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Dark matter freeze-out beyond Kinetic Equilibrium: Why DRAKE?

Production out-of-kinetic equilibrium: Details of the full Boltzmann Equation (fBE)

fBE in two-component dark sector

A look at how the DRAKE-2 works

* Benchmark Point results from DRAKE-2 for a 2-component coy dark matter model

Summary



DM Freeze-out: Beyond Kinetic equilibrium?

Dark matter relic density measurement from the CMB is a well-measured quantity
Qch? =0.1198 + 0.0012 pianck2018

+ Obtained from solving the Boltzmann equation

Llfpm] = Clfpuml
0t fpm — HpOp fom = Cetlfpml + Cannlfom] + -
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DRAKES

To solve the full Boltzmann equation (fBE) for the DM phase space distribution

Binder, Bringmann, Gustafsson, Hryczuk 2017
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Multicomponent Dark Sectors

There can then exist many more processes (for change in number density as well as temperature)
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There can then exist many more processes (for change in number density as well as temperature)

other

e During chemical decoupling of DM, maintenance of kinefic equilibrium is not guaranteed
e Can expect to generate non-thermal shapes of the phase space distributions of the dark sector particles
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° Compu’roﬂonolly more chollenging (unless special circumstances allow for reduction of coupled equations)
e During chemical decoupling of DM, maintenance of kinefic equilibrium is not guaranteed
e Can expect to generate non-thermal shapes of the phase space distributions of the dark sector particles

full Boltzmann Equation (fBE): EXi (at - Hpap) in = o [in] o & Cel-[in] s CXi,XinJ-Xj [in]




2-component fBE: Technical details
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2-component fBE: Technical details

EXi (O — Hpap) in = Lann. [in] + Cel-[fxi] + CXi,XiHXij [in] +

ie AB

Calfom] = j Al M2 smopmsu Uouas (1) feqg(03) = Fom.ap®2)foq (P)
Cannlfom] = fdl] IM| B, pmosm,sm (f[);\f;u; (P1)fpm;ae ®2) = foq(P3)feq (P4))

Comolfoul = [ ATIME g5 Gose s 0 Foma 82) = Foma @5)foms®2))
dIl = dny,dmp,dm,,6* (p1 + pa — p3 — pa) (27%)
1. Discretization over momentum: map physical momentum p to g, best suited to case at hand

e.g., choice after chemical decoupling of DM, where the 5 /(( 4 )1/3T)
expansion alone changes the phase space density: q ) p _geff



2-component fBE: Technical details

EXi (O — Hpﬁp) in = Lann. [in] + Cel.[fxi] + Cxi,xinjxj [in] +

ie AB

Calfom] = f Al M2 smopmsu Uouas (1) feqg(03) = Fom.ap®2)foq (P)
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1. Discretization over momentum: map physical momentum p to g, best suited to case at hand.
o Solving over intervals in x=mDM/T. choose momentum range each time, choosing max.
and min. p to account for all physical processes relevant at those temperatures
e  Conversions=> p-max>Sqgrt(m2A2-m1A2)

e expansion alone=> p-max of relevance falls
[ ]



2-component fBE: Technical details
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ie AB

Cetlfom] = f Al M2 smopmsu Uouas (1) feqg(03) = Fom.ap®2)foq (P)
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1. Discretization over momentum: map physical momentum p to g, best suited to case at hand.
o Solving over intervals in x=mDM/T. choose momentum range each time, choosing makx.
and min. p to account for all physical processes relevant at those temperatures *
o Introduced 2 switches to choose this map from p to q, possibly different for each particle

Change of variables from (p,T) to (g.x) infroduces an extra derivative ferm which infroduces numerical instabilities. Choices of map where q is a function of p/a are
recommended in practice, where a is the scale factor



2-component fBE: Technical details

Ey, (O — Hpﬁp) in = Cann-[fxi] + Cel.[fxi] + Cxi,xinjxj [in] +

ie AB
Cetlfom] = f Al M2 smopmsu Uouas (1) feqg(03) = Fom.ap®2)foq (P)
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dIl = drp,dmy,dmy,6* (p1 + p2 — p3 — pa) (21)
1. Discretization over momentum: map physical momentum p to g, best suited to case at hand.
o Solving over intervals in x=mDM/T. choose momentum range each time, choosing makx.
and min. p to account for all physical processes relevant at those temperatures
Intfroduced 2 switches to choose this map from p to q, possibly different for each particle
Automatic check that choice of number of points of discretization and momentum
range in fact cover the full (relevant) range distribution function
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1. Discretization over momentum: map physical momentum p to g, best suited to case at hand.
2. Speed up the calculation of annihilation collision term:



2-component fBE: Technical details

Ey, (O — Hpﬁp) in = Cann-[fxi] + Cel.[fxi] + Cxi,xinjxj [in] +

ie AB
Cetlfom] = f Al M2 smopmsu Uouas (1) feqg(03) = Fom.ap®2)foq (P)
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Ceonvlfom] = f dll Ilel,A—)B,B Upm a0 fpma (p2) — fomp (pB)fDM,B (P4))

dll = d7rp2d7rp3d7rp454 (p1 +p2 — p3 — pa) (2774)

1. Discretization over momentum: map physical momentum p to g, best suited to case at hand.
2. Speed up the calculation of annihilation collision term:
o re-express integration over unknown distribution function as sum
o Pre-tabulate results of remaining integrals over the known equilibrium distribution functions,
rewritten in terms of angular averaged cross sections, given from model generation



2-component fBE: Technical details
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1. Discretization over momentum: map physical momentum p to g, best suited to case at hand.
2. Speed up the calculation of annihilation collision term:
3. Speed up the calculation of elastic scattering collision term:
o Typically Fokker Planck Approximation is used to reduce the collision ferm to a DM
distribution independent scattering y times a differential operator acting on f (DM distribution fn.)



2-component fBE: Te
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1. Discretization over momentum: map physical momentum p To
2. Speed up the calculation of annihilation collision term.
3. Speed up the calculation of elastic scattering collision term:
o Typically Fokker Planck Approximation is used to reduce the collision ferm to a DM
distribution independent scattering y times a differential operator acting on f (DM distribution fn.)



2-component fBE: Technical details

EXi (at - Hpﬁp) in — Cann-[fxi] + Cel.[fxi] + Cxi,xiHXij [in] +

ie AB
Cetlfom] = f Al M2 smopmsu Uouas (1) feqg(03) = Fom.ap®2)foq (P)
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1. Discretization over momentum: map physical momentum p to g, best suited to case at hand.
2. Speed up the calculation of annihilation collision term.
3. Speed up the calculation of elastic scattering collision term:
o Typically Fokker Planck Approximation is used to reduce the collision ferm to a DM
distribution independent scattering y times a differential operator acting on f (DM distribution fn.)
o Full collision term can be re-expressed as:

Celxi — EMX: . FXa



2-component fBE: Technical details

Ey, (O — Hpﬁp) in = Cann-[fxi] + Cel.[fxi] + Cxi,xinjxj [in] +

ie AB
Cetlfom] = f Al M2 smopmsu Uouas (1) feqg(03) = Fom.ap®2)foq (P)
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1. Discretization over momentum: map physical momentum p to g, best suited to case at hand.
2. Speed up the calculation of annihilation collision term.
3. Speed up the calculation of elastic scattering collision term:
o Typically Fokker Planck Approximation is used to reduce the collision ferm to a DM
distribution independent scattering y times a differential operator acting on f (DM distribution fn.)
o Full collision term can be re-expressed as: e Generic process: 4-dim. Integration

Celxi — EMX: . FXa done numerically* .
e One-Mandelstam variable dep.

pre-tabulated process: 2-dim. Integral done
\ analytically (Klasen et al 2022)

*to be implemented in future




2-component fBE: Technical details

Ey, (O — Hpﬁp) in = Cann-[fxi] + Cel.[fxi] + Cxi,xinjxj [in] +

ie AB
Cetlfom] = f Al M2 smopmsu Uouas (1) feqg(03) = Fom.ap®2)foq (P)
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1. Discretization over momentum: map physical momentum p to g, best suited to case at hand.
2. Speed up the calculation of annihilation collision term.
3. Speed up the calculation of elastic scattering collision term:
o Typically Fokker Planck Approximation is used to reduce the collision ferm to a DM
distribution independent scattering y times a differential operator acting on f (DM distribution fn.)
o Full collision term can be re-expressed as:

Celxi — EMX: . FXa + Fokker Planck for subleading

pre-tabulated scatterings, sorted automatically
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2-component fBE: Technical details

Ey, (O — Hpﬁp) in = Cann. [in] + Cel.[fxi] + Cxi,xinjxj [in] +

ie AB
Calfom] = f Al M2 smopmsu Uouas (1) feqg(03) = Fom.ap®2)foq (P)
Cannlfom] = f dll M|}y passm.sm ( (p1)fpm:ap ®2) = feqg (P3) feq (274))
Ceonvlfom] = f dll IMli,A—)B,B Upm a0 fpma (p2) — fomp (p3)fDM,B (P4))

dll = dﬂ'pzdﬂ'gdﬂ'454 (p1 + p2 — p3 — p4) (271'4)

Discretization over momentum: map physical momentum p to g, best suited to case at hand.
Speed up the calculation of annihilation collision term.
Speed up the calculation of elastic scattering collision term.
Efficient calculation of the conversion term:
o None of the above ways to simplify can be used.
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2-component fBE: Technical details

EXi (8t - Hpﬁp) in — Cann-[fxi] + Cel.[fxi] + Cxi,xinjxj [in] +

ie AB
Cetlfom] = f Al M2 smopmsu Uouas (1) feqg(03) = Fom.ap®2)foq (P)
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Ceonvlfom] = f dll llel,A—)B,B pm,a(P1)fpm.a (p2) — fomp (pS)fDM,B (P4))
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Discretization over momentum: map physical momentum p to g, best suited to case at hand.
Speed up the calculation of annihilation collision term.
Speed up the calculation of elastic scattering collision term.
Efficient calculation of the conversion term:
o Discretize the integrations over unknown f info sums

o Large matrices obtained (2N)A3 for N-discretization
o No remnant integration so pre-tabulation doesn’t give any speed up-evaluated at each step
o Significant reduction in time for one mandelstam variable only dependent process; the other cases

be implemented in the code



DRAKE2: Code Overview

Feynrules model fle —— [ Model Generation ] _ [<model>.m, <model>.wl,]




DRAKE2: Code Overview

Feynrules model file —— [ Model Generation ] SN [<model>.m, <model>.wl,]

1.

o O

List of all particles: 2-Dark Sector + rest in
equilibrium with SM plamma

list of all processes: (co-)annihilations,
conversion, elastic scatterings

squared amplitudes, cross sections of all
processes

compiled functions for thermalised average of
cross section: <ov>

Fokker Planck y

decay width of particles



DRAKE2: Code Overview

Feynrules model fle ————— [ Model Generation ] — [<m0del>;rr:S,T<nrgodel>.wl,]




DRAKE2: Code Overview

31

Feynrules model file ——— [ Model Generation ] - [<model>;rr:S,f<anodel>.wl,]

Phase space densities of
'Run for fBE and nBE i both dark sector particles
with choice of free parameters

as a function of x=mDM/T




DRAKE2: Code Overview

32

Feynrules model file ——— [ Model Generation ] — [<model>;rr:S,f<anodel>.wl,]

both dark sector particles

with choice of free parameters .
P as a function of x=mDM/T

Phase space densities of
Run for fBE and nBE -

° Yields and temperatures

Rates of processes: fBE vs NBE

° Thermalised cross sections of
processes: fBE vs nBE
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DRAKE2: Code Overview

< Q Home / Documents / Out_ of KE / code / DRAKE-v2
FeynRules models complle nb

(" Feynrules file
<model>.f
defined by

. user here

@ =(v @ @
compile_dof.nb DRAKE.wl main.wl

d  compile.nb: Evaluate once per
installation to compile functions

[ lib: folder containing all the files from the
compilation above

d  src: All source files with Boltzmann
equation solvers and collision terms, etc.



DRAKE2: Code Overview

Q Files = < Q Home / Documents / Out of KE / code / DRAKE-v2 [-@ = | v — o X
0 Recent
EEeEE = =
FeynRules models compile.nb compile_dof.nb DRAKE.wl main.wl
fﬁ Home
[ Desktop
% Documents / MOdel f||e \
generation
Q Downloads +
17 e corresponding
notebooks to run
@ Pictures \ DRAKE_2 /
) videcs 3  compile.nb: Evaluate once per
B Trash installation to compile functions
[ lib: folder containing all the files from the
. , compilation above
Other Location: . .
‘ ’ @  src: All source files with Boltzmann

equation solvers and collision terms, etc.



DRAKE2: Example with double coy DM

LD —idia i1y x1 — ida0 Xay° X2 — idy Z yrafy>f

feSM
Q Files = < Q Home / Documents / Out_of KE / code / DRAKE-v2Z / models : [-@ = v = o X
0 Recent
Y Starred . %

template model_generatio model_generatio

GT Home n-2DM+pS.nb n-SFl.nb
) Desktop
[% Documents
{ Downloads
n Music
(&7 Pictures
i videos

@_'.’ Trash

—+ other Locations



DRAKE2: Example with double coy DM

LD —idia i1y x1 — ida0 Xay° X2 — idy z vrafy®f

model_generation-2DM+pS.nb - Wolfram Mathematica 13.0

File Edit Insert Format Cell Graphics Evaluation Palettes Window Help

Code Analysis

o R Rk kR K R R ko K K R R Rk ok ok ok kR R Rk ok ok ok R R R Rk Rk R R kR R Rk )
MODELNAME = "2DM+pS";

ok kK ARk kR kA kK ARk kA kA ke ke h hh hk ke ke kA h ke h h ke k h ok hk ko h ke ok hk d ok dox ok

Notebook creating a DRAKE model files based on a FeynRules .mod model file.

Prerequisites:
- installed FeynCalc, FeynArts

Input:
- model .mod file
- template files in the <DRAKE djr>/models/template (supplied with DRAKE)

User set variables:

- Model -- name of the model (also sets directory structure in DRAKE/models/)
- List of all particles in given format

- Model parameters

KKK KKK AER KA KR KRR KR AR AR IR KRR AR R AR RK AR AR R AN KRR KRR KR AK)
$verbose = True; (+ True - print out all messages; False - don't print )
$LoadAddOns = {"FeynArts"};

<< FeynCalc"

R R R R R T TS|

FeyncCalc 10.0.0 (stable version). For help, use the online documentation, visit the forum and have a look at the supplied examples.

Analyze Notebook

()




DRAKE2: Example with double coy DM

LD —idia i1y x1 — ida0 Xay° X2 — idy z vrafy®f

model_generation-2DM+pS.nb - Wolfram Mathematica 13.0 = o X
File Edit Insert Format Cell Graphics Evaluation Palettes Window Help
Code Analysis Analyze Notebook = @
J ok ke ek ke ok ke e ke ke ok ok ok ke ok ok ok ok ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ke ke k) g
MODELNAME

Notebook creating a DRAKE model files based on a FeynRules .mod model file.

Prerequisites:
- installed FeynCalc, FeynArts

Input:
- model .mod file
- template files in the <DRAKE djr>/models/template (supplied with DRAKE)

User set variables:

- Model -- name of the model (also sets directory structure in DRAKE/models/)
- List of all particles in given format

- Model parameters

KKK KKK AER KA KR KRR KR AR AR IR KRR AR R AR RK AR AR R AN KRR KRR KR AK)
$verbose = True; (+ True - print out all messages; False - don't print )
$LoadAddOns = {"FeynArts"};

<< FeynCalc"

R R R R R T TS|

FeyncCalc 10.0.0 (stable version). For help, use the online documentation, visit the forum and have a look at the supplied examples.




DRAKE2: Example with double coy DM

LD —iﬂla )?1}’5)(1 - iﬂza)zzysxz — i/ly Z yra f_'ysf SM assumed to be one fermion of a given mass

for this example

39

model_generation-2DM+pS.nb * - Wolfram Mathematica 13.0 = o X

File Edit Insert Format Cell Graphics Evaluation Palettes Window Help

Code Analysis Analyze Notebook = @

In[+]:= 2 22 AR R R I I I I I I I I IITITITITT T Y]
DRAKEd1ir = NotebookDirectory[] <>"../"; SetDirectory[DRAKEdir];
Get["./src/model_generation.wl"];

Model = MODELNAME}

ModF1ile = DRAKEdir <> "FeynRules/Models/" <> Model <> "/" <> Model <> "/" <> Model;
InitModel[ModFile]

I S

S0 Mh {} h

S1) Ms |} s

Foy ™Mf () f

F(1) Mchil {} Chil

F(2) Mchi2 {} Chi2

[ |

(» User 1input:
make sure it is in the same convention as the model file, i.e:
(FeynCalc symbol, mass parameter, spin, em.charge, own antiparticle, name, dark sector?} «)
DrakeParticles["Al1l"] = {
(+ DS particles (for which f(p) is traced =
{F[1], Mchil, 1/2, @, False, "Chil", 1},
{F[2], Mchi2, 1/2, 0, False, "Chi2", 1},
(+ SM particles & equilibrium DS particles )
{s[@], Mh, o, 0, True , "h", 0},
{S[1], Ms, @, @, True , "s", @},
{F[o], mf, 1/2, 0, False, "f", 0}

» list of the parameters of the model: masses as in the list above + couplings etc. =*)
ModelParameters = {Mchil, Mchi2, Mf, Ms, 11x1, 11x2, 1ly};

B D]
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LD —iﬂla )?1}’5)(1 - iﬂza)zzysxz — i/ly Z yra f_'ysf SM assumed to be one fermion of a given mass

for this example

40

model_generation-2DM+pS.nb * - Wolfram Mathematica 13.0 = o X

File Edit Insert Format Cell Graphics Evaluation Palettes Window Help

Code Analysis Analyze Notebook = @

In[+]:= 2 22 AR R R I I I I I I I I IITITITITT T Y]
DRAKEd1ir = NotebookDirectory[] <>"../"; SetDirectory[DRAKEdir];
Get["./src/model_generation.wl"];

Model = MODELNAME}
ModF1ile = DRAKEdir <> "FeynRules/Models/" <> Model <> "/" <> Model <> "/" <> Model;

InitModel[ModFile]
I S J
S0 Mh {} h 3
s1) Ms {} s 1
FoO) ™Mf {} f Ouiput i
F(1) Mchil {} Chil ]
F(2) Mchi2 {} Chi2 4]
|

(» User 1input:
make sure it is in the same convention as the model file, i.e:
(FeynCalc symbol, mass parameter, spin, em.charge, own antiparticle, name, dark sector?} «)
DrakeParticles["Al1l"] = {
(+ DS particles (for which f(p) is traced =
{F[1], Mchil, 1/2, @, False, "Chil", 1},
{F[2], Mchi2, 1/2, 0, False, "Chi2", 1},
(+ SM particles & equilibrium DS particles )
{s[@], Mh, o, 0, True , "h", 0},
{S[1], Ms, @, @, True , "s", @},
{F[o], mf, 1/2, 0, False, "f", 0}

» list of the parameters of the model: masses as in the list above + couplings etc. =*)
ModelParameters = {Mchil, Mchi2, Mf, Ms, 11x1, 11x2, 1ly};

B D]
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LD —iﬂla )?1}’5)(1 - iﬂza)zzysxz — i/ly Z yra f_'ysf SM assumed to be one fermion of a given mass

for this example

4]

model_generation-2DM+pS.nb * - Wolfram Mathematica 13.0 = o X

File Edit Insert Format Cell Graphics Evaluation Palettes Window Help

Code Analysis Analyze Notebook = @

IN[o]im (% kkkkkokk ke h ok ok kk ok Rk AR kR kAR KRR AR R AR AR AR AR AR K KRR KR KRR KRR ARR AR KRR K )
DRAKEd1ir = NotebookDirectory[] <>" ry [DRAKEdir];
Get["./src/model_generation.wl)
Model = MODELNAME}

ModF1ile = DRAKEdir <> "FeynR

/Models/" <>Model <> "/"

del <>"/" <> Model;

InitModel[ModFile]
(Hhkdkekhhhhkhhhokhokohk ko h ok ok ok ok ok k) J
S0 Mh {} h g
S Ms {} s
FO) Mf (} f Ouiput ]
F(1) Mchil {} Chil |
F(2) Mchi2 {} Chi2 i
|

(» User 1input:
make sure it is in the same convention as t 1 file, V.e:
[FeynCalc symbol, mass parameter, spin, em.charge-, own antiparticle, name, dark sector?} «) \
DrakeParticles["Al1l"] = {
(+ DS particles (for which f(p) is traced =
{F[1], Mchil, 1/2, @, False, "Chil", 1},
{F[2], Mchi2, 1/2, 0, False, "Chi2", 1},
(+ SM particles & equilibrium DS particles )
{s[@], Mh, e, 0, True , "h", 0},
{S[1], Ms, @, @, True , "s", @},
{F[o], mf, 1/2, 0, False, "f", 0}

L J

» list of the parameters of the model: masses as in the list above + couplings etc. =*)
ModelParameters = {Mchil, Mchi2, Mf, Ms, 11x1, 11x2, 1ly};

B D]
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LD —iﬂla )?1}’5)(1 - iﬂza)zzysxz — i/ly Z yra f_'ysf SM assumed to be one fermion of a given mass

for this example

42

model_generation-2DM+pS.nb * - Wolfram Mathematica 13.0 = o X

File Edit Insert Format Cell Graphics Evaluation Palettes Window Help

Code Analysis Analyze Notebook = @

O T TNy
DRAKEd1ir = NotebookDirectory[] <>" ry [DRAKEdir];
Get["./src/model_generation.wl)
Model = MODELNAME}

ModF1ile = DRAKEdir <> "FeynR
InitModel[ModFile]

/Models/" <> Model <> "/" del <>"/" <> Model;

(ke ek ok ok ko k ko k Kk dokkkok Kk )

S0) Mh {} h
S1) Ms |} s
Foy ™Mf () f
F(1) Mchil {} Chil
F(2) Mchi2 {} Chi2

Output

[ |

(» User 1input:
make sure it is in the same convention as t 1 file, V.e:
[FeynCalc symbol, mass parameter, spin, em.charge-, own antiparticle, name, dark sector?} «) \
DrakeParticles["Al1l"] = {
(+ DS particles (for which f(p) is traced =
{F[1], Mchil, 1/2, 0, False, "Chil", 1},
{F[2], Mchi2, 1/2, 0, False, "Chi2", 1},
(+ SM particles & equilibrium DS particles )
{s[@], Mh, e, 0, True , "h", 0},
{S[1], Ms, @, @, True , "s", @},
{F[o], mf, 1/2, 0, False, "f", 0}
\J A
( N
» list of the parameters of the model: masses as in the list above + couplings etc. =*)

ModelParameters = {Mchil, Mchi2, Mf, Ms, 11x1, 11x2, 1ly};

B D]

\
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A W o 43

model_generation-2DM+pS.nb - Wolfram Mathematica 13.0 = o

File Edit Insert Format Cell Graphics Evaluation Palettes Window Help

Code Analysis Analyze Notebook = @

Perform Calculation & Model Creation

Create list of processes (1-3 commented out) »

MA2

A A 4 ) | S

o,ly®

| SN [ T [ ST R S— )

Create & save the DRAKE model file

NotebookDirectory[];
Model = "2DM+pS+EL";
MODELNAME = Model;

/= SetDirectory [DRAKEdir <>"/models/"];

If[!DirectoryQ[Model], CreateDirectory[Model];

CreateDirectory[Model <> "/Results"];

CreateFile[Model <> "/Results/empty.m"]1];
mfile = "./template/template.wl";
FileTemplateApply[FileTemplate[mfile], "./" <>Model<>"/" <> Model<>".wl"];
sfile ="./template/s-template.wl";
FileTemplateApply[FileTemplate[sfile], "./" <>Model<>"/s-template.wl"];
CopyFile["./template/test-template.nb", "./" <> Model <> "/model_test-template.nb"]
CopyFile["./template/tests.nb", "./" <>Model<>"/tests.nb"]
SetDirectory[DRAKEdir <> "/models/" <> Model];

(» First argument is the name of the file,
2nd is its format: Choose ".m" if you want to inspect what's inside and ".mx" if you want fast loading laters)
CreateDrakeModelFile[Model, ".m" (+ or .mx )]

e A
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model_generation-2DM+pS.nb - Wolfram Mathematica 13.0 = o

44

File Edit Insert Format Cell Graphics Evaluation Palettes Window Help

Code Analysis Analyze Notebook = @

Perform Calculation & Model Creation

Create list of processes (1-3 commented out) »
MA2

o,ly®

A A 4 ) | S

Create & save the DRAKE model file

| SN [ T [ ST R S— )

NotebookDirectory[]; . 3

Model = "2DM+pS+EL"; Rename before saving

MODELNAME = Model; Jd
/= SetDirectory [DRAKEdir <>"/models/"]; 31

If[!DirectoryQ[Model], CreateDirectory[Model];
CreateDirectory[Model <> "/Results"];
CreateFile[Model <> "/Results/empty.m"]1];
mfile = "./template/template.wl";
FileTemplateApply[FileTemplate[mfile], "./" <>Model<>"/" <> Model<>".wl"];
sfile ="./template/s-template.wl";
FileTemplateApply[FileTemplate[sfile], "./" <>Model<>"/s-template.wl"];
CopyFile["./template/test-template.nb", "./" <> Model <> "/model_test-template.nb"]
CopyFile["./template/tests.nb", "./" <>Model<>"/tests.nb"]
SetDirectory[DRAKEdir <> "/models/" <> Model];

(» First argument is the name of the file,
2nd is its format: Choose ".m" if you want to inspect what's inside and ".mx" if you want fast loading laters)
CreateDrakeModelFile[Model, ".m" (+ or .mx )]

e A
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model_generation-2DM+pS.nb - Wolfram Mathematica 13.0 = o
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File Edit Insert Format Cell Graphics Evaluation Palettes Window Help

Code Analysis Analyze Notebook = @

Perform Calculation & Model Creation

Create list of processes (1-3 commented out) »

MA2

A A 4 ) | S

o,ly®

| SN [ T [ ST R S— )

Create & save the DRAKE model file

NotebookDirectory[];
Model = "2DM+pS+EL";
MODELNAME = Model;

Rename before saving

I/ 1 SetDirectory [DRAKEdir <> "/models/"]; !

: If[!DirectoryQ[Model], CreateDirectory[Model]; :

: CreateDirectory[Model <> "/Results"]; :

: CreateFile[Model <> "/Results/empty.m"]1]; \

1 mfile="./template/template.wl"; :

: FileTemplateApply[FileTemplate[mfile], "./" <>Model<>"/" <> Model<>".wl"]; :

| sfile="./template/s-template.wl"; 1 Generate and save outfput

: FileTemplateApply[FileTemplate[sfile], "./" <>Model<>"/s-template.wl"]; :

: CopyFile["./template/test-template.nb", "./" <> Model <> "/model_test-template.nb"] :

: CopyFile["./template/tests.nb", "./" <>Model<>"/tests.nb"] :

: SetDirectory[DRAKEdir <> "/models/" <> Model]; :
! 1
: 1
1
1
1
1
1

(» First argument is the name of the file,
2nd is its format: Choose ".m" if you want to inspect what's inside and ".mx" if you, want fast loading laters)

CreateDrakeModelFile[Model, ".m" (« or .mx =)] 1 <




DRAKE2: Example with double coy DM

model_generation-2DM+pS.nb - Wolfram Mathematica 13.0 = =]

File Edit Insert Format Cell Graphics Evaluation Palettes Window Help

Code Analysis Analyze Notebook = @

Perform Calculation & Model Creation

Create list of processes (1-3 commented out) » ]
MA2 & ]
o,y ]

Create & save the DRAKE model file

NotebookDirectory[]; ) 3
Model = "2DM+pS+EL"; Rename before saving
MODELNAME = Model; OU-I-pU-I- ]
/- SetDirectory[DRAKEdir <> "/models/"]; T T T T TTTTTTTT M ) 1—‘ 3
If[!DirectoryQ[Model], CreateDirectory[Model]; | | (02 FP <0"U > .
CreateDirectory[Model <> "/Results"]; process g p‘T’OC. 2 7 Z mOZ prOC. 2 t
CreateFile[Model <> "/Results/empty.m"]1];

mfile = "./template/template.wl";
FileTemplateApply[FileTemplate[mfile], "./" <>Model<>"/" <> Model<>".wl"];
sfile="./template/s-template.wl"; Generate and save output

FileTemplateApply[FileTemplate[sfile], "./" <>Model<>"/s-template.wl"];
CopyFile["./template/test-template.nb", "./" <> Model <> "/model_test-template.nb"]
CopyFile["./template/tests.nb", "./" <>Model<>"/tests.nb"]

SetDirectory[DRAKEdir <> "/models/" <> Model];

(» First argument is the name of the file, H
2nd is its format: Choose ".m" if you want to inspect what's inside and ".mx" if yOL% want fast loading laters)
CreateDrakeModelFile[Model, ".m" (« or .mx =)] 1 14




DRAKE2: Example with double coy DM

Q Files = < Q Home / Documents / Out_ of KE / code / DRAKE-v2 / models : @ = | v = o X
D Recent
* stared . . . &
2DM+pS+EL template model_generatio model_generatio
{4} Home n-2DM+pS.nb n-SFL.nb
) Desktop
r .

[% Documents MOdel flle

generated
{ Downloads \.
n Music
(&7 Pictures
i videos

@ Trash

—+ Other Locations



DRAKE2: Example with double coy DM

Q Files

0 Recent

Y Starred

m Home
) Desktop

% Documents
Q Downloads
n Music
(&7 Pictures
= videos

Il Trash

-+ Other Locations

Results

/me / Documents / Out_ of KE / code / DRAKE-v2 / models / 2DM+pS+EL

2DM+pS+EL.m

o
i
<
|

#

2DM+pS+EL.wl model_test- s-template.wl tests.nb
template.nb
e List of all particles: 2 Dark particles, rest

assumed fo be in equilibrium with SM plasma
Masses, dof, decay widths of all particles

List of all processes: (co-)annihilations, elastic
scatterings, conversions, (self-scatterings).
Squared amplitudes, cross-sections,
thermalised cross sections as compiled
functions

Fokker Planck y for subleading scaftterers /




DRAKE2: Example with double coy DM

Q Files = < ime / Documents / Out of KE / code / DRAKE-v2 / models / 2DM+pS+EL @ = |4w = o X
D Recent
Y Starred .
Results 2DM+pS+EL.m 2DM+pS+EL.wL model_test- s-template.wl tests.nb
GT Home template.nb
) Desktop
s

[% Documents SeThngs f||e
with default
settings

{ Downloads
n Music
(&7 Pictures

i videos

@ Trash

—+ Other Locations



DRAKE2: Example with double coy DM

Q Files

D Recent
Y Starred
{4} Home

) Desktop

[% Documents
{ Downloads
n Music
(&7 Pictures
i videos

I3 Trash

—+ Other Locations

Results

ime / Documents / Out of KE / code / DRAKE-v2 / models / 2DM+pS+EL

2DM+pS+EL.m

2DM+pS+EL.wl

B

model_test-
template.nb

s-template.wl

&

tests.nb

o
11
<

|
o
X

.

(

Notebook to run the
NBE and fBE solvers,
collect results




DRAKE2: Example with double coy DM

LD —l'/11a )?1}/5)(1 - iﬂza)zzysxz — i/1y Z yra fySf SM assumed to be one fermion of a given mass

for this example

ol

feSM
tests.nb * - Wolfram Mathematica 13.0 (New Kernel) = |m| X
File Edit Insert Format Cell Graphics Evaluation Palettes Window Help

Inf-]:= Quit[]; j E

model = "";

parameterlist =;
Definitions H
Freeze-out: simple ]

L4

point = {240., 239., 10/ (-2.), 107 (-2.), 10/ (-2.), 104 (-20.), 1., 16A-15., 10.-20};

run with default settings &
XNsteps:

ANNxPoints:

fBE_errf: »

f(p_max)~0 tolerance:
FindMingN §Ql: ®
fBE_err_large_x_factor: ®

Parallelize: »

—y —y —y Ly Ly L L L—u L
A 4 | 4 | 4 ) 4 | 4 ]| 4 ) 4 ) 4

fBE_formulation: »




DRAKE2: Example with double coy DM

LD —l'/11a )Zlys)(l - iﬂza)zzysxz — i/1y Z yra fySf SM assumed to be one fermion of a given mass

for this example
feSM

52

tests.nb * - Wolfram Mathematica 13.0 (New Kernel) = 5] X

File Edit Insert Format Cell Graphics Evaluation Palettes Window Help

= Quit[ls

parameterlist =}

Definitions }

model = "2DM+pS+EL"; ]

Freeze-out: simple ]

L4

point = {240., 239., 10/ (-2.), 107 (-2.), 10/ (-2.), 104 (-20.), 1., 106A-15., 10.-20};

run with default settings &
XNsteps:

ANNxPoints:

fBE_errf: »

f(p_max)~0 tolerance:
FindMingN §Ql: ®
fBE_err_large_x_factor: ®

Parallelize: »

—y —y —y Ly Ly Ly L L—u L
A 4 | 4 ) 4 ) 4 | 4 ] 4 ) 4 ) 4

fBE_formulation: »




DRAKE2: Example with double coy DM

LD —l'/11a )?1}/5)(1 - iﬂza)zzysxz — i/1y Z yra fySf SM assumed to be one fermion of a given mass

for this example
feSM

53

tests.nb * - Wolfram Mathematica 13.0 (New Kernel) = 5] X

File Edit Insert Format Cell Graphics Evaluation Palettes Window Help

Inf+]:== Quit[]}

parameterlist = {Mchil, Mchi2, Mf, Ms, 11x1, 11x2, 1ly};]

Definitions }

model = "2DM+pS+EL"; ]

Freeze-out: simple }

L4

point = {240., 239., 10/ (-2.), 107 (-2.), 10/ (-2.), 104 (-20.), 1., 106A-15., 10.-20};

run with default settings &
XNsteps:

ANNxPoints:

fBE_errf: »

f(p_max)~0 tolerance:
FindMingN §Ql: ®
fBE_err_large_x_factor: ®

Parallelize: »

—y —y —y Ly Ly Ly L L—u L
A 4 | 4 ) 4 ) 4 | 4 ] 4 ) 4 ) 4

fBE_formulation: »




DRAKE2: Example with double coy DM

LD —l'/11a )Zlys)(l - iﬂzaizysxz — i/ly z yra f_'ysf SM assumed to be one fermion of a given mass

for this example
feSM

54

tests.nb * - Wolfram Mathematica 13.0 = || X

File Edit Insert Format Cell Graphics Evaluation Palettes Window Help
- Quit[l; 3

model = "2DM+pS+EL" 3
parameterlist = {Mchil, Mchi2, Mf, Ms, 11x1, 11x2, 1ly};

Definitions }

Freeze-out: simple

point = {300., 320., 1., 50., .1, .04, 0.3};

With defaults settings, the code:
run with default settings | _ e Checks if Freeze-out/Freeze-in from
i e ) rates — sets x-range, initial conditions

i/ 1= Manipulate[

]
i siease ) e Solves nBE and fBE ]
]
]
]
]

fplot[i],

fplot2(1] (-, e Generates results plots

{analyze[i]}=*)}

, {1, 1, Min[Length[tf], Length[messages]], 1}]

XxNsteps: &
ANNXxPoints: »

fBE_errf: ®

f(p_max)~0 tolerance: &



DRAKE2 EXGmple WlTh dOUble COy DM (eg timings)

« e enapoiniy SM assumed to be one fermion of a given mass
Loading DRAKE.wl: time=0.07472 for this example
————————————————— Model: 2DM+pS+EL -------------c--
{1

Determining [xmin,xmax] based on the nBE annihilation rates...

{xmin,xmax}={10., 10000. }

Determining initial condition based on xmin...

Initialization done...time=0.518692

Present day cross sections (1,1), (2,2), (1,1)->(2,2) & (2,2)->(1,1):{1.18105x 1072, 1.65805x 10728, 0., 6.4109 x 10-3%}
Present day cross-sections {1,1)—>{s,s},(2,2}—>{s,s}:{3.18943x10’29, 7.18896x10’31}
Rates <sv> done... time=27.3647

nBESolver done... time=1.60038

0h2nBE={2.29053, 12.8577}

y done... time=0.299427

(# of calculated x points = 40 for total # of channels: 9 )

xFO0={42.8157, 34.069} xKD={41.3322, 41.1656} x12eq=19.5996 xConv={16.185, 17.5029}

fBE solved on: [xmin,xmax]={10., 484.2447616840665}

Running on {10., 62.6939} with gN=40  {pmaxl,pmax2} = {689.23, 675.028} {Q1,Q2}={3, 3} M1=300. GeV, M2=320. GeV,
A matrices done... time=6.63702 mSle . GeV, mp5=50 GeV,
E matrices done... time=38.716 ”X] ZO] ’ ”X2=OO4, “y=03

step of fBESolver done... 173.107



DRAKE2 EXGmple WlTh dOUble COy DM (eg timings)

= Serore—po i SM assumed to be one fermion of a given mass
for this example

Loading DRAKE.wl: time=0.07472

————————————————— Model: 2DM+pS+EL -------------c--

{1

Determining [xmin,xmax] based on the nBE annihilation rates...
{xmin,xmax}={10., 10000. }

Determining initial condition based on xmin...

Initialization done...time=0.518692

Present day cross sections (1,1), (2,2), (1,1)->(2,2) & (2,2)->(1,1):{1.18105x 1072, 1.65805x 10728, 0., 6.4109 x 10-3%}

Present day cross-sections {1,1)—>{s,s},(2,2}—>{s,s}:{3.18943:<10’29,7.18896><10’31}

| Rates <sv> done... time=27.3647 |
| nBESolver done... time=1.60038 :
! 0h2nBE={2.29053, 12.8577} |
T Jone.T. timeco3904zr T T
(# of calculated x points = 40 for total # of channels: 9 )
xFO0={42.8157, 34.069} xKD={41.3322, 41.1656} x12eq=19.5996 xConv={16.185, 17.5029}

fBE solved on: [xmin,xmax]={10., 484.2447616840665}

M1=300. GeV, M2=320. GeV,
mSM=1. GeV, mpS=50. GeV,
lIx1=0.1, lIx2=0.04, lly=0.3

Running on {10., 62.6939} with gN=40  {pmaxl,pmax2} = {689.23, 675.028} {Q1,Q2}={3, 3}
A matrices done... time=6.63702
E matrices done... time=38.716

step of fBESolver done... 173.107



DRAKE2 EXGmple WlTh dOUble COy DM (eg timings)

= Serore—po i SM assumed to be one fermion of a given mass

Loading DRAKE.wl: time=0.07472 for this example
————————————————— Model: 2DM+pS+EL -------------c--

{1

Determining [xmin,xmax] based on the nBE annihilation rates...

{xmin,xmax}={10., 10000. }

Determining initial condition based on xmin...

Initialization done...time=0.518692

Present day cross sections (1,1), (2,2), (1,1)->(2,2) & (2,2)->(1,1):{1.18105x 1072, 1.65805x 10728, 0., 6.4109 x 10-3%}

Present day cross-sections {1,1)—>{s,s},(2,2}—>{s,s}:{3.18943:<10’29,7.18896><10’31}
Rates <sv> done... time=27.3647

nBESolver done... time=1.60038

0h2nBE={2.29053, 12.8577}

y done... time=0.299427

(# of calculated x points = 40 for total # of channels: 9 )

xFO0={42.8157, 34.069} xKD={41.3322, 41.1656} x12eq=19.5996 xConv={16.185, 17.5029}

IfBE solved on: [xmin,xmax]={10., 484.2447616840665} 1

Running on {10., 62.6939} with gN=40  {pmaxl,pmax2} = {689.23, 675.028} {Q1,Q2}={3, 3}
A matrices done... time=6.63702
E matrices done... time=38.716

step of fBESolver done... 173.107

M1=300. GeV, M2=320. GeV,
mSM=1. GeV, mpS=50. GeV,
lIx1=0.1, lIx2=0.04, lly=0.3



DRAKE2 EXGmple WlTh dOUble COy DM (eg timings)

« e enapoiniy SM assumed to be one fermion of a given mass
Loading DRAKE.wl: time=0.07472 for this example
————————————————— Model: 2DM+pS+EL -------------c--
{1

Determining [xmin,xmax] based on the nBE annihilation rates...

{xmin,xmax}={10., 10000. }

Determining initial condition based on xmin...

Initialization done...time=0.518692

Present day cross sections (1,1), (2,2), (1,1)->(2,2) & (2,2)->(1,1):{1.18105x 1072, 1.65805x 10728, 0., 6.4109 x 10-3%}
Present day cross-sections {1,1)—>{s,s},(2,2}—>{s,s}:{3.18943x10’29, 7.18896x10’31}
Rates <sv> done... time=27.3647

nBESolver done... time=1.60038

0h2nBE={2.29053, 12.8577}

y done... time=0.299427

(# of calculated x points = 40 for total # of channels: 9 )

xFO0={42.8157, 34.069} xKD={41.3322, 41.1656} x12eq=19.5996 xConv={16.185, 17.5029}

fBE solved on: [xmin,xmax]={10., 484.2447616840665}

Running on {10., 62.6939}  with gN=40  {pmaxl,pmax2} = {689.23, 675.028} {Q1,Q2}={3, 3} M1=300. GeV, M2=320. GeV,
IA matrices done... time=6.63702 1 mSle . GeV, mp5=50 GeV,

lIx1=0.1, lIx2=0.04, lly=0.3

E matrices done... time=38.716




Running on {431.551, 484.245}

1 A matrices done...

E matrices done...

time=6.66525

time=41.5823

with gN=40

1 step of fBESolver done... 0.659584

0h2_1=2.29053

0h2_2=12.8577

0h2_1=2.27927

0h2_2=13.2265

nBE/fBE=1.00494

nBE/fBE=0.972118
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J

M1=300. GeYV,
M2=320. GeYV,
mSM=1. GeV,
mpS=50. GeV,
lIx1=0.1, lIx2=0.04,
Ily=0.3

Total time=647s




Running on {431.551, 484.245}
A matrices done...
E matrices done...
step of fBESolver done...
0Oh2_1-2.29053

0h2_2=12.8577

rH

10

10-10L

10

1000

0.001

106

with gN=40
time=6.66525
time=41.5823
0.659584
Oh2_1-2.27927

0h2_2=13.2265

nBE/fBE=1.00494

nBE/fBE=0.972118
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BP: Double Coy Dark Maftter

LD —ia 1y x1 — idaa J2y° x, — idy z vrafy>f
feSM

M,, = 44 GeV, M,, = 38 GeV

M, = 80 GeV
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SC, A. Hryczuk ‘25



BP: Double Coy Dark Matter

LD —ia 1y x1 — idaa J2y° x, — idy Z yrafyf
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Resonant annihilation of x, prefers
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BP: Double Coy Dark Matter

LD —ia 1y x1 — idaa J2y° x, — idy Z yrafyf
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sz 1(p)

BP: Double Coy Dark Matter
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BP: Double Coy Dark Maftter
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Summary

« The production of DM beyond kinetic equilibrium requires for a solver of the full
Boltzmann equation—DRAKE is a publicly available package capable of this

* In a multicomponent dark sector, it is more difficult to apriori ensure that kinetic
equilibrium is maintained during freeze-out requiring a solution of the full Bolizmann
equation (fBE) at the phase-space level for a precise determination of the relic
abundance.

« We develop the extend the existing package to DRAKE-2, now adding

m Conversions, Decays & Elastic Scatterings without approximations
m consistent model generation.
m Freeze-out, Freeze-in (with dark freeze-out)

+ Tested with the double coy DM with results published in arxiv: 2502.08725 [hep-ph],

« Showing that departure from kinetic equilibrium can alter the predictions for
the total DM abundance by more than 100% (while being -20% to 50% in most
of the interesting parameter space)

« Currently possible to tailor the code to given model

« Ongoing study of interesting™ physics cases, adding processes as required by
the scenario

« Future release enabled to solve two-component full Boltzmann equation for a
generic BDM model planned after the end of this summer


https://arxiv.org/abs/2502.08725

Summary

« The production of DM beyond kinetic equilibrium requires for a solver of the full
Boltzmann equation—DRAKE is a publicly available package capable of this

* In a multicomponent dark sector, it is more difficult to apriori ensure that kinetic
equilibrium is maintained during freeze-out requiring a solution of the full Bolizmann
equation (fBE) at the phase-space level for a precise determination of the relic
abundance.

« We develop the extend the existing package to DRAKE-2, now adding

m Conversions, Decays & Elastic Scatterings without approximations
m consistent model generation.
m Freeze-out, Freeze-in (with dark freeze-out)
+ Tested with the double coy DM with results published in arxiv: 2502.08725 [hep-ph],
« Showing that departure from kinetic equilibrium can alter the predictions for
the total DM abundance by more than 100% (while being -20% to 50% in most
of the interesting parameter space)
« Currently possible to tailor the code to given model
« Ongoing study of interesting™ physics cases, adding processes as required by
the scenario
« Future release enabled to solve two-component full Boltzmann equation for o \ \lQU\-
generic BDM model planned after the end of this summer "‘(\O(\


https://arxiv.org/abs/2502.08725
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Results: Doubled Coy Dark Matter

Changing conversion strength ‘c’ keeping annihilation strength constant

242
OxixirSM,SM X AyAY . o< constant

Ay = A/ Ay = A6 Ay, = Ap,e > 232 A
Txxierxaxe X Ay My, X €

10.
4.0
11.6

10.63

102

7 0.25 N

red. x

M,, = 44 GeV, M,, = 38 GeV
M, = 80 GeV
Ay, = 0.023, Ay, = 0.39, A, = 0.3




Ay = A/ Ay = A6 Ay, = Ap,e >
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Results: Doubled Coy Dark Matter

Changing conversion strength ‘¢’ keeping annihilation strength constant

10.

4.0
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10.63

10.25

red. x

O xisxi<»SM,SM X >‘y
2 2 4
Ox1,X17X2X2 X )‘X1>‘X2 xc

2)\; o< constant

Modification of
the abundance of subdominant

component completely changes the
preferred region for the GCE fit

M,, = 44 GeV, M,, = 38 GeV
M, = 80 GeV
Ay, = 0.023, Ay, = 0.39, A, = 0.3



The Fokker Planck approximation

p’C

Coalfpml = Co +C4 + Co + Cg +

1 -
Crp = z—El)/(feq) FP(py).fom (1)

4.x10°M0 1
2.x107 10
0 e i = g it o s B e
-2.x10710 -
-4.x107"M% - | | o | ]
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plGeV]
—cz ----- C4 mia C6 c8

—1OOGeVm—1GeV x =250

p’C

Has all the nice features:

v nointegration on fpy

v' number conserving

v 0 on equilibrium distribution

1.x10724
5.x107% -
0 e e
-5.x1072%
-1.x107% -
0O 20 40 60 80 100
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m, = 100 GeV, m = 100 GeV, x = 25



When does the Fokker Planck approx. work?

» Arrived at by dropping higherorder termsin Ap/p and p, /E;.
« Very good “approximation” (O(1%)) while the conditions of the expansion hold true.

Q: How to know when the FP approximation works?

I[nﬂlz —_ tn 1 (S . (7711)/1/1 + 7?ISW7)2‘2?13(“ o (n/l[)[\/[ - 771&&4)2)71,3
L'-ll 1 i

||
o fransfer « relative velocity « velocities
momentum

With an efficiently implemented fully numerical' solver
for the Boltzmann equationinto DRAKE, we find that
The Fokker Planck approximation works well for:
1. Scattering particle with masses significantly
smaller than DM mass (small reduced mass = small

momentum transfer

2. DM temperatures close to the SM temperature

(eg.: near kinetfic decoupling)
&
3. Scattering amplitudes that aren’t strongly
dependent on momentum transfer (e dropped

higher order terms are more relevant for an amplitude sensitive to said
dropped quantity)

amp[Ce|]
amp[Crp]
10} ’
§
5k VA 2 2
eg.:. Cr)eg.|M|Tat
|IM|? constt. 4. -V
""""""""" g A o s o
: . 0.5 |
g ! m
: : DM = 11,22 =095
L Mgy SM
2 1 Ny+Ny+n
-4 -2 2 4 S

1
Ala-Mattinen, Kainulainen ‘19
Hryczuk, Laletin ‘20

Aboubrahim, Klasen, Wiggering ‘23

Beauchesne, Chiang ‘24;



Improvement on Fokker Planck: Relic density

/3

0tfom — HpOp fom = Cerlfom] + Cannlfom]

1 .
Cetlfpm] = Crp = z_El)/(feq) FP(p1).-fom(P1)

An overall factor 2 at the level of collision operator= 257% change in DM relic density
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Galactic Centre Excess: Coy Dark Matter 74

e Fermi-LAT observes an excess in the spatially extended y-rays
from the Galactic Centre with a spectrum that peaks at a few

GeV. Leading explanations: Fit fo Galactic Centre Excess (GCE) from DM

annihilation:

o e o | T T T T T
o Df‘v\' annihilation —~ ¢ g mpy=28 GeV, XX-bb, y=1.1 ]
o  Millisecond Pulsar (MSP) 'n oL ov=9%10"% cm®/s -
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|
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()]
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e
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=
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05 1.0 5.0 10.0 50.0100.0
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Goodenough, Hooper arXiv:0910.2998

Rebecca K. Leane et al., arXiv:2203.06859



Galactic Centre Excess: Coy Dark Matter

Fermi-LAT observes an excess in the spatially extended v-rays
from the Galactic Centre with a spectrum that peaks at a few
GeV. Leading explanations:

o DM annihilation
o  Millisecond Pulsar (MSP)

If DM sourced would also suggest large elastic scattering rates
from crossing symmetry ruled out by terrestrial experiments

DM SM |2
[0)
0
v
D
o
0
5

DM SM

N

| Indirect Detection/GCE >



Galactic Centre Excess: Coy Dark Matter

e Fermi-LAT observes an excess in the spatially extended y-rays
from the Galactic Centre with a spectrum that peaks at a few
GeV. Leading explanations:

o DM annihilation
o  Millisecond Pulsar (MSP)

e |f DM sourced would also suggest large elastic scattering rates
from crossing symmetry ruled out by terrestrial experiments

DM SM )
5]
23
¥4 velocity
o) suppressed
O
g.
DM SM
N

| Indirect Detection/GCE >

e Coy DM: fermionic DM with pseudoscalar mediator and coupling with SM proportional to Yukawa couplings of
the SM fermions (Minimal Flavor Violation)

LD —i)\xs>'(75x — 1Ay Z yf3f75f
fesSM



Galactic Centre Excess: Coy Dark Matter

e Fermi-LAT observes an excess in the spatially extended y-rays
from the Galactic Centre with a spectrum that peaks at a few
GeV. Leading explanations:

o DM annihilation
o  Millisecond Pulsar (MSP)

e |f DM sourced would also suggest large elastic scattering rates
from crossing symmetry ruled out by terrestrial experiments
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Fit fo Galactic Centre Excess (GCE) from Coy
DM annihilation:

6.0F

20 25 30 35 40 45 50
mpw [GeV]
Boehm et al 2014

e Coy DM: fermionic DM () with pseudoscalar mediator (s) and coupling with SM proportional to Yukawa

couplings of the SM fermions (Minimal Flavor Violation)

LD —ilys Xv°x — Ay Z YtS 2 f

fesM



Galactic Centre Excess: Coy Dark Matter

e Fermi-LAT observes an excess in the spatially extended y-rays
from the Galactic Centre with a spectrum that peaks at a few
GeV. Leading explanations:

o DM annihilation
o  Millisecond Pulsar (MSP)

e |f DM sourced would also suggest large elastic scattering rates
from crossing symmetry ruled out by terrestrial experiments

DM SM )
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23
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o) suppressed
O
g.
DM SM
N

| Indirect Detection/GCE

Fit fo Galactic Centre Excess (GCE) from Coy
DM annihilation:

6.0F

-
-------
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mpw [GeV]
Boehm et al 2014

e Minimally extended coy DM: Two fermions (y, x,) with pseudoscalar mediator (s) and coupling with SM
proportional to Yukawa couplings of the SM fermions (Minimal Flavor Violation)

LD —id,sXv X1 —iA,sX2Yx2 — iy Y yps fY°f

fesSmM



Results: Doubled Coy Dark Matter

242 2
UX1,X1<—>SM sM X )\y)\xl X a
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Results: Doubled Coy Dark Matter
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