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Rotational velocities of spiral galaxies

Gravitational Lensing 

Unobservable Matter
Gravitational Lens

Bullet Cluster
home.slac.stanford.edu

available:10/30/14

Velocity dispersions, CMB maps, N-body simulations

CMB map
en.wikipedia.org [available:10/30/14]

Millenium Simulation
www.mpa-garching.mpg.de

van Albada et al 1985

Evidence for Dark Matter
We have many hints DM exist, but no direct evidence!

http://www.mpa-garching.mpg.de


Dark Matter:

1. Mass  = ???  
2. Spin = ???  
3. Decays = ??? 
4. Interactions = Gravity, ??? 
5. Elementary = ??? 
6. …

If particle DM exists, what do we know about it?

The (Inconvenient) Truth about DM



http://home.physics.ucla.edu/~arisaka/home/Dark_Matter/

DM models 
alone span many 

orders of magnitude 
 in energy scales

- We have no sense of where new physics is hiding

The “space” of  

possible viable 

scenarios is too 

vast!
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DM Detection  

- Astrophysics and Cosmology:

- Direct Detection:

- Indirect Detection:

- Colliders:

p/n � ! p/n �
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�� ! all

j, Z, �...
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Information from all the possible search  

approaches is complementary! 

Complementarity is important because: 

a) In case we don’t observe DM, it allows us to efficiently  
“carve out” the remaining possible DM scenarios. 

b)  In case we do observe DM, it allows us to determine the 
properties of DM more accurately.



Phys.Dark Univ. 4 (2014) 92-97
Based on arXiv: 1504.00915v1

- Direct detection experiments have placed constraints on DM 
scattering off nuclei.

- LHC experiments can probe different scales.

Mostly sensitive to EW scale

Dark Matter Complementarity



Colliders can be more  
sensitive to low mass DM Direct detection provides 

better limit in “high mass” regime

- Recently LHC Analysis provided complementary information to 
underground experiments.

Dark Matter Complementarity

Complementarity studies require powerful simulation tools

CMS collaboration 2017: CMS-PAS-EXO-16-037
ATLAS Collaboration: Phys.Rev.D.94.032005



BSM tools in LHC era

BSM model

Model files

Spectrum/decay 

Process Generation 
/ Showering & 
Hadronization

Detector sim.
?

Already 
linked very

 well for 
many tools!

?

Astrophysical Signatures 
Cosmological 

Signatures 

PGS, Delphes,  
GEANT…

MadAnalysis, 
Checkmate,  

ATOM, 
Fastlim 

….

MadGraph, Sherpa, 
CalcHEP, CompHEP…  

/ Pythia, HERWIG,  
Whizard…

SusyHIT, ISAJET (for SUSY)…

FeynRules, LanHEP…

What about these?!
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Signatures 

PGS, Delphes,  
GEANT…

MadAnalysis, 
Checkmate,  

ATOM, 
Fastlim 

….

MadGraph, Sherpa, 
CalcHEP, CompHEP…  

/ Pythia, HERWIG,  
Whizard…

SusyHIT, ISAJET (for SUSY)…

FeynRules, LanHEP…

What about these?!

A new generation of tools necessary 
to efficiently link all the complementary approaches

BSM tools in LHC era



MadDM

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

Goal is to allow both Experimentalists and Theorists 
to calculate signatures of DM models at all interfaces with click 
of a button.

User friendly architecture of MadGraph5_aMC@NLO 
provides ideal framework for MadDM development. 



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 extended the functionality to  
DM direct and directional detection.

Version 3.0 DM Indirect detection. (soon!)
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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. 
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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).
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qq

q

q
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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!

17

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

Arrenberg et al, arXiv:1307.6581
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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
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- MadDM has already been used by the CMS experiment  

CMS collaboration 2015: CMS-PAS-EXO-12-055CMS collaboration 2015: CMS-PAS-EXO-12-054

CMS collaboration 2016: CMS-PAS-EXO-16-037

MadDM

MadDM

MadDM

MadDM

CMS collaboration 2016: CMS-PAS-EXO-16-037



MadDM Status, MC4BSM 2015

Direct detection

Indirect detection
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NLO
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MadDM
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Full set of DD 
effective operators

Loop induced ID

MadDM Status, NOW

Direct detection

Indirect detection Directional 
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(colliders, ID)
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GALPROP

Web interface

Still discussing…

Finish
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Finished!

Relic density

MadDM
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In 
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In 
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Finished!

In 

development!

In development!

In development! (A. de Simone)



Integration with MG5_aMC@NLO
- MadDM is now a MG5 plugin (took a long time and required some 
structural changes both in MadDM and MG5_aMC@NLO)

This means that you can install it using the MG5 interface

MG5_aMC> install maddm

It also means that MadDM now inherits the features of MG5

DECAY  54 AUTO # WY0  (set up in param_card.dat)

★Automatic resonance width computation

★Integrated parameter scans

54 scan:range(100, 1000, 100) # MY0 (set up in param_card.dat)

★Ability to do calculations at NLO / Loop induced!



MadDM Upgrades
- MadDM code now “knows” when/where resonances occur in amplitudes 
(Improves the speed of relic density computation)

- We implemented faster approximate methods for freeze out temperature 
determination.

We also completely revamped the interface
import model DMsimp_spin0_LO_UFO 
define darkmatter xd  
generate relic_density 
generate direct_detection  
generate indirect_detection b b~  
add indirect_detection a a    <———— Will do loop induced annihilation!!  
…                             <———— Collider signatures here soon!!  
output DMsimp  
launch

We still need to finish the astro-physical part for the ID 
(cosmic ray flux/propagation)!



Here is the current status of requested run :  
 * Enter the name/number to (de-)activate the corresponding feature 
    1. Compute the Relic Density     relic       = ON 
    2. Compute Direct Detection      direct      = ON 
    3. Compute Directional Detection directional = ON 
    4. Compute Indirect Detection    indirect    = ON 
 You can also edit the various input card: 
 * Enter the name/number to open the editor 
 * Enter a path to a file to replace the card 
 * Enter set NAME value to change any parameter to the requested value  
    4. Edit the model parameters    [param] 
    5. Edit the MadDM options       [maddm] 

INFO: *** RESULTS ***  
INFO:    relic density  : 8.69e+04  Model excluded (relic not in range [0,0.12])  
INFO:    x_f            : 5.00  
INFO:    sigmav(xf)     : 1.35e-15 GeV^-2 = 5.25e-07 pb  
INFO:  sigmaN_SI_p      : 2.74e-19 GeV^-2 = 1.07e-10 pb  
INFO:  sigmaN_SI_n      : 2.81e-19 GeV^-2 = 1.09e-10 pb  
INFO:  sigmaN_SD_p      : 4.17e-34 GeV^-2 = 1.62e-25 pb  
INFO:  sigmaN_SD_n      : 2.01e-33 GeV^-2 = 7.82e-25 pb  
INFO:  Nevents          : 1  
INFO:  smearing         : 0.00e+00  
INFO: Indirect detection cross section at v = 1e-03: 2.33e-09+-4e-12

MadDM upgrades
The result of launch feels and looks like a MG5 run:

A standard output:



MadDM V3.0

- Loop induced DM annihilations to photons/electrons/neutrinos.

- 2->N annihilation, linking to MadEvent. 

- Gamma-ray, positron fluxes, DM density profiles. 

- Galactic propagation (link to Pythia/Galprop) & halo models

Indirect 
detection

- Loops for collider and direct detection studies. Link to
MG5_aMC

@NLOeg. Higgs Portal models

- Multicomponent DM: Semi annihilations, Assisted Freeze-out. 

- Output in html form just as in current MG5.



MadDM V3.0

- Loop induced DM annihilations to photons/electrons/neutrinos.

- 2->N annihilation, linking to MadEvent. 

- Gamma-ray, positron fluxes, DM density profiles. 

- Galactic propagation (link to Pythia/Galprop) & halo models

Indirect 
detection

- Loops for collider and direct detection studies. Link to
MG5_aMC

@NLOeg. Higgs Portal models

- Multicomponent DM: Semi annihilations, Assisted Freeze-out. 

- Output in html form just as in current MG5.



MadDM

Thank you!



BACK UP
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…yet, there are many reasons to consider  
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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

MadDM is the first public code to allow for calculations  
of angular recoil distributions!

Example recoil distributions

People typically calculate                because this is the  
quantity dir. detection experiments can measure… 

dR/dE dcos(✓)



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)

 
1

�E

p
2⇡

e
� (E�E0)2

2�2
E

! 
1

�✓

p
2⇡

e
� (✓�✓0)2

2�2
✓

!
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


