵ with respect to the incoming WIMP direction as shown in Figure 3. The ↵ = 0 case corresponds
to a movable detector that we have described and the detector that is fixed on Earth would include
a combination of di↵erent ↵ angles, washing out the angular information. As the movable system
provides the best sensitivity, we will consider this case throughout the paper.

Note that our study point 5 ⇥ 10�11 pb for a light dark matter particle falls within the over-
whelming neutrino backgrounds in direct detection experiments as described in [40]. The e↵ects of
neutrino backgrounds on directional detection have been partially studied in Ref. [39].

To determine the dark matter mass, cross section, and anisotropy, we perform simulations for these
types of detectors. We assume an energy threshold of 4 keVnr (unless noted di↵erently). Gaussian
smearing is applied for both energy and angle as follows:

F (E, ✓) =

Z
F (E0, ✓0)
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dE0d✓0 , (3.1)

where F (E, ✓) is event rate function (Eq. 2.6), �E = �
p
E is the energy resolution and �✓ is a constant

angular resolution. We have used � = 1 for the energy resolution and �✓ = 30� in our numerical study,
unless noted otherwise. In the case of low energy recoils we would have to worry about negative
energies in the above Kernel, but we found that a threshold cut at 4 keVnr is large enough to avoid
such events. The angular smearing was carried out in ✓0-space using the Kernel in Eq. 3.1. For a
given number of events at an angle ✓-bin (0 < ✓ < ⇡), the smearing Kernel is applied to a large array
of linear angles-bins of ✓0. The events that fall below 0 and above ⇡ respectively are then folded back
on the main range of the distribution. This is done to preserve the angular range of the original ✓
distribution and in this way the total number of events is conserved as required. We choose a cross-
section of 5 ⇥ 10�11 pb for simulation purposes (unless noted otherwise), which roughly gives 103

– 6 –

 - Given the user defined energy and angular resolution, MadDM can 
smear the recoil distributions
 - We assume a Gaussian smearing function  
(this can be easily modified by the user):

Unsmeared 
distribution Energy smearing angular smearing

 As a validation we 
reproduced the LUX 

exclusion 
(calculation fully 

automated in MadDM)
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Figure 8. 90% confidence limits on the spin-independent DM-nucleon scattering cross-section (in picobarns)

for an unsmeared energy distribution (left panel) and the smeared distribution with � = 1 (right panel).

Limits are obtained from MadDM for 2 keV (black solid), 3 keV (red dashed) and 4 keV (green dot-dashed)

and LUX limits are shown in blue curve with circular data points.

V. CONCLUSIONS

The identity of dark matter is one of the most profound mysteries in particle physics, astro-

physics, and cosmology. Recent data from gamma rays, supernovae luminosities, cosmic microwave

anisotropies, and galactic rotation curves all point consistently to the existence of dark matter with

⇠ 5 times more abundance compared to ordinary matter. At the same time, all known particles are

excluded as possible dark matter candidates, making the dark matter problem perhaps the most

pressing motivation for physics beyond the Standard Model. Little is currently known about the

mass scale of dark matter, suggesting that discovery and characterization of DM will likely require

a synergistic approach including well-balanced programs in direct detection, indirect detection,

particle colliders and astrophysical probes.

In order to e�ciently combine results from various dark matter searches sparked a demand

for a new generation of numerical tools. MadDM is an on-going e↵ort to bridge DM collider

phenomenology with astro-physics and cosmology of DM, with the ultimate goal to provide an “all

in one” dark matter phenomenology package which can be easily incorporated into the future dark

matter searches at the LHC.

In our current work, we presented MadDM 2.0, which includes direct detection of dark matter

in a generic UFO model. The code computes the total DM-nucleus scattering rate, recoil energy
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Status exactly 1 year ago:

Direct detection

Indirect detection

Urgent!

Directional 
detection

NLO

Much effort to integrate NLO tools 
into MadGraph framework.  

Database of 
experimental 
results (e.g. 

HiggsBounds)

Link to Pythia/
GALPROP

Web interface

Almost finished

Currently discussing…

Finished, awaiting direct 
detection module

MadDM

susy.phsx.ku.edu/~mihailo/

many exciting ideas…



Status Now:

Direct detection

Indirect detection

Urgent!

Directional 
detection

NLO

Database of 
experimental 
results (e.g. 

HiggsBounds)

Link to Pythia/
GALPROP

Web interface

Still discussing…

MadDM

susy.phsx.ku.edu/~mihailo/

Finish
ed!

Finish
ed!

Distant future…

Model testing

in dev.

Integration with  
MG5_aMC@NLO

Urgent!



Near future plan: indirect detection
 MG5_aMC@NLO can calculate amplitudes for  

loop induced processes.

- We want to exploit this and build the first publicly available tool 
which will be able to calculate cosmic ray fluxes in loop 
induced processes in an arbitrary UFO model.

Stay tuned!
susy.phsx.ku.edu/~mihailo/

�

�

�

�



Testing of model points (in development):
MadDM v.2.0 also incorporates a simplified model testing 
functionality:

Needs a lot of improvement!  
(maybe integrate with MadAnalysis?!)

The user can compare the results to existing constraints  
(relic density, direct detection cross section etc.)

Example output:

susy.phsx.ku.edu/~mihailo/

The ultimate goal is to confront DM models with collider, astro 
physical and cosmological constraints in a fully automated 

framework!



Thank you!
MadDM

susy.phsx.ku.edu/~mihailo/

Any (constructive) suggestions, comments,  
and criticisms are welcome!

A beta version of MadDM available for download at: 
launchpad.net/maddm

http://launchpad.net/maddm

