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Wish list for WIMP-like dark matter analyses
L = Lsm + LBsm

Model Predictions
- relic density
- direct detection rates
- Indirect detection signals

- collider signatures
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How to compute those
observables ?
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Wish list for WIMP-like dark matter analyses
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How to compare with experiments?
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Tools in the LHC era

FeynRules, LanHEP...

Model files Already
SusyHIT, ISAJET (for SUSY). ., linked very
Spectrum/decay well for

many tools!

MadGraph, Sherpa,
CalcHEP, CompHEP, Process Generation

POWHEG.. / Showering &
/ Pythia, HERWIG, e
. Hadronization
Whizard. ..

PGS, Delphes,
GEANT...

Detector sim.

OlellifelST@I[O[aIBI=IM NMadAnalysis,

Dark Matter Observables Checkmate,
ATOM,

Fastlim
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Tools in the LHC era

FeynRules, LanHEP...

Model files Already
SusyHIT, ISAJET (for SUSY). ., linked very
Spectrum/decay well for

many tools!

MadGraph, Sherpa,
CalcHEP, CompHEP, Process Generation

POWHEG.. / Showering &
/ Pythia, HERWIG, e
. Hadronization
Whizard. ..

PGS, Delphes,
GEANT...

Detector sim.

OlellifelST@I[O[aIBI=IM NMadAnalysis,

Dark Matter Observables Checkmate,
ATOM,

Fastlim

What about these tools?
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Dark Matter tools

MicrOMEGAS
[Bélanger, Boudjema, Pukhov,
Semenov 2001 ]

SUSY related:
e DarkSUSY [Gondolo, Edsjo, Ullio,
Bergstrom, Schelke, Baltz 2004]
e SuperBayes [Ruiz De Astrui,
Trotta, ... 2010]
e SuperlSO Relic [Arbey, Mahmoudi,

Robbis 2009]

Model independent
PPPC4DM [Cirelli et al. 2010]

Private codes [Drees,
Roszkowski,Olive, ...]

MadDM [2013]
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Dark Matter tools

MmicrOMEGAS

e Only software for any BSM model

e Theory predictions for Relic Density,
direct detection, indirect detection,
collider pheno
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Dark Matter tools

MmicrOMEGAS

e Only software for any BSM model

e Theory predictions for Relic Density,
direct detection, indirect detection,
collider pheno

[Bélanger, Boudjema, Pukhov,
Semenov 2001 ]

SUSY related:
e DarkSUSY [Gondolo, Edsjo, Ullio, . L
Bergstrom, Schelke, Baltz 2004] e DM predictions with different degree

, | of completeness
* SuperBayes [Ruiz De Astrui, e Some includes experimental
Trotta, ... 2010]

i - traints
e SuperlSO Relic [Arbey, Mahmoudi, R |
Robbis 2009] e Can be hacked for generic BSM

model but not always easy

Model independent
PPPC4DM [Cirelli et al. 2010]

Private codes [Drees,

Roszkowski,Olive, ...]

MadDM [2013]
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What can MadDM do

MadDM capabilities

For a generic dark matter model with UFO files

Relic density (MadDM v.1.0)

Coannihilation
Multi-component dark matter

Direct detection (MadDM v.2.0)

Theoretical elastic spin-independent and spin-dependent cross section dark
matter off nucleons

Directional event rate (double differential event rate)
LUX likelihood

Indirect detection (MadDM v.3.0)

Theoretical prediction for the velocity averaged cross section at present time
Generation of energy spectra from dark matter annihilation

Computation of fluxes at source and detection

Fermi-LAT likelihood for dwarf spheroidal galaxies

Model parameter space sampling (MadDM v.3.0)

Sequential grid scan
PyMultiNest interface

Experimental constraints module (MadDM v.3.0)
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What can MadDM do

MadDM capabilities

For a generic dark matter model with UFO files

Relic density (MadDM v.1.0)

[Backovic, Kong, McKaskey 2013]

Coannihilation
Multi-component dark matter

Direct detection (MadDM v.2.0)
[Backovic, Kong, Martini, Mattelaer, Mohlabeng, McKaskey 2015]
Theoretical elastic spin-independent and spin-dependent cross section dark
matter off nucleons
Directional event rate (double differential event rate)

LUX likelihood

Indirect detection (MadDM v.3.0)

This talk

Theoretical prediction for the velocity averaged cross section at present time
Generation of energy spectra from dark matter annihilation

Computation of fluxes at source and detection

Fermi-LAT likelihood for dwarf spheroidal galaxies

Model parameter space sampling (MadDM v.3.0)

Sequential grid scan

PyMultiNest interface ‘

eizberimenta constraints mocule (MadDM v.3.0)
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Dark Matter annihilation in galactic halos

Prompt flux

ess mmssssmssd Observable
Fluxes

Low-energy photons
Quarks ,

Positrons

A
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gamma rays
» Antiprotons
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BAVAVAVAVAY.Y ¢ Protons
Bosons A AVAVAV VAVAVAVL ™
Decay process )
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Dark Matter annihilation in galactic halos

Prompt flux
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DM

DM

Dark Matter annihilation in galactic halos

Prompt flux
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Dark Matter annihilation in galactic halos

Prompt flux

Jecay process s> Observable
Fluxes
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Predictions for annihilation 2 —> n

- micrOMEGAs and DarkSUSY provide tabulated spectra for dark matter annihilation into
SM particles

XX — 88.4G,cC,bb,tt, et e T T, VeV, ViV, ViV, ZZ,WTW T, hh

- MadDM can compute the annihilation cross-section and the spectra for any tree level
annihilation in an automatised way

X Med X
"""" SM \./
< .vvvvv IBS
Y — < SM X/\
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Predictions for annihilation 2 —> n

MadDM does the following

(precision mode):

X\

sy Observable
Fluxes

Low-energy photons Positrons

X —"

< oV ('Urel)

Fixed

) Antiprotons

= » ©
@ = »

Bosons ~ Y V'V fvrf‘/\/\/g.p rotons
v D y | ' | )
lhe _
> MadEvent ~— Pythia 8 —  Spectra for N
' Y, P, €,V
velocity
or

with Maxwell-Boltzmann distribution
Unique to MadDM
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Particle Spectra at source for annihilation 2 —> SM SM

MadDM does the following
(fast mode):

Quarks

N S

Low-energy photons

Ve
A/L/\ N . e
v ,/‘ e .
vmu /\\\//“\

Medium-energ\y i
gamma rays

_" )
N Leptons

- .
3 Vi V,\-&”'ﬂ\v/n»

sy Observable
Fluxes

Positrons

» €

Electrons

Neutrinos
_

)’? Antiprotons

Uses pre-computed spectra* for 7y, D, e*; 1%

Very fast mode but limited to 2 body SM final states

*We thank M. Cirelli for granting us the usage of PPPC4DM tables.
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Energy spectra for 2 —> 2 processes

Energy spectra computed with Pythia 8, for any DM model

: mx = 10 GeV )(X—‘b_é | m\/ = 10 Gev — xx—=Ww m\’ =1 Tev N m¥=1 TeV e Ww ]
2 — xx—Uu ’ - xx—+ZZ ‘ ‘ — xx—2ZZ
10 3 'ySpectrum Xx —+ee 3 fySpectrum XX 7Spectrum 3 'ySpectrum — XX =
- — xx—u'u C o g9 ; - : — xx—g9
C — xx—T'r N - - R — xx—hh
107 3 L 7 S
=& . : /) :
oL i ' ’ !
© 1005' ' = p 1
1011 £ ! f £
= 2 = = 2
C VB = - B
i E - : £
10-2 L b
L — — 5 | — — —ww - v wWw
- m, =10 GeV ey - m, =10 GeV oy m,=1TeV - m,=1TeV g
1025 ve Spectrum Xx—ee = Ve Spectrum — XX ve Spectrum = e Spectrum — =
F — XX EH - — xx—g99 - — xx—g9
- | — xx—=r'r J - - xx—hh C — xx—+hh
10% 3 3
x o F - R ;
S - -
o 100:_ = \\ 2
1077k = 3
10 2— ‘ i :11 el ool prapnl llllllll\\l ‘lllll
10 104 10 10 107" 104 10 10 10! 10° 10> 10* 10° 102 10 10°
_K x= K _K
Validation of energy spectra against tabulated PPPC4DMID spectra [M.Cirelli et al. 2010]
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Automatized 2 —> 3 processes

import model DMsimp_t_f3 I~ — ¢
define darkmatter xr MAAAs [BS
generate 1ndirect detection u u” a :X//)\\\\ |
output test_uuxa

launch test_uuxa X q
set sigmav_method madevent \\\?//ﬁé
set indirect_flux_source pythia8 E

set vave_indirect 1e-3 X—" T~ q
set nevents 100000

set Mxr 100 I~ — ¢
set MYurl scan:[101,105,110,120,200] //j\\ii
set save_output all x — |

Validation of energy spectra against tabulated PPPC4DMID spectra [F.Giacchino et al. 2013]
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Automatized 2 —> 3 processes

z?dN, /dx

Validation of energy spectra against tabulated PPPC4DMID spectra [F.Giacchino et al. 2013]
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Implementation of the Fermi-LAT likelihood

- Dwarf spheroidal galaxies are among the most constraining targets for dark matter
searches

cay process mssssss=) Observable
Fluxes

Low-energy photons Positrons

» €
Mﬂin/\ % o
DM Medium-energy ~ ” U\ 5 Flectrons

DM
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Implementation of the Fermi-LAT likelihood

- Dwarf spheroidal galaxies are among the most constraining targets for dark matter
searches

[Fermi-LAT collaboration 2016]
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Implementation of the Fermi-LAT likelihood

searches

Energy Flux (MeV cm2s71)

- Dwarf spheroidal galaxies are among the most constraining targets for dark matter

[Ferm| LAT Collaborat|on 2016]
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Implementation and Validation of the Fermi-LAT likelihood

Used Public binned Likelihood functions for 45 dwarfs (https://www-glast.stanford.edu/

pub_data/1203/)

Upper limit at 95% CL for the annihilation cross-section computed by profiling over J

factors

— 9 Z ‘i
dwarfs (J

o0)

———————

MadDM output provides
* |ikelihood
e p-value
* upper limit
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o
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- Coma Berenices (J = 1019

E — MadDM

— .
.
.

----- MadDM (no Profiling)
- - Fermi-LAT(2016)
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10! 1072 103 10*
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https://www-glast.stanford.edu/pub_data/1203/

Validation of the Fermi-LAT likelihood

. 45 dwarfs
1074~ 4
] —— Fermi 1T
] === MadDM TT ’
| —— Fermi bb /
107%° 4 —=- MadDM bb !
rv’wz 10724 5
- ]
b,
>
B
102> 5
10—26__
101 102 103 104
m, [GeV]
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Validation of the Fermi-LAT likelihood

45 dwarfs
10_22':
] —— Fermi 1T
] === MadDM TT ’
| —— Fermi bb /
107**4 ——- MadDM bb !
rv’wz 1024 4
- ]
M,
>
B
10—25__
10—26__
101 102 103 104
m, [GeV]

MadDM provides exclusion limits in all SM final states !
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MadDM functioning for ID

DM model

FeynRules (UFO)
Model files

MadEvent (Reshuftling)
or
quick only for 2->2 annihilations

Velocity averaged

Cross-section
Pythia (any process) :
or Showering &

quick mode PPPC4DM Hadronization
spectra for 2-> 2 | for spectra

Fermi-LAT likelihood

Gamma-ray bounds

Dark matter predictions
from annihilation
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Work in progress: loop induced processes

- MadDM can handle NLO processes (loop induced) with MadLoop (MG5_aMC@NLO)

Loop induced processes relevant for DM phenomenology (very low background)

X X ~10%
\/ \@\@ \/ g — ® MOC sensitivity limits, Tobs =100h
[ - PDF systematics
I \( E B Background Yy ,
| | = [ ® Data limits, Tobs =2.8h ) |
%) 1028 — MC sensitivity limits, Tobs = 2.8h t / I I
-0 — (rescaled from 100h) I I
3 -
Y X = ~ B 130 GeV Fermi 5 '!,! !
mz Vt = line feature T I I
E, =m E,=m (l ( )m) ) \ — (C. Weniger, 2012) III I I I
=~ 27 ...°'
21077 AT e T
v = f it
I N
i - I
' >
P 1028 e H.ES.S.Ilimits at GC, 112h (2013)
,-' “ = e Fermi-LAT limits at GC, 3.7yrs (2013)
1 : B [HESS collaboration 2015]
_____ - *--,’-’. \ -
= —-—-;__‘____::'~\“:.‘ 102° = L1 |-1 Lol Lol L1
_ T~y , 10 10 1 10 TeV
[Bringmann 2004] RN m, (TeV)
.............. L WD

Different purpose than DM@NLO [Hermann et al. 2007] who deals with (SUSY)-QCD corrections for relic density
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Work in progress: loop induced processes

MadDM can handle NLO processes (loop induced) with MadLoop (MG5_aMC@NLO)

Loop induced processes relevant for DM phenomenology (very low background)

\ o 10-25 -

n@ — ® MC sensitivity limits, Tobs =100h
\( E -+ PDFgaqigrouna SYSteMatics s
| | = [ ® Data limits, Tobs =2.8h ) |
O 1n26| — MCsensitivity limits, Tobs = 2.8h t I I
/\ L % — 0 10 = (rescaled from 100h) I I
o =
X 7 X Y 8 — MW 130 GeV Fermi t '5 ,! I
2 =~ - line feature
. mpz -~
Ey=m E,=m (l - (—) Y . (C. Weniger, 2012) - }p,—;/ft 111 ! ¢ I I

e Validation of AUTOMATIZED loop induced processes with D. Massaro, J. Heisig and O.
Mattelaer

e Simple and simplified dark matter models give results for <ev>yr in excellent agreement
with analytic available computations

R f 10~ 107" 1 10
[Bringmann 2004] Vs m, (TeV)

Different purpose than DM@NLO [Hermann et al. 2007] who deals with (SUSY)-QCD corrections for relic density
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Plans for the (more or less distant) future

Improvement for relic
density calculation

(freeze-in, non standard
freeze-out, Sommerfeld

enhancement, ...) Full data base with

experimental
likelihoods

Many planned directions ...

Work in progress
Inclusion of non-
relativistic
operators for
direct detection

Work in progress
Automatised Loop induced processes

Work in progress

Capture of DM in

celestial bodies

Synchrotron radiation (SKA,...)
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Plans for the (more or less distant) future

Improvement for relic
density calculation
(freeze-in, non standard
freeze-out, Sommerfeld

Full data base with
experimental
likelihoods

enhancement, ...)

Work in progress
Inclusion of non-
relativistic

operators for
direct detection

|deas, suggestions, comments, collaborations are welcome!

\JMV Ul o Ul Lsivi 111
celestial bodies L

Synchrotron radiation (SKA,...)
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Back up slides
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Automatized Indirect detection @ NLO with MadDM *

1 1 1 1 -
_ - pe .02 Q2 — 4 - 2 17T Singlet Scalar model
L= Lsm + 28#38 S 2'/77,&0:5’ 4)\53 2>\HS S“H'H bl

Write down the NLO UFO file (as for MG5_aMC@NLO) with feynrules, feynarts, NLOCT

* In collaboration with D. Massaro, J. Heisig, O. Mattelaer and F. Maltoni
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Automatized Indirect detection @ NLO with MadDM *

1 1 1

1 .
_ - pe .02 Q2 — 4 - 2 17T Singlet Scalar model
L= Ly + 28MS0 S 2m5,05 4)\53 2)\H5 S“H'H D

Write down the NLO UFO file (as for MG5_aMC@NLO) with feynrules, feynarts, NLOCT

Test first QCD loop versus Higgs Effective Field Theory

ms [GeV] Model <UU0>gg [Cm3/S]
50 Singlet DM (QCD only) ~ 5.20 x 1072
HEFT 5.20 x 1020
70 Singlet DM (QCD only)  1.92 x 1072°
HEFT 1.92 x 10725

* In collaboration with D. Massaro, J. Heisig, O. Mattelaer and F. Maltoni
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Automatized Indirect detection @ NLO with MadDM

Test full NLO model including EW loops for annihilation into ¥ ¥

2, 8 2, 3
\n1 \n1
o
- .'.1. - - A Y S a
A
\g' \\
nt nt ~
. h
1/ 1. Smmmmmmmm———-
4 4 ,
diagram 7 QCD=0, QED=4, SDEFFF=0, SDEFFV=0, SIEFFBiqr8tBFS=0, SIEFEN=0, QED=4, SDEFFF=0, £
a
3 S
2 . ’
. 4
,
.
nt ¢
1/
diagram 9 QCD=0, QED=4, SDEFFF=0, SDEFFV=0, SIEFFBiQyrStEF6S=0, SIEFEV=0, QED=4, SDEFFF=0, £
2, 8 2, 3
‘\‘ a ‘\‘
ot .t
N ' \
R REEE R .. Hex
g .
nt N 1
‘1111115\—\&‘
! 4 1 4
diagram 11 QCD=0, QED=4, SDEFFF=0, SDEFFV=0, SIEFFBiyr8tk FES=0, SIEFEN=0, QED=4, SDEFFF=0, £

Singlet Scalar model very simple and loops are SM like
Models involving more BSM particles are being investigated (Inert Doublet Model, SUSY like, KK dark matter...)
Works for any BSM model with NLO UFO file
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Automatized Indirect detection @ NLO with MadDM

Test full NLO model including EW loops for annihilation into ¥ ¥

R 3 2. 3
\”1 ‘n1
\‘\\ ‘\\ g+
h ."' A Y S
......... N a
< O+ S,
n nt .
’ ’ . h
. , mmmmmm---- -
1, 4 1. 4 .
diagram 13 QCD=0, QED=4, SDEFFF=0, SDEFFV=0, SIEFFBis@r8tkF#S=0, SIEFEV=0, QED=4, SDEFFF=0, £
S a
’
2 .
AN 4
‘n1
nt ¢
1/
diagram 15
2,
\n1
LN J

diagram 17 QCD=0, QED=4, SDEFFF=0, SDEFFV=0, SIEFFBic@rStEF8S=0, SIEFED=0, QED=4, SDEFFF=0, £

Singlet Scalar model very simple and loops are SM like
Models involving more BSM particles are being investigated (Inert Doublet Model, SUSY like, KK dark matter...)
Works for any BSM model with NLO UFO file
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Automatized Indirect detection @ NLO with MadDM

Test full NLO model including EW loops for annihilation into ¥ ¥

2 2. 3
4 .
‘n1 1
a g
\‘ h "’
""""" Y S
a g ‘\\ a
1 1 N
8 , . h
1 1, 4 S mmmmmmm—————
’
diagram 19 QCD=0, QED=4, SDEFFF=0, SDEFFV=0, SIEFFBis@r8tkEP6S=0, SIEFEN=0, QED=4, SDEFFF=0, £
S a
3 3
2 2 ¢
4
a 4
“.‘n1 1 ,HJJJJJJJJ
: g+ ghwp
L ghwp
< O+ ghwp
n . nt,
1.0 4 1 4
diagram 21 QCD=0, QED=4, SDEFFF=0, SDEFFV=0, SIEFFBiQyr8tkPES=0, SIEFEN=0, QED=4, SDEFFF=0, £
2 8 2, 8
a a
1 1
ghwp~ ghwm
....b ..... vghwp ....'.1 ..... Aghwm
ghwp~ ghwm
nt nt /
“HH_L{LH‘ -LLLH‘-L:LLL
1 4 1 4
diagram 23 QCD=0, QED=4, SDEFFF=0, SDEFFV=0, SIEFFBicdrSiEPFS=0, SIEFEV=0, QED=4, SDEFFF=0, &

Singlet Scalar model very simple and loops are SM like
Models involving more BSM particles are being investigated (Inert Doublet Model, SUSY like, KK dark matter...)
Works for any BSM model with NLO UFO file
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Automatized Indirect detection @ NLO with MadDM

Test full NLO model including EW loops for annihilation into ¥ ¥

diagram 29 QCD=0, QED=4, SDEFFF=0, SDEFFV=0, SIEFFBisyrStEBBS=0, SIEFED=0, QED=4, SDEFFF=0, £

Singlet Scalar model very simple and loops are SM like
Models involving more BSM particles are being investigated (Inert Doublet Model, SUSY like, KK dark matter...)
Works for any BSM model with NLO UFO file
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Automatized Indirect detection @ NLO with MadDM

Test full NLO model including EW loops for annihilation into ¥ ¥

\
\oni
\
.

/
nt /
;
/

diagram 1

.

“ont
.

..........

nt ./
B
,

diagram 3
‘\\n1

nt ./
g

diagram 5 QCD=0, QED=4, SDEFFF=0, SDEFFV=0, SIEFFBisyr8tBFS=0, SIEFEV=0, QED=4, SDEFFF=0, £

Singlet Scalar model very simple and loops are SM like
Models involving more BSM particles are being investigated (Inert Doublet Model, SUSY like, KK dark matter...)
Works for any BSM model with NLO UFO file
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Automatized Indirect detection @ NLO with MadDM

Test full NLO model including EW loops for annihilation into ¥ ¥

QCD=0, QED=4, SDEFFF=0, SDEFFV=0, SIEFFFdig8iEFF5=0, SIEFRUC0=0, QED=4, SDEFFF=0, SDEFFV=0, SIEFFFdigRiEF¥B=0, SIEFRIC0=0, QED=4, SDEFFF=0,

* Singlet Scalar model very simple and loops are SM like
* Models involving more BSM particles are being investigated (Inert Doublet Model, SUSY like, KK dark matter...)
* Works for any BSM model with NLO UFO file
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Automatized Indirect detection @ NLO with MadDM

Test full NLO model including EW loops for annihilation into ¥ ¥

e ey 5 R R P G 2
< M M fmmmmmm N ...
%“‘m . %\1““\1 S a
mg |GeV] Model (o0v0)y [cm® /5]

50 Singlet DM (full NLO, b and 7 massless) 1.98 x 10~27

Singlet DM (full NLO) 2.02 x 10~27

HEFT 1.98 x 10727

70 Singlet DM (full NLO, b and 7 massless) 1.14 x 10726

Singlet DM (full NLO) 1.16 x 1026

HEFT 1.12 x 1026

* Singlet Scalar model very simple and loops are SM like
* Models involving more BSM particles are being investigated (Inert Doublet Model, SUSY like, KK dark matter...)
* Works for any BSM model with NLO UFO file

20 C. Arina (CP3 - Louvain U.) - Bruxelles, October 18t 2019



[F.Ambrogi, CA, M. Backovic, J.Heisig, F.Maltoni, O.Mattelaer
& G. Mohlabeng, Phys.Dark Universe 2019]

MadDM V.3

https://launchpad.net/maddm

Now a plugin of Madgraph (and also of MG5_aMC@NLO)
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[F.Ambrogi, CA, M. Backovic, J.Heisig, F.Maltoni, O.Mattelaer
& G. Mohlabeng, Phys.Dark Universe 2019]

MadDM V.3

https://launchpad.net/maddm

Now a plugin of Madgraph (and also of MG5_aMC@NLO)

install maddm

| —— | ———
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[F.Ambrogi, CA, M. Backovic, J.Heisig, F.Maltoni, O.Mattelaer
& G. Mohlabeng, Phys.Dark Universe 2019]

MadDM V.3

https://launchpad.net/maddm

\ &

* Now a plugin of Madgraph (and also of MG5_aMC@NLO)

install maddm

| — | ——

- What is the advantage of being embedded in Madgraph?

1. Inherit features of Madgraph (MadEvent, scan command,
automatic width computation, ...)

2. Permit to fully exploit complementarity of searches to corner
the parameter space of dark matter models

3. Used by experimental collaborations (ex. ATLAS)

21
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MadDM V.3

https://launchpad.net/maddm

* Now a plugin of Madgraph (and also of MG5_aMC@NLO)

install .

10°F

-

Planck coll. sets Qh?2

10 . reeze ou

Relative abundance

107°F «~—— equilibrium 7
MIT b

What is the advantage of being embe

{0™L

1. Inherit features of Madgrapf
automatic width computation

2. Permit to fully exploit compls
the parameter space of dark

3. Used by experimental collak

WIMP-nucleon o [cm?]

=]

&

=
IS

[XENON1T coll.]

[F.Ambrogi, CA, M. Backovic, J.Heisig, F.Maltoni, O.Mattelaer
& G. Mohlabeng, Phys.Dark Universe 2019]

0

10! 10?
WIMP mass [GeV/c?]

[CMS coll.]

<
P BN HY ORI IRTTY PTTT be v Fere b T

\

S P ... 140 SONRR
200 400 600 800 1000120014001600 1800

M, .4 [GeV]

1072
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MadDM V.3

https://launchpad.net/maddm

* Now a plugin of Madgraph (and also of MG5_aMC@NLO)

install .

10°F

—

Planck coll. sets Qh?2

10 . reeze ou

Relative abundance

]
107°F «~—— equilibrium 7
3 M1 B

What is the advantage of being embe

{0™L

1. Inherit features of Madgrapf
automatic width computation

2. Permit to fully exploit compls
the parameter space of dark

3. Used by experimental collak

[F.Ambrogi, CA, M. Backovic, J.Heisig, F.Maltoni, O.Mattelaer
& G. Mohlabeng, Phys.Dark Universe 2019]

[XENON1T coll.]

snliny

\

S P ... 140 SONRR
0200 400 600 800 10001200140016001800

M, s [GeV]

10
e
L 10%
6:
= s
§ 1074
a g
Z 10 : \\i‘l“w
= ot
10797, , ) A a2, o
10' W . 10°
WIMP mass [GeV/c?)
[CMS coll.]
1000+ V‘_—10
= o
- o
E 2
= 2
= 2
- EEES
- s
== 10"

107
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Resume of Indirect detection capabilities

Indirect detection module Experimental constraints Scans
< ov > Energy Spectra Flux at Earth Module available: Module available:
( ) Prompt photons
0 X V)|v=vrel Neutrinos il
Numerical tables Simplified framework Seque;ré';lsl grd
Posit based on the
Fast Allows only Os1trons ol
DMDM —s 2 particles|  Allows only (fixed sets of ExpConstraint class PyMultiNest
DM DM — SM SM propagation
-“é parameters)
S [ O U S IS | EO U [ IS
o0 : : Pythia 8
g Full integration
2 u hg computes on the Prompt photons
g over the DM fly the energy Neutrinos ) o : :
o velocity —— Fermi-LAT likelihood for Sequential grid
Precise distribution Aquitrons dSJl:hs scans
nti-protons
Allows for any [‘)A‘l\l/}oggrsliioﬁ ;—Iilgn (free choice of ExpConstraint class PyMultinest
DM annihilation — propagation
t
PTocess DM DM — n particles parameters)
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[F.Ambrogi, CA, M. Backovic, J.Heisig, F.Maltoni, O.Mattelaer
& G. Mohlabeng, Phys.Dark Universe 2019]

MadDM V.3

S nttps://launchpad.net/maddm

Towards a tool for comprehensive dark matter studies™

e Compute
annihilation cross
section in halos at
present time

e Compute the energy
spectrum of dark
matter products for
ANY process

e Compute the flux at
the Earth position

* GAMBIT collaboration has the same spirit [2017]
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[F.Ambrogi, CA, M. Backovic, J.Heisig, F.Maltoni, O.Mattelaer
& G. Mohlabeng, Phys.Dark Universe 2019]

MadDM V.3

S nttps://launchpad.net/maddm

Towards a tool for comprehensive dark matter studies™

e Compute e Comparison with
annihilation cross current exclusion
section in halos at bounds released by
present time direct and indirect

detection

e Compute the energy experiments
spectrum of dark
matter products for e Fermi-LAT likelihood
ANY process for setting limits with

dwart spheroidal

e Compute the flux at galaxies (dSphs)
the Earth position

* GAMBIT collaboration has the same spirit [2017]
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[F.Ambrogi, CA, M. Backovic, J.Heisig, F.Maltoni, O.Mattelaer
& G. Mohlabeng, Phys.Dark Universe 2019]

MadDM V.3

S nttps://launchpad.net/maddm

Towards a tool for comprehensive dark matter studies™

e Compute e Comparison with
annihilation cross current exclusion
section in halos at bounds released by
present time direct and indirect

detection

e Compute the energy experiments
spectrum of dark
matter products for e Fermi-LAT likelihood
ANY process for setting limits with

dwart spheroidal

e Compute the flux at galaxies (dSphs)
the Earth position

* GAMBIT collaboration has the same spirit [2017]

e Sequential grid
method (good for
2D scans)

e |[nterface with
PyMultiNest (similar
to Markov Chain
Monte Carlo); good
and stable for a
large number of
parameters
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do

dE,,

Example of differential energy spectrum

< ov > dN? 1
i) — Bz ! Jann

24
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Example of differential energy spectrum

astrophysics

dd < ov > dN: 1 -
— (& — B; ! 'Jann
dEv( 7 ¥) 2m? Z dE, 4m ()

\4

Jann (¢) E/l p* (¥, 1) di

Depends on the DM density
distribution and experiments:

USER INPUT

24
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Example of differential energy spectrum

astrophysics

\4

< O'U(Urel) > X /dgvrelpf’,rel(ﬁrel)g(vrel)

* Typically P(vrel) is neglected

* Integral computed with the reshuffling technique v
of MadGraph
* Unigue to MadDM Jann (w) — / 102 (w) l) dl
los

Depends on the DM density
distribution and experiments:

USER INPUT
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Example of differential energy spectrum

astrophysics

Energy spectrum: number of
photons produced by DM
annihilation into particles i

\4

< O'U(Urel) > X /dgvrelpf’,rel(77rel)0-(vrel)

» Typically P(vrel) is neglected

* Integral computed with the reshuffling technique v
of MadGraph

* Unique to MadDM Jann (w) — / ,02 (w, l) dl
los

Depends on the DM density
distribution and experiments:

USER INPUT
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Particle propagation from the source to Earth

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019
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~ Positrons, anti-protons and anti-deuterons:
A. Loose information on the direction due to
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' B. Spectral information

rticle propagation from the source to Earth
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Particle propagation from the source to Earth

e
' ‘-. ;' i & P
. ‘ : c'- =8
AP | .
: :? }". “a : x
Positrons, anti-protons and anti-deuterons: 7 raiil e s L Sl il S .

A. Loose information on the direction due to
propagation in the magnetic galactic field
B. Spectral information

-~ Photons and neutrinos:
A. Spatial information
~.B. Spectral information
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Automatized 2 —> 3 processes

- Final state radiation out of the box A IBS 4+

L2 yrxrYrar +yLx- YL QL + hec.

- Dark matter annihilation into light fermions is d-wave suppressed

- Emission of a photon from final state uplift the suppression and the cross-section

becomes s-wave

26
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S@C/Uded C/a/’/( maﬁe[’ [Batell,Pospelov, Ritz, Shang 2009]

- Simplified model: L = g,y, g[cos 6+ isinOys]|q Yy + gx Xy [cos 6 + isinOys]| X, Yo
- Avoids direct detection and collider bounds

- Mixed pseudo-scalar mediator annihilates s-wave —> only probe*

*[CA, M.Baskovic, J.Heisig and M.Lucente arXiv:1703.08087, Phys.Rev.D 2017]
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S@C/Uded O’a/’k maﬁe[’ [Batell,Pospelov, Ritz, Shang 2009]

f X/< SM

I

S

e —— = —

Annihilation into
mediator fixes
relic density

- Simplified model: L = g,y, g[cos 0 + isinfys] g Yo+ gx Xy[cos 0+ isinOys] X, Yy
- Avoids direct detection and collider bounds

- Mixed pseudo-scalar mediator annihilates s-wave —> only probe*

*[CA, M.Baskovic, J.Heisig and M.Lucente arXiv:1703.08087, Phys.Rev.D 2017]
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S@C/Uded da/’/( maﬁe[’ [Batell,Pospelov, Ritz, Shang 2009]

. _

=== Connection with the SM

iIndependent of the relic

Annihilation into .
density, can be very small

mediator fixes
relic density

- Simplified model: L = g,y, g[cos 0 + isin0ys] g Yo+ gx Xy [cos 0+ isinOys] X, Yy
- Avoids direct detection and collider bounds

- Mixed pseudo-scalar mediator annihilates s-wave —> only probe*

*[CA, M.Baskovic, J.Heisig and M.Lucente arXiv:1703.08087, Phys.Rev.D 2017]
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Secluded dark matter
UFO files can be found at: http://feynrules.irmp.ucl.ac.be/wiki/DMsimp

import model DMsimp_s_spinO_mixed_MD
generate relic density

define g=ud s cbt

define gbar= u”™ d” s ¢ b™ t~

add indirect detection y0O yO, y0O > q gbar
output secluded_dm_gammarays

launch secluded_dm_gammarays
set WYO auto

set nevents 50000

set gq le-6

set theta 0.7

set MXd scanl:[10*x for x in range(1,200) for y in range(1,200) if x < y]
set MYO scanl:[10*y for x in range(1,200) for y in range(1,200) if x < y]

set save_output all

28
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Secluded dark matter
UFO files can be found at: http://feynrules.irmp.ucl.ac.be/wiki/DMsimp

2000 _ 2000 103
- DM over-abundant
1750 o1 s 1750 2
: S
1500 i Ni 1500
' DM under-abundant Lo
1250 < 1250 =1
C
¢ o
1000 |- 2 1000 100 E
= c
o o
750 | & 750 %
3 1071 %
500 500
Mixed scalar-pseudoscalar mediator 1072
250 Mixed scalar-pseudoscalar mediator 250 gx=1.0,9,=107%,cos0=0.7
- gx=1.0,g4=107% cos6 =0.7 - All DM scenario
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 10_3
O0 250 500 750 1000 1250 1500 1750 2000 0O 250 500 750 1000 1250 1500 1750 2000
Mmed [GEV] Mmed [GEV]
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Secluded dark matter
UFO files can be found at: http://feynrules.irmp.ucl.ac.be/wiki/DMsimp

2000 _ 2000 103
- DM over-abundant
1750 o1 s 1750 2
- >
1500 i N 1500
' DM under-abundant Lo
S 1250 S 1250 &
) )] 3
©. 1000 ©. 1000 100 @
= = ©
o () i)
& 750} E 750 7
10~ =
500 [ 500
Mixed scalar- pseudoscalar mediator 1072
250 Mixed scalar-pseudoscalar mediator 250 Mwmwi—gj
- gx=1.0,94=107° cos6=0.7 " All DM scenario %
B " NG /
Ok g Jrmm——— T SRR WTEBIUR mpepr o 10—3
0 250 500 750 1000 1250 1500 1750 2000 0 250 500 75( 1000 1250 1500 1750 2000
Mmed [GEV] Mmed [GEV]
5 ) (Qh)theo = (QA*)panck > additional production
(217 )thermat < (€2/7)Planck , ,
Q7 )theo = (27 )thermal  => additional DM component
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Example of sampling procedure

d

L =X, (gxd + ngdys)Xd Yo + Z
L,j

§|

- Grid scan (as in Madgraph)

import model DMsimp_s_spinO_MD
define darkmatter “xd

generate relic_density

output sampling_sO_mxd_myO

launch sampling_sO_mxd_myO

set MXd scan:[10*x in range(0,100)]
set MYO scan:[10*x in range(0,100)]
set gSXd 1

set gSull 1

set gSu22 1

set gSu33 1

set gSdll 1

set g5d22 1

set g5d33 1

set WYO AUTO

u

Yy

UFO files can be found at: http://feynrules.irmp.ucl.ac.be/wiki/DMsimp
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Example of sampling procedure

u

d
L£=X4 (g%, +igkys) XaYo+ ) |d \/i(g" +igh vs)d; +u,f}’§(g§,, +igh ys)u;| Yo
L]

- Grid scan (as in Madgraph)

« Nested sampling PyMultinest

import model DMsimp_s_spinO_MD
define darkmatter “xd
generate relic_density

output sampling_ sO_mxd_myO

launch sampling sO_mxd_myO
nestscan = ON

and edit multinest _card.dat

UFO files can be found at: http://feynrules.irmp.ucl.ac.be/wiki/DMsimp
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mpm [GeV]

1000

600

400

800

200

Example of sampling procedure

Scalar mediator
dpm = 1.0, dgq = 1.0

DM over-abundant

. DM under-abundant

"800 1000
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