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https: //lapth.cnrs.fr/micromegas/

Introduction

Relic density
Direct detection rates
rates

Rogistration and Mailing
History: version 1.1
Help and Contact
Feedback: Comparisons
CalcHEP

LanHEP

«O atomes intelligents, dans qui I

F. Boudjema for Team micrOMEGAs

R o T S e e e o First developed to compute the relic density of a
ricle, the code also computes the rates for direct and
ry. ity o ightest odd particle. A
Computation of the relic density. Specific examples of this general apprcach |n|:|ude e MSSH and various
B Dy sl sure ey Physics model first r = o write a new CalcHEP made! filo, Sl
o Squared matrix cloments. This can be done through LanHEP. Gnee this is done, all ann nd coannihilat

The cross-sections for both spin dependent and spin independent interactions of WIMPS on protons are computed automatically as well as
the rates for WIMP scattering on nuclei in a large detector.
The neutrino flux and the induced muon flux from DM captured in the Sun and the Earth are computed as well as the exclusion from
IceCube22.

ion cross-sections of the dark matter candidate at zero velocity, relevant for indirect detection of dark matter, are also computed
automatically. The propagation of charged particles in the Galactic halo is handled with a new module.

P Gy U 5 SRS T G SRS ] G T s MGl 5 ) A LR
computed automatically as well as the production of a pair of dark matter particles with a jet.

Starting from version 4.2, the relic density of two stable massive particies. as well as their direct and indirsct detection rates are computed. it
e e o e S e e e e T ote symmetry.

Version 4.3 includes links to HiggsSignals, Lilith and SmodelS to confront a dark model with LHC results on the Higgs and on searches for
new particles. The package includes the minimal supersymmatric standard model (MSSM), the NMSSM, the UMSSM, the MSSM with complex
phasss (CPYMSSM), the ltle Higge model (LHM),the inert doublet modsl (IDM), a inert doublet model iscrete symmetry (Z3IDM),
and a model with inert doublet and singlet with a 24 symmetry (Z4IDSM). Facilities to include an arbitrary e e O

Other models availabl

Z5M : two scalar singlets and a Z5 symmetry

RHNM : right-handed neutrino dark matter

SM4 : sM with a fourth generation of lepton

Present version (June 2017) is micromegas 4.3.5

(LAPTh) micrOMEGAs Webina



Evidence for Dark Matter

Dark Matter

Supernova

@ Ordinary Matter
Dark Matter
Dark Energy

Clusters

Le;|slng
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The code covers more than 25% of the matter budget of the Universe

including the SM stuff of course

Atoms
4.6%

Dark
Energy

712%
Dark

Matter
%

TaDAY
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DM: What is it? Properties

Microscopic Level: interaction, couplings, masses =—> We don’t know

Macroscopic level: How is it distributed? == We don’t know really

LAPTR
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DM: What is it? Properties

Microscopic Level: interaction, couplings, masses = We don’t know

Macroscopic level: How is it distributed? == We don’t know really
Apart from being

e NEUTRAL

e STABLE

o INTERACTING

» o WIMP gives the correct abundance
» with weak scale masses 10GeV - few TeV (iink to Ew symmetry breaking?)

LaP

Th
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Searches for DM

Dark matter annihilation
—.
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Dark matter production
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Searches for DM
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What do we need to know, to predict these observables?

AT
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Searches for DM

Dark matter annihilation
—.
e

Dark matter production
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Searches for DM

Dark matter annihilation

T 7
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Dark matter production
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Cross section determines the abundance, rate of direct detection, the rate at which
particles from the Galactic halo accrete into the Earth and Sun, it determines the signal
in the indirect detection experiments, - - -

AT
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Direct Detection: What is it and what's at stake, 1

Galactic

WIMP Halo
(p = 0.3 GeViem’)

Recoil Nucleus

~[0-100 keV or less

<V> =220 km/s

Elastic Scattering of WIMPs off nuclei in a large underground detector

Measure nuclear recoil energy Eg

Very small teansfer momentum of order g ~ 100MeV

Egr = g?/2my, so that for a 100 GeV WIMP with mean velocity v ~ 200km/s
Er <10 — 50 keV.

This affects the design of many detectors £
LAPTAR
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Direct Detection

Need to go from xq — xq TO xN — xN TO yN — xyN

(N=n,p) Ingredients Factorise

Interaction Rate

~ 9, |F*(ER)|po T(ER)
m2 | Up4/T

F(ER) ~ exXp (—ER my R?)/S)
m, = mymy

my +my
T(ER) ~ exp(~vpn/v;)

Umin = V/ ER mN/(2m12")

(particle theory includes ¢ — N )
L/.\fDTK
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Ingredients for Annihilation of DM in Indirect Detection

Supersymmetric
neutralinos

Positrons

- b
Medium-energy v \ N Electrons
gamma rays =

i
WWVVV\&_/\‘/’\_*

Ve

Neutrinos
.

B Antiprotons

> @

Bosons \VAVAVAV, J"’u’"\}‘g\f rotons

, —
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Ingredients for Annihilation of DM in Indirect Detection

Positrons
¢
{7 ey
Medium-energy ',VL’M i,,L*EIec!runs
qamma rays

Supersymmetric .
Wil

neutralinos BTN

Decay process

Particle Physics Uncertainties: even at the level of cross section of primaries:

hadronisation/fragmentation at scales outside particle physics energies (extrapolations)

LAPTA
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Ingredients for Annihilation of DM in Indirect Detection

Low-energy phol[ms Positrons
Quurks T

Medium-energy Electrons

\ gamma rays .
Gamma Line /__\/.\?__

= Neutrinos
* —@ L= ) "
/ Leptons will propagate through space

» Antiprotons

- py

/"_\-\_‘
Supersymmetric . ~ S » o
neutralinos Bosons W/\/WV\/\/W\’PN“O“S

Decay process )
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Ingredients for Annihilation of DM in Indirect Detection

Low-energy photons Positrons
uarks . ~ _~_ ">

How many? (“luminosity”) . = el

Distributed how?

- Medium-energy
gamma rays

™\
“* — . } L
/ Leptons
e
. »  Antiprotons

g
Supersymmetric . ~ it » o
neutralinos Bosons Wrotons

Decay process m—)

LAPTA
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Annihilation into e+,p, (D), v, v

- dN: 1 : »
adE; :ZidiE;U/Vﬁ /(/)+ )

Tm2
N—— N —— e

Particle physics Astro

e The density which is what you would
need to calculate the flux, p, is uncertain,
this is like not knowing your PDF at the
LHC!

e There might be small regions with over-
densities, dp, etc... that may be important
in some cases. (p + 6p)? = p?Ferump

e not all particles scan the same por-
tion of the “sky"

Courtesy P. Salai
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At Colliders

We are more in control !

provided we know

LAPTA
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The other big unknown! New Physics Models tom mim Taic

Reparity
violating

@ Supersymmetr;
Hidden . persy Y

Sector DM

X

Reparity
Conserving

Todd DM

(>

Little Higgs
QCD Axions

Axion-like Particles
Litdest Higgs
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New Physics Models/DM tom 1 rai

QCD Axions

Axion-like Particl

Supersymmetry

\\\\\\\\\

Little Higgs

No Lack of Options...
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micrOMEGAs

LAPTA
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micrOMEGAs

()
(Noed powerful, modular and versatls toos |
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micrOMEGAs

MICROMEGAS
de

Mr. ox VOLTAIRE,
P
UNE HISTOIRE DES CROISADES
.

UN NOUYEAU PLAN
DU LIGITOMA DE LESTRIT UMAI,

pan L8 WIML

LAPTR
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micrOMEGAs

( “ 0 atomes intelligents, \

L
A

MICROMEGAS I

de
Mr. os VOLTAIRE,

—

UNE NISTOIRE DES CROISADES
.

s’est plu @ manifester
son adresse et sa puissance,
vous devez sans doute
godter des joies
o eeron e 3T A

pan L1 LML

bien pures sur

votre globe car,
ayant si peu de matiere...,"

Voltaire, Micromegas,

chapitre septieme,
\ conversation avec les hommes ‘
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micrOMEGAS: Guiding Principle

» Humans make mistakes - computers do not

Th
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micrOMEGAS: Guiding Principle

» Humans make mistakes - computers do not

> Automation (with auto checks )

LAPTR
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micrOMEGAS: Guiding Principle

» Humans make mistakes - computers do not

> Automation (with auto checks )

» Several groups are developing specialized codes
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micrOMEGAS: Guiding Principle

» Humans make mistakes - computers do not

> Automation (with auto checks )

» Several groups are developing specialized codes
> Link them
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micrOMEGAS: Guiding Principle

» Humans make mistakes - computers do not

> Automation (with auto checks )

» Several groups are developing specialized codes
> Link them

» Users might want to improve one aspect
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micrOMEGAS: Guiding Principle

» Humans make mistakes - computers do not

> Automation (with auto checks )

» Several groups are developing specialized codes
> Link them

» Users might want to improve one aspect
» Modularity
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micrOMEGAS: Guiding Principle

» Humans make mistakes - computers do not

> Automation (with auto checks )

v

Several groups are developing specialized codes
> Link them

v

Users might want to improve one aspect
» Modularity

We do not know what DM is made of

v
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micrOMEGAS: Guiding Principle

» Humans make mistakes - computers do not

> Automation (with auto checks )

v

Several groups are developing specialized codes
> Link them

v

Users might want to improve one aspect
» Modularity

v

We do not know what DM is made of

- Possibility to include different DM candidates
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micrOMEGAS: Guiding Principle

» Humans make mistakes - computers do not

> Automation (with auto checks )

v

Several groups are developing specialized codes
> Link them

v

Users might want to improve one aspect
» Modularity

We do not know what DM is made of

v

- Possibility to include different DM candidates

v

Models are often complex with huge parameter space
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micrOMEGAS: Guiding Principle

» Humans make mistakes - computers do not

> Automation (with auto checks )

v

Several groups are developing specialized codes
> Link them

v

Users might want to improve one aspect
» Modularity

We do not know what DM is made of

v

- Possibility to include different DM candidates

v

Models are often complex with huge parameter space

> Speed of execution
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micrOMEGAS: Guiding Principle

» Humans make mistakes - computers do not

> Automation (with auto checks )

v

Several groups are developing specialized codes
> Link them

v

Users might want to improve one aspect
» Modularity

v

We do not know what DM is made of

- Possibility to include different DM candidates

v

Models are often complex with huge parameter space

> Speed of execution

v

Ready made, stand-alone package for the non-expert
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micrOMEGAS: Guiding Principle

» Humans make mistakes - computers do not

> Automation (with auto checks )

v

Several groups are developing specialized codes
> Link them

v

Users might want to improve one aspect
» Modularity

v

We do not know what DM is made of

- Possibility to include different DM candidates

v

Models are often complex with huge parameter space

> Speed of execution

v

Ready made, stand-alone package for the non-expert
> User friendly
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micrOMEGAs

LANHEP
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micrOMEGAs

LANHEP

Model File
Particles
Vertices

Parameters
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micrOMEGAs

LANHEP

Model File
Particles
Vertices

Parameters

LAPTR
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micrOMEGAs

LANHEP

Model File
Particles
Vertices

Parameters

Auxilliary Routines

Link to external codes

Model specific improvements
(Hbb, b — sv, (g — 2), Amy, - - - )

LEP/LHC constraints

LAPTR
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Relic Density

LANHEP
—
Indirect detection
Model File CalcHEP _ _
Particles Direct Detection
Vertices Generate tree-level

Parameters

cross sections

Auxilliary Routines

Link to external codes

Model specific improvements
(Hbb, b — sv,(g — 2), &mp, - - - )

LEP/LHC constraints
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Relic Density

Indirect detection

Model File

Direct Detection
Particles

5 Generate tree-level
Vertices

Parameters
cross sections

Auxilliary Routines

Link to external codes

Model specific improvements
(Hbb, b — s, (g — 2), Amp, - - - )

LEP/LHC constraints

AP T
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Stability and Importance of Symmetry: Identification of the DM
candidate

> a DM candidate needs to be stable: either it can not decay to other other particles because

too light, but this is not enough

LA 1
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Stability and Importance of Symmetry: Identification of the DM
candidate

> a DM candidate needs to be stable: either it can not decay to other other particles because
too light, but this is not enough

» a symmetry prevents it to decay to lighter particles, essentially to SM particles.
This symmetry corresponds to some discrete charge whereby the new particles
are ODD and the SM particles are EVEN

F. Boudjema for Team micrOMEGAs (LAPTh) micrOMEGAs Webinar, 27 Oct. 2017 ' 1 /55‘



Stability and Importance of Symmetry: Identification of the DM

candidate

> a DM candidate needs to be stable: either it can not decay to other other particles because
too light, but this is not enough

» a symmetry prevents it to decay to lighter particles, essentially to SM particles.
This symmetry corresponds to some discrete charge whereby the new particles
are ODD and the SM particles are EVEN

> ZN7 ¢ — e(2i7\'X¢)¢

LA 1
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Stability and Importance of Symmetry: Identification of the DM

candidate

> a DM candidate needs to be stable: either it can not decay to other other particles because
too light, but this is not enough

» a symmetry prevents it to decay to lighter particles, essentially to SM particles.
This symmetry corresponds to some discrete charge whereby the new particles
are ODD and the SM particles are EVEN

> ZN7 ¢ — e(2i7\'X¢)¢

v

MSSM, Z; = R, (useful symmetry for other reasons,....)

LA 1
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Stability and Importance of Symmetry: Identification of the DM
candidate

> a DM candidate needs to be stable: either it can not decay to other other particles because

too light, but this is not enough

» a symmetry prevents it to decay to lighter particles, essentially to SM particles.
This symmetry corresponds to some discrete charge whereby the new particles
are ODD and the SM particles are EVEN

> Zn, ¢ ePT0)g
» MSSM, Z, = R, (useful symmetry for other reasons,....)

» This symmetry is an essential ingredient for micrOMEGAs. It helps
automatically pick up the DM candidate (lightest, neutral, new particle...)
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Stability and Importance of Symmetry: Identification of the DM
candidate

> a DM candidate needs to be stable: either it can not decay to other other particles because

too light, but this is not enough

» a symmetry prevents it to decay to lighter particles, essentially to SM particles.
This symmetry corresponds to some discrete charge whereby the new particles
are ODD and the SM particles are EVEN

> Zn, ¢ ePT0)g
» MSSM, Z, = R, (useful symmetry for other reasons,....)

» This symmetry is an essential ingredient for micrOMEGAs. It helps
automatically pick up the DM candidate (lightest, neutral, new particle...)

» Odd particles denoted ~ X
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micrOMEGAs

> micrOMEGAs

h

LAPT
F. Boudjema for Team micrOMEGAs (LAPTh) micrOMEGAs Webinar, 27 Oct. 2017 2 /55



micrOMEGAs

> micrOMEGAs

> given any set of parameters it can identify LSP(LN,.P), NLSP, generate and calculate
QHR?, direct and indirect detection rates

LAPTR
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micrOMEGAs

> micrOMEGAs
> given any set of parameters it can identify LSP(LN,.P), NLSP, generate and calculate
QHR?, direct and indirect detection rates
> cross sections are generated on the fly. Only those needed are generated. These are
then stored, if needed in the future procedure is speedy

LAPTA
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micrOMEGAs

> micrOMEGAs

> given any set of parameters it can identify LSP(LN,.P), NLSP, generate and calculate
QHR?, direct and indirect detection rates

> cross sections are generated on the fly. Only those needed are generated. These are
then stored, if needed in the future procedure is speedy

» Generalisation to other models easy, same principle: Needs a model file and a
quantum number based on same Zy. Classification is then straightforward.
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micrOMEGAs

> micrOMEGAs

> given any set of parameters it can identify LSP(LN,.P), NLSP, generate and calculate
Qh?, direct and indirect detection rates

> cross sections are generated on the fly. Only those needed are generated. These are
then stored, if needed in the future procedure is speedy

» Generalisation to other models easy, same principle: Needs a model file and a
quantum number based on same Zy. Classification is then straightforward.

» set a switch (that can be changed by the user) so that even co-annihilation processes

are generated on the fly. The code decides on its own when to include these
co-annihilations.

LA 1
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Calculation of the relic density for a Thermal WIMP (in thermal equilibrium)

Freeze-out. (universal parameters that govern the thermodynamics, no model d dent thermo par

» In a universe which expands, at each epoch a mixture of different particles in
thermal contact with each other maintaining a temp. which evolves with time.

LAPTA
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Calculation of the relic density for a Thermal WIMP (in thermal equilibrium)

Freeze-out. (universal parameters that govern the thermodynamics, no model d dent thermo par

» In a universe which expands, at each epoch a mixture of different particles in
thermal contact with each other maintaining a temp. which evolves with time.

» To maintain equilibrium, interactions had to be frequent enough, interaction rate is

[=nov

LAPTA
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Calculation of the relic density for a Thermal WIMP (in thermal equilibrium)

Freeze-out. (universal parameters that govern the thermodynamics, no model d dent thermo par

» In a universe which expands, at each epoch a mixture of different particles in
thermal contact with each other maintaining a temp. which evolves with time.

» To maintain equilibrium, interactions had to be frequent enough, interaction rate is

[=nov

» The critical time scale is set by the expansion of the Universe, Hubble parameter,

H

LAPTA
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Formation of DM: Very basics of decoupling

@ ©®
= @ i @ @
®e o" . o‘
@ @ ) . ) I
e @ ®e me > At first all particles in thermal equilibrium, frequent
® ® collisions. Particles are trapped in the cosmic soup
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Formation of DM: Very basics of decoupling

® ®
N e g @
@ o N @
@e e e ) . ) I
e & ®e me > At first all particles in thermal equilibrium, frequent
® e collisions. Particles are trapped in the cosmic soup
» universe cools and expands: interaction rate too
the untverse expands and coots ... small or not efficient to maintain equilibrium
@ @
e = ®
@ = d ()
@ -
@ )
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Formation of DM: Very basics

v e® 2 e
® v ® an e
@ @ @ @
e M e ;e >
® o
>
.(d) (e_). >
N
5 w &
«@
@ ® M
>
until today ... .
@
‘dﬁ‘)
5 N
d -
s ) )
[CD]

of decoupling

At first all particles in thermal equilibrium, frequent
collisions. Particles are trapped in the cosmic soup

universe cools and expands: interaction rate too
small or not efficient to maintain equilibrium

(stable) particles can not find each other: freeze out
and get free and leave the soup, their number
density is locked giving the observed relic density

Condition for equilibrium: mean free path smaller
than distance traveled: hyr, < Vi hrp =1/no
t ~ 1/H or Equilbrium: ' = nov > H

[freeze out/decouplingoccursat T=Tp=Tg: T =H and Q)z?h2 o< 1/02?]

F. Boudjema for Team micrOMEGAs (LAPTh)

LAPTAR
/

micrOMEGAs Webinar, 27 Oct. 2017 4/ 55



Relic Density: Boltzman transport equation

T

based on L[f] = C[f]

dilution due to expansion

reeﬁZ‘e:ioiit 77777 dn/dt = i[-—lyénz _ ngq)
L0 = X /

\L X = 959
********** eatearlytimes ' > H —~ neq
\L e T ~ m X not enough energy to give

X = %9%9  ndrops and so does I

Tfﬁ m/25

LAPTA
F. Boudjema for Team micrOMEGAs (LAPTh) micrOMEGAs Webinar, 27 Oct. 2017 5 /55



Calculation of the relic density for a WIMP: Thermodynamics
The thermal eq. nbr density, n, for a particle with E2 = p? + m? at temp. T

n= [ie)dp . o) -

;
| g =nodof
exp(E/T)£1 @ F=node

o For relativistic particles (radiation) ng = s;g;¢(3)T%/x® s; = 1,3/4 (boson, fermion)

e for non relativistic (matter, dust, pressure-less) one has (for T < m;)
the Boltzman suppression

(2 oo (1)

® The total energy density is p; = [ Eifi(p)dap
PR = uigi(w2T4/30) u;j = 1,7/8 (boson, fermion) ,

ge recap: Normalised to radiation: »

2 2
P 2n

_ 4 _ 3 Y
poo= (T T s =hey(T)= = T° ggy = hey

LAPTA
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Thermal average

micrOMEGAs computes ALL 2 — 2 processes which are thermodynamically relevant
X?X/Q — Xom Ysm: x3h — Xsu Yeu.-

F. Boudjema for Team micrOMEGAs (LAPTh) micrOMEGAs Webinar, 27 Oct. 2017
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Thermal average

XIX? = Xsu Ysm, xTh — Xom Yous.

> g9 [  dsv/sKi(V/s/T)

1] (m; + mj
‘ b

L7 2T(S gimeko(mi/T)?
7 i
|
frame.
I

<oV >=

s
Pijj is the momentum of the jricoming particles in their center-of-mass

I
1
(s = (mj + m)®)(s — (m; — m,-)2>] 2 I
-V ,
s
I
g 2
v=>0

co-annihilation, only if particle close thermodynamically to DM particle, close in small otherwise

suffers very large Boltzmann suppression

LAPTR
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Relic Density: Thermal average

XOX§ = Xom You, X3F — Xow Yous-..

L (my o+ mp)2

2T (3 gk (m;/ T))?
ls

< ov >=

Y
1
Y
'

Origin of Boltzman factor

(m,+m/—2m~0)
,Xfih
_ Ki((mi +my)/Ty) g0

By = if Bf < Bc do not compute
Ki(2mgo/Tr)

In micrOMEGASs B. = 10~ by default. Most often B. = 102 enough for 1% accuracy, only a few
processes computed.

LAPTA
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micrOMEGAS_3.0: Asymmetric dark matter

Sasha tutorial
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micrOMEGAS_3.0: Annihilation into Three-body and Four-body (included with a Flag)
Simple observation: xx’ — XV (V, W, Z) closed but xx' — XV* — X/’ open !

NL C
G |- Qdey
—1 \ A
10 LTSN
C o edo/a
H
0L '
E L .
F s !
o :
. '
3| ]
10 = H
- h
10_4 L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 :
50 55 60 65 70 75 80
Mow(GeV)

QH? as a function of Mpy, in the MSSM (full) and relative difference between the 3-body and

2-body value (dashed). o
LA T
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micrOMEGAS_3.0: DM with non Z, discrete symmetry: Zs, --- Zy

DM stabilized with a larger symmetry than Z»
Ex: Z3 custodial SU(2) W W—' — Z'H semi-annihilation.

More generally:
Xixj — XkA, x's stable A unstable (decays eventually to SM).

Lead to coupled Boltzman equations.

% = —(vgXX=XX) (n2 - neq2> - %(v:yxx_”zx) (n2 - nneq> — 3Hn.

F. Boudjema for Team micrOMEGAs (LAPTh) micrOMEGAs Webinar, 27 Oct. 2017
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Direct detection; in m1crOMEGAS Elastic Scattering

.

WIMPs and Neutrons

Photons and Electrons
scatter from the
Atomic Electrons

ingredients/Modules: dark matter density and modulation, velocity distribution
quark content in nucleon, Nuclear form factors,.....
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Y
<
N(\Np o N

2. xN — xN, (N =n,p) —

O'X_N:? O'X.p:? Ux-q:? (IX.X:knOWH 3. YN = xN

>




The ingredients: From quarks, to nucleons (p, n), to Nucleus

Interaction Rate

_ 0'0 FQ(ER) Po T(ER)

S my m2 | v, /T

F(Eg) ~ exp (~Egmy R%/3)
mymn
My + My

T(ER) ~ exp(~pin /)

Umin = ER mN/(Zm%)

my =

(particle theory includes g — N)
v ~ 220km/s ~ 1073, momentum transfer g — 0!
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Wimp-quark effective Lagrangian at q2 — 0. micrOMEGAS takes spin-0,1/2,1 DM

Divides into Spin-Indepent (Sl) and Spin-Dependent (SD) interactions

/ WIMP | Even Operators: Ayq = Axq Odd Operators Ayq = —Axq \\
Spin Og.e Oy ¢ Oq,0 04
@q e @q,o
0 2Mx¢x¢x¢qwq i(8u¢x¢; - ¢>x8m¢>;)%w“wq
S 1/2 ¢x¢x¢q¢q EX’YuwxEq’Y”d’q
1 2My A% AXT/quq +I(AL OpAx o — AxaauA;a)aq’Yul/}q
@{7,6 @(IJ,D
1/2 %X'VH"YwaEq'Y;L'Yqu —%E Gyul/JXEqU””’L/Jq
SD | 1 VB(0a A jAxy — A% g0ahy) | IR (AL, — A Av Jigo™ g
N €*BYi) N5y ,1hq J

Leir(x ZAq s0q,5(X) + £4,504 5(x)
In the model files of micrOMEGAs (CalcHEP) these operators are added
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Wimp-quark effective Lagrangian: Automation
» In the usual approach these low energy operators and their coefficients are extracted by

computing WIMP-quark amplitudes from Feynman diagrams and using Fierz
transformations,..
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Wimp-quark effective Lagrangian: Automation

> In the usual approach these low energy operators and their coefficients are extracted by
computing WIMP-quark amplitudes from Feynman diagrams and using Fierz

transformations,..

> inmicrOMEGAs all operators are defined and only need to extract coefficients automatically
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Wimp-quark effective Lagrangian: Automation

> In the usual approach these low energy operators and their coefficients are extracted by
computing WIMP-quark amplitudes from Feynman diagrams and using Fierz
transformations,..

> inmicrOMEGAs all operators are defined and only need to extract coefficients automatically

> we compute xg — xq at g2 = 0 as a normal cross section but...
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Wimp-quark effective Lagrangian: Automation

> In the usual approach these low energy operators and their coefficients are extracted by
computing WIMP-quark amplitudes from Feynman diagrams and using Fierz
transformations,..

> inmicrOMEGAs all operators are defined and only need to extract coefficients automatically

> we compute xg — xq at g2 = 0 as a normal cross section but...

v

Interference between one projection operator and an effective vertex singles out Sl or SD

Th
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Wimp-quark effective Lagrangian: Automation

> In the usual approach these low energy operators and their coefficients are extracted by
computing WIMP-quark amplitudes from Feynman diagrams and using Fierz
transformations,..

> inmicrOMEGAs all operators are defined and only need to extract coefficients automatically
> we compute xg — xq at g2 = 0 as a normal cross section but...
> Interference between one projection operator and an effective vertex singles out Sl or SD

» The trick is to use also xq — xq Vs x§ — x§
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Wimp-quark effective Lagrangian: Automation

> In the usual approach these low energy operators and their coefficients are extracted by
computing WIMP-quark amplitudes from Feynman diagrams and using Fierz
transformations,..

> inmicrOMEGAs all operators are defined and only need to extract coefficients automatically
> we compute xg — xq at g2 = 0 as a normal cross section but...

> Interference between one projection operator and an effective vertex singles out Sl or SD

> The trick is to use also xg — xq vs xg — x@q

> with the S-matrix, S = 1 — i obtained from the complete Lagrangian at the quark level

Mot Ago = —1a(P). xX(P2)I8Og.ela(pr). x(p2))
’ ’ (a(P1); x(P2)|Og,eOq.elq(p1), x(P2))
e —Aqo = —i{q(p), X(Pz)\é(?q,ela(m ), X(P2))
’ ’ (@(P1); x(P2)|Og,eOq,elq(p1), x(P2))

LAPTA
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Wimp-quark effective Lagrangian: Automation

> In the usual approach these low energy operators and their coefficients are extracted by
computing WIMP-quark amplitudes from Feynman diagrams and using Fierz
transformations,..

> inmicrOMEGAs all operators are defined and only need to extract coefficients automatically
> we compute xg — xq at g2 = 0 as a normal cross section but...

> Interference between one projection operator and an effective vertex singles out Sl or SD

> The trick is to use also xg — xq vs xg — x@q

> with the S-matrix, S = 1 — i obtained from the complete Lagrangian at the quark level

Mot Ago = —1a(P). xX(P2)I8Og.ela(pr). x(p2))
’ ’ (a(P1); x(P2)|Og,eOq.elq(p1), x(P2))
e —Aqo = —i{q(p), X(Pz)\é(?q,ela(m ), X(P2))
’ ’ (@(P1); x(P2)|Og,eOq,elq(p1), x(P2))
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Step 2: o,p/5: xq to xN: Sandwich within nucleon: Nucleon form factors

o (N[thgiq|N)
N[ gv.tq|N)
N[ gvv5¢alN),

N[ gl N)

o~ o~~~

For the light quarks these are extracted from experiments (e.g on), lattice
computations, plus a fair deal of theory (chiral perturbation,...) (arge source of uncertainty, apart from

vector (which counts number of quarks minus anti-quarks, valence quarks)

For the heavy quarks appeal to the trace anomaly

LAPTR
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Light quarks, examples

Scalar, light quarks
(NImggibqIN) = 1My = Ay = Y f3'Aq My : Nucleon mass
q=1,6
fg’n = UwNGg’p(mu/md:ms/mmBu/BdJ’)u Bq = (N|E]CI|N>a y=1 _UO/UWN
Large uncertainty in oy translates into very large range for 0.08 < £ < 0.46 and hence expect
variations in detection range within an order of magnitude

Lattice calculations are providing new estimates that will reduce uncertainty. Tensor coefficients
are for example extracted from lattice calculations.

LAPTAR
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Heavy quarks: QCD calculations

e Sl, Scalar Interaction (Trace anomaly)

A,BILO
" 202(1+7)
_L( 11as(mo)
127 47

(N|mabatpalN)

(NlasG G*|N)

)(Nlas G, G™|N)
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Heavy quarks: QCD calculations

e Heavy quarks interact with nucleon via gluon condensate

- - s
T~ i
Good description of the dominant triangle, Box EH
diagram model dependent (Spin-1/2 DM: Drees

and Nojiri 1993. Spin-0, Spin-1, Hisano et al.,

2015) s YT

Diagraums that contribute to WIMP-gluon interaction via quark loops in the MSSM.

LAPTA
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Heavy quarks: QCD calculations

Can thenget o,/ L
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Step 3. From p/n to the Nucleus

The spin and scalar components of the nucleons must now be added coherently. Need
nuclear wave functions

dUXN Iy
dErn  2v%3,

(Ugngl + UgDFED)

Fsi,.sp = Nuclear Form Factors. q2 dependent
A reduced N’ — x mass

LAPTR
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Step 3. From p/n to the Nucleus

The spin and scalar components of the nucleons must now be added coherently. Need
nuclear wave functions

dO’XN Iy
dEr ~ 2v%3,

( "Fé+ o DFSD)
Fsi,.sp = Nuclear Form Factors. g2 dependent
Easiest case: Sl For Sl further factorisation
4 2
oy = NN <)\pZ+ An(A— Z)) , A: Atomic Number Z : nucleus charge

Ao/n @amplitude for xp/n scattering (coupling). Nuclear Physics: Fourier transform of
the nucleus distribution function, use Fermi distribution

- B o 3 _ Cnorm
Fsi= Fx(q) = /e pn(X)A°X, p(r) = 1+ exp((r — Ry)/a) R
0/5
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Step 3. From p/n to the Nucleus

The spin and scalar components of the nucleons must now be added coherently. Need
nuclear wave functions

dUXN myr

dEr  2v2E,

(U()S/Fgl + UégDFED)

Fsi,.sp = Nuclear Form Factors. q2 dependent

For SD no factorisation but spin structure functions (more involved), J number of
spin-states, nucleus momentum

LAPTR
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Step 3. From p/n to the Nucleus : The Rates

dR pOD M

o= NT
dER MX |‘7| > Vinin

doyn
dEg ’

d®v vF(V, Vo)

LAPTAR
/
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Step 3. From p/n to the Nucleus : The Rates

dR pg M

-V — NNT
dEg My 191> Vigin

doyn

v vi(V, v ,
(V, ve) dEn

» N7 is the number of target nuclei per unit mass

» Vs the dark matter velocity in the frame of the Earth, vz is the velocity of the Earth with
respect to the galactic halo, and f(V, v¢) is the distribution function of dark matter particle
velocities.

In micrOMEGASs a truncated Maxwellian distribution is implemented by default, with free
parameters to allow for study/deviations from the isothermal model.

LAPTAR
/
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Step 3. From p/n to the Nucleus : The Rates

dR pg M

-V — NNT
dEg My 191> Vigin

doyn

v vi(V, v ,
(V, ve) dEn

The codes offer different choices for

» form factors
» velocity distributions

» routines for DD rates off composite targets beside nuclei

LAPTAR
/
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Indirect Detection in m1crOMEGAS

» ~, v, charged cosmic rays (e*,p, - - -) from annihilation in the galactic halo

» v from the Sun and the Earth
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Features in the Indirect Detection Module of micrOMEGAs
> Annihilation cross sections for all 2-body tree-level processes for all models.

LAPTA
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Features in the Indirect Detection Module of micrOMEGAs
> Annihilation cross sections for all 2-body tree-level processes for all models.

> Annihilation cross sections including radiative emission of a photon for all models.
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Features in the Indirect Detection Module of micrOMEGAs
> Annihilation cross sections for all 2-body tree-level processes for all models.

> Annihilation cross sections including radiative emission of a photon for all models.

> Annihilation cross sections into polarized gauge bosons.
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Features in the Indirect Detection Module of micrOMEGAs
> Annihilation cross sections for all 2-body tree-level processes for all models.

> Annihilation cross sections including radiative emission of a photon for all models.
> Annihilation cross sections into polarized gauge bosons.

» Annihilation cross sections for the loop induced processes v and vZ° in the MSSM, CPV
MSSM, NMSSM and IDM (more general models possible)

Th
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Features in the Indirect Detection Module of micrOMEGAs
> Annihilation cross sections for all 2-body tree-level processes for all models.

> Annihilation cross sections including radiative emission of a photon for all models.
> Annihilation cross sections into polarized gauge bosons.

» Annihilation cross sections for the loop induced processes v and vZ° in the MSSM, CPV
MSSM, NMSSM and IDM (more general models possible)

> Modelling of the DM halo with a general parameterization (including clumps).

Th
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Features in the Indirect Detection Module of micrOMEGAs
> Annihilation cross sections for all 2-body tree-level processes for all models.

> Annihilation cross sections including radiative emission of a photon for all models.
> Annihilation cross sections into polarized gauge bosons.

» Annihilation cross sections for the loop induced processes v and vZ° in the MSSM, CPV
MSSM, NMSSM and IDM (more general models possible)

> Modelling of the DM halo with a general parameterization (including clumps).

> Integrals along lines of sight for v-ray signals.

Th
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Features in the Indirect Detection Module of micrOMEGAs

>

>

>
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Annihilation cross sections for all 2-body tree-level processes for all models.
Annihilation cross sections including radiative emission of a photon for all models.
Annihilation cross sections into polarized gauge bosons.

Annihilation cross sections for the loop induced processes v+ and 429 in the MSSM, CPV
MSSM, NMSSM and IDM (more general models possible)

Modelling of the DM halo with a general parameterization (including clumps).
Integrals along lines of sight for v-ray signals.

Propagation: Work with Pierre Brun, Pierre Salati and Sylvie Rosier (2-zone diffusion model
with Green'’s function and tabulation. Diffusion parameters compatible with B/C.)
Computation of the propagation of charged particles through the Galaxy, including the
possibility to modify the propagation parameters.

Th



Features in the Indirect Detection Module of micrOMEGAs

>

>

>
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Annihilation cross sections for all 2-body tree-level processes for all models.
Annihilation cross sections including radiative emission of a photon for all models.
Annihilation cross sections into polarized gauge bosons.

Annihilation cross sections for the loop induced processes v+ and 429 in the MSSM, CPV
MSSM, NMSSM and IDM (more general models possible)

Modelling of the DM halo with a general parameterization (including clumps).
Integrals along lines of sight for v-ray signals.

Propagation: Work with Pierre Brun, Pierre Salati and Sylvie Rosier (2-zone diffusion model
with Green'’s function and tabulation. Diffusion parameters compatible with B/C.)
Computation of the propagation of charged particles through the Galaxy, including the
possibility to modify the propagation parameters.

Effect of solar modulation on the charged particle spectrum.
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Features in the Indirect Detection Module of micrOMEGAs

>

>

>
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Annihilation cross sections for all 2-body tree-level processes for all models.
Annihilation cross sections including radiative emission of a photon for all models.
Annihilation cross sections into polarized gauge bosons.

Annihilation cross sections for the loop induced processes v+ and 429 in the MSSM, CPV
MSSM, NMSSM and IDM (more general models possible)

Modelling of the DM halo with a general parameterization (including clumps).
Integrals along lines of sight for v-ray signals.

Propagation: Work with Pierre Brun, Pierre Salati and Sylvie Rosier (2-zone diffusion model
with Green'’s function and tabulation. Diffusion parameters compatible with B/C.)
Computation of the propagation of charged particles through the Galaxy, including the
possibility to modify the propagation parameters.

Effect of solar modulation on the charged particle spectrum.

Model independent predictions of the indirect detection signal
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Features in the Indirect Detection Module of micrOMEGAs

>

>

>

Annihilation cross sections for all 2-body tree-level processes for all models.
Annihilation cross sections including radiative emission of a photon for all models.
Annihilation cross sections into polarized gauge bosons.

Annihilation cross sections for the loop induced processes v+ and 429 in the MSSM, CPV
MSSM, NMSSM and IDM (more general models possible)

Modelling of the DM halo with a general parameterization (including clumps).
Integrals along lines of sight for v-ray signals.

Propagation: Work with Pierre Brun, Pierre Salati and Sylvie Rosier (2-zone diffusion model
with Green'’s function and tabulation. Diffusion parameters compatible with B/C.)
Computation of the propagation of charged particles through the Galaxy, including the
possibility to modify the propagation parameters.

Effect of solar modulation on the charged particle spectrum.

Model independent predictions of the indirect detection signal

The neutrino spectrum originating from dark matter annihilation is also computed. With in
version 3.0 Capture in the Sun and the Earth

LAPTA
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Dark Matter Halo Profiles in micrOMEGAs

10.0~
o\ /1+(r0/a
) o= 2) (L2
E
g (ev, 8,7, a(kpe)) =
[0}
‘é 3.0 (o, B,7, a(kpc)) = (1,3,1,20) NFW cusped
X e M
S sol c | (e, 8,7, a(kpe)) = (1.5,3,1.5,28)
-=-- NFW
15— Isothermal
po ~ 0.3GeV/cm® at r, = 8.5kpc
10 L L

1+ (r/a)

>(‘*‘”>

(2,2,0,4) Isothermal

01 02 05 10 20
r [kpc]

50 100 200

Other profiles (provided they are spherically symmetric are possible.

To avoid central divergence, we set r > rp, = 10~ 3pc
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Annihilation into photons

do.,
dGdE,

dN,, 1 iy
= Z’df V47Tm% / podl

| — VS

Particle physics Astro

~’s: Point to the source, independent of propagation model(s)

® continuum spectrum from ¥

0.~

(— 7 — 7)) done through Pythia/Herwig

® Loop induced mono energetic photons,yv, Zv final states

Generated by S1oopS (implementation for some models )

2y
W+

~0

X —\\Y
X

F. Boudjema for Team micrOMEGAs (LAPTh)

micrOMEGAs

1)(9 —s ff,..., hadronisation/fragmentation :

ACT: HESS,
Magic, VERITAS,
Cangoroo, ...

Space-based:

AMS,
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SloopS, micrOMEGAs,AMS/HESS: for CR + ~

Propagation
ey | Propgsion |

| Suspect Im%r%%(}cé\s [PYTHIA | | Halo model |

SIMULATION: (with/from P. Brun)

Parameterising the halo profile:

(e, 8,7) = (1,8,1), a= 25kpc. (core radius), ry = 8kpc (distance to galactic centre),
po = 0.3GeV/cm® (DM density), opening angle cone 1°

SUSY parameterisation

mo = 113GeV, my ), = 375CGeV, A=0, tan3 = 20, n > 0

LAPTAR
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SloopS, micrOMEGAs,AMS/HESS

m =151 GeV
:'w, 10t ,-" 3
ir E L
> L | > .
v e s T - y
° r CTT— ¢
I bb 107
907 . F
S
10fE 0 i
Ll il . .HH/
1 10 L 1 10 10"
E with AMS energy resolution [ GeV ] E with a typical ACT energy resolution [ GeV ]

7 lines could be distinguished from diffuse background
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F. Boudjema for Team micrOMEGAs (LAPTh) micrOMEGAs Webinar, 27 Oct. 2017 7 /55



Annihilation into et,p

4dtm .
N

Particle physics Astro

do; dN; 1 "
de;:'; =2 TE: oV / s Pprop

HESS,
VERITAS,

goroo, ...

' AMS,
Courtesy P. Salati
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Space-based:

Magic,
Can-
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Effect of the polarisation (at injection)

o
T

200 300 400 500 600 700 800 900 1000
E (GeV)

dN/dE: for positrons from xx — WTW~. M, =1 TeV.
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Effects of non factorisable (non collinear, hard) photons

)

o O OO
oL Lo o
=N O

0.08
0.06
0.04
0.02

dov/dE(fb/GeV

A UAAA AR R AR EARREAAE AL

Bt TF\TF\\u\\m\\mMmhmhmhmim I

E(CeV)
Photon spectrum within a CMSSM point
including the aditional photon contribution
from 2 — 3 (r7y, et e~ ~), and FSR pho-
tons from PYTHIA (FSR)
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o .
50 55 60 65 70 75 80 85 90 95100 uu\uu\uu\\m\uuhmhm\mw

dov/dE(fb/GeV)
BRI

o
T

100 150 200 250 300 350 400 450 500
£ (GeV)

In a model for WW production, including
full WW~ as compared to PYTHIA
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indirect detection: modeling propagation, Transport

diffusion is assumed to take place in space only: steady state

aéta = 0, steady state, takes e 108y to reach the edge.

/
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indirect detection: modeling propagation, Transport

V- (K(E)Vita) ~ o (B(EWa) + ~= (Votia) = QalX E) + Fam, tia = o/

v

K(E) = KoB(E)(E/Ey)? diffusion term, stochastic galactic magnetic fields

v

b = E?/Erenergy losses due to synchroton rad., CMB , ICS, negligible for p

>V convection galactic wind wipes away charged particles from disk (not for e+)

v

I ann. for p disappearance through nuclear reactions (H, He)

v

from Sun to earth “rescaling”, due to solar wind and energy loss. (use Fisk pot.)

/
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indirect detection: modeling propagation, Transport

v

v

V- (K(E)V¢a) —

OE

7]

(B(EYa) + - (Vova) = Qa(% E) + Fam, 2 = 0n/dE

K(E) = KyB(E)(E/Ep)? diffusion term, stochastic galactic magnetic fields
b = E?/Erenergy losses due to synchroton rad., CMB , ICS, negligible for p

> V¢ convection galactic wind wipes away charged particles from disk (not for e+)

» [ ann. for p disappearance through nuclear reactions (H, He)

» from Sun to earth “rescaling”, due to solar wind and energy loss. (use Fisk pot.)

(Model | & Ko L] ve )
kpc?/Myr | kpc | km/s
MIN 0.85 0.0016 1 13.5
MED 0.7 0.0112 4 12
\MAX 0.46 0.0765 15 5 4

Two-zone diffusion model (Green’s function and tabulation). Typical diffusion
parameters that are compatible with the B/C analysis (Maurin et al. 2001)

Eg = 1GeV.
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Uncertainties due to propagation micrOMEGAs

UL L B

o

E*(cm™s 'sr 'GeV)

— Med
---- Maox

b X
LSl
T \HHH‘ LR

(e}

10 10?
£ (Gev)
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o, X E*(cm™s™'sr 'GeV?)

micrOMEGAs

; ........ Min
o —— Med
| ---- Mox
\\\HH‘ \\\HH‘
10 107
E (GeV)
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Neutrinos from from the Sun and the Earth

» calculates capture rate of neutralinos in
Sun/Earth

Jx

» solve the evolution equation for capture

XX — VP

» Let neutralinos annihilate in the Centre into
neutrinos (tabulation from WimpsSim module
and PPPC4DMnu)

» neutrinos propagate to the detector taking into
account oscillations (tabulation WimpSim
module and PPPC4DMnu)

» choice of velocity distributions
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micrOMEGAsS_3.0: Neutrino Signals: Earth, Sun,

» Capture Rate Earth and Sun, C, from Gould 1987
> DM-Nucleus cross section (ref. direct detection), form-factor
» DM velocity dist. and local density

> Number density of nucleus (Sun: Asplund, Grevesse, Sauval 2004. Earth: McDonough
2003)

» Annihilation of captured DM: A,
» Evaporation, E,. may be important for light (< 5) GeV DM
» Neutrino Flux:

Ny = Cy—AnNE —ExN,,

> Neutrino spectra: from decays of fermions, gauge bosons, hadrons,...cascade decays. Effect

of neutrino oscillations, from Cirelli ef al. 2005 (we use their tables).

F. Boudjema for Team micrOMEGAs (LAPTh) micrOMEGAs Webinar, 27 Oct. 2017 5&’/ 55



Conclusion 1: Structure before the hand-on tutorial

Hard Process, New Physics

Phase Space Gen.I

ME expression, Code|
¥ s
) ) Decays of had.,r, W, Higgs
Particle Content, Spin,Charges

Nuclear Form Factors

Cosmological Models
DM distribution

Cosmic Rays Propagation
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