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Brief recap of the standard calculation of Dark Matter (DM) abundance
Towards a more precise calculation
« When does DM freeze-out outside of kinetic equilibrium

« How is the Boltzmann equation solved without this simplifying assumption: challenges and
solutions

Non minimal dark sector: two-component

Summary



Production of DM by freeze-out

Dark matter relic density measurement from the CMB is a well-measured quantity
Q.h? =0.1198 + 0.0012 ranck 2018

« Obtained from solving the Boltzmann equation
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Production of DM by freeze-out

Dark matter relic density measurement from the CMB is a well-measured quantity
Q.h? =0.1198 + 0.0012 ranck 2018

« Obtained from solving the Boltzmann equation

Llfom]l = Clfpul

0tfom — HpOpfpm = Cetlfoml + Cannlfom] . o
. , , Kinetic equmbnum Bernstein, Brown, Feinberg 1985
n+ 3Hn = —(ov)(n® — ng,) fou(T) & foq(T)

« Although typically a good assumption for mp,, > mgqy ...



Production of DM by freeze-out

Dark matter relic density measurement from the CMB is a well-measured quantity
Q.h? =0.1198 + 0.0012 ranck 2018

« Obtained from solving the Boltzmann equation

Llfom]l = Clfpul

Otfom — HpOypfpm = Coilfom| + Connlfom] . -
. Kineri U|||br|Um Bernstein, Brown, Feinberg 1985
w fom(T) o< T3

« Although typically a good assumption for mpy > mgyy, ...
there exist scenarios where kinetic decoupling PRECEEDES freeze-out

When can Kinetic Decoupling precede freeze-oute

Bringmann, Hoffman 2006

Binder, Bringmann, Gustafsson, Hryczuk 2017
Duch, Grzgdkowski 2017

Ala-Mattinen, Kaunilainen 2019

Gondolo, Hisano, Kadota 2012

Binder, Covi, Komada, Murayama, Takahashi ‘12



When can Kinetic Decoupling precede
Freeze-oute

/

Freeze-out (FO) occurs in Kinetic Equilibrium in typical WIMP models when: -, , DM

ngf\’,l(av)s > ngcllw(av)a ~ H with (ov), = (av)s,ngf\’/, > ngcll\,,
1. Same coupling fully controls annihilation and elastic scattering

2. # scaftering partners (ngy) >> # annihilating partners (np,,) at FO SM

| Scattering >

2
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When can Kinetic Decoupling precede
Freeze-oute

(I) Resonant annihilation:

x Same coupling fully conftrols annihilation and elastic scattering

{ # scattering partners (ngy) >> # annihilating partners (np,,) at FO

Annihilation
DM SM

7
DM \ SM >>

.

Resonance for mg ~ 2mpy,

n;?,,(av)s)f nle)?w(av)a ~ H with

Scattering

DM\/DM
N

SM——— SM
no resonance for my =~ 2mpy

(av)a;!(av)s,ngf,, > nle)c,lw

V.

Resonant annihilation

Sommerfeld enhanced annihilation
Heavy scattering partner

DM stabilized by Z,
Multicomponent dark sector ...

(Binder, Bringmann, Gustafsson, Hryczuk ‘17, '21)
Duch, Grzgdkowski ‘17



When can Kinetic Decoupling precede
Freeze-oute

(I) Sommerfeld enhanced annihilation:

[ Resonant annihilation
Il Sommerfeld enhanced annihilation

x Same coupling fully controls annihilation and elastic scattering V. O bieg e p et

{ # scaftering partners (ngy) >> # annihilating partners (npy,) at FO ¥ Mulicomponent darisector ..

Sommerfeld enhancementin annihilation .
Scattering

DM SM DM \/ DM

>>
DM——= SM SM——» SM
—_— no resonance for my =~ 2mpy
nll(ov)s S nll(ovdg ~H  with  (ov)g Z (ov)s,nl > nld,

(Binder, Bringmann, Gustafsson, Hryczuk ‘17, '21)



When can Kinetic Decoupling precede
Freeze-oute

(Il) Scattering partner is heavy and also Boltzmann suppressed at FO

l. Resonant annihilation
Il Sommerfeld enhanced annihilation

: o - : n. H ttering part
Q/ Same coupling fully controls annihilation and elastic scattering V. DM stblzedbyz,

. - . V. Multicomponent dark sector ...
x # scattering partners (ngy) >> # annihilating partners (np,,) at FO

eq ~ eq
Mppy~Mepy — nDM = nSM

ngl‘f,,(av)s)f nle)?w(av)a ~ H with (ov), = (av)s,n;?,, %nf}j’w

(Binder, Bringmann, Gustafsson, Hryczuk ‘17, '21)
Gondolo, Hisano, Kadota 2012



When can Kinetic Decoupling precede
Freeze-oute

(IV) Non-minimal dark sector — DM stabilised by Z; or larger group

[ Resonant annihilation
Il Sommerfeld enhanced annihilation

: L : : . H ttering part
x Same coupling fully controls annihilation and elastic scattering V. DM stblzedbyz,

« # scattering partners (ngy) >> # annihilating partners (np,,) at FO

V.  Multicomponent dark sector ...

Semiannihilation

DM, DM |n
:

i

SM DM |°
| Sccg}v{Zrinq > ;O
4 NV

ngdlov)s b npllov), =H  with  (ov), 5 (ov)s, nily » ni,

(Eramo, Thaler 2010; Belanger, Kannike, Pukhov,
Raidal 2012; Cai, Spray 2016)



When can Kinetic Decoupling precede
Freeze-oute

(V) Non-minimal dark sector

Ilo
I”-

X Same coupling fully controls annihilation and elastic scaftering v

« # scattering partners (ngy) >> # annihilating partners (np,,) at FO

— X

8 o
T

FIG. 1. Schematic illustration of the catalyzed annihilation
of DM x (red line) with a catalyst A" (blue line). Three
2x — 2A’ processes plus two 3A’ — 2x effectively deplete the
number of DM particles by two.

fig. from Xing. Zhu '21; hep-ph: 2102.02447

ngdlov)s S npldov), =H  with (v, #(ov)s,nilh » nj,

Resonant annihilation

Sommerfeld enhanced annihilation
Heavy scattering partner

DM stabilized by Z,
Multicomponent dark sector ...



Dark Matter Freeze-out production
out of Kinetic Equilibrium

solve for one variable n = two variablesnand T

Review of current literature in solving for abundance of DM out of Kinetic equilibrium:

1. Solve for DM temperature along with abundance (coupled BE)

assume: DM distribution still has an equilibrium shape, only at a temperature Tpy # Tsy
(Binder, Bringmann, Gustafsson, Hryczuk 2017, 2021; Hryczuk, Laletin 2021; Benincasa, Hryczuk, Kannike, Laletin 2023 )



solve for one variable n - two variables n and T- full phase space with approximations (maintining detailed balance)

Review of current literature in solving for abundance of DM out of Kinetic equilibrium:

1. Solve for DM temperature along with abundance (coupled BE)

assume: DM distribution still has an equilibrium shape, only at a temperature Tpy # Tsy
(Binder, Bringmann, Gustafsson, Hryczuk 2017, 2021; Hryczuk, Laletin 2021; Benincasa, Hryczuk, Kannike, Laletin 2023 )

2. A generdlized relaxation approximation agrees with fBE in specific cases; but not justified In full generality
assume: fpu(p,t) = g(t) foq(0, t) + 6f (p,t) and that the infegrated difference between the exact collision term
and this momentum dependent approximation is small

(Ala-Mattinen, Kainulainen 2019; Alo-Mattinen, Heikinheimo, Kainulainen, Tuominen 2022)

3. Langevin simulations confirms the predictions from cBE in studied case

Stochastic differential equation for studying the efficiency of kinetic equilibration in the non-relativistic
regime (kim, Laine 2023)



solve for one variable n —» two variables n and T- full phase space with approximations — fBE

Review of current literature in solving for abundance of DM out of Kinetic equilibrium:

1. Solve for DM temperature along with abundance (coupled BE)

assume: DM distribution still has an equilibrium shape, only at a temperature Tpy # Tsy
(Binder, Bringmann, Gustafsson, Hryczuk 2017, 2021; Hryczuk, Laletin 2021; Benincasa, Hryczuk, Kannike, Laletin 2023 )

2. A generdlized relaxation approximation agrees with fBE in specific cases; but not justified In full generality
assume: fpu(p,t) = g(t) foq(0, t) + 6f (p,t) and that the infegrated difference between the exact collision term
and this momentum dependent approximation is small

(Ala-Mattinen, Kainulainen 2019; Alo-Mattinen, Heikinheimo, Kainulainen, Tuominen 2022)

3. Langevin simulations confirms the predictions from cBE in studied case

Stochastic differential equation for studying the efficiency of kinetic equilibration in the non-relativistic
regime (kim, Laine 2023)

4. Solving the DM distribution function at the full phase space level: numerically very challenging

0tfom — HpOy fopm = Ceilfom] + Cannlfom]

(Du, Huang, Li, Li, Yu '21; Hryczuk, Laletin '22; Ala-Mattinen, Heikinheimo, Kainulainen, Tuominen '22; Aboubrahim, Klasen, Wiggering '23; Brahma, Heeba, Schutz '23)



Boltzmmann equation at the phase space level .
16

Solving the DM distribution function at the full phase space level:

Ocfpm — HpOyp fpy = Cetlfoml + Cannlfoml where, fpy = fou, T).



Boltzmmann equation at the phase space level

Solving the DM distribution function at the full phase space level:

Ocfpm — HpOyp fpy = Cetlfoml + Cannlfoml where, fpy = fou, T).
CAN proceed fully numerically but it is time and CPU costly, due to the multidimensional

integrations in the collision operators:

Corlfom] = j dIT M2 s pa.sm € foa@3) = Fom®2) foq (02))

Cannlfom] = Jdl’[ |M|12)M,DM—>SM,SM( fom(®2) — feq (pB)feq (1))



Boltzmann equation at the phase space level
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Solving the DM distribution function at the full phase space level:

Ocfpm — HpOyp fpy = Cetlfoml + Cannlfoml where, fpy = fou, T).
CAN proceed fully numerically but it is time and CPU costly, due to the multidimensional

integrations in the collision operators:

Cetlfoml = | all |M|DM SM—-DM,SM (fDM(pl)feq (P3) fDM(pZ)feq (PQ)



Boltzmmann equation at the phase space level

Solving the DM distribution function at the full phase space level:

Ocfpm — HpOyp fpy = Cetlfoml + Cannlfoml where, fpy = fou, T).
CAN proceed fully numerically but it is time and CPU costly, due to the multidimensional

integrations in the collision operators:

Cetlfoml = Jdl’[ |M|12)M,SM—>DM,SM( DM \P1 _feﬂ(fg_) f21v1_(1322fiq£29f})
easier harder
Cannlfom] = J dall |M|12)M,DM—>SM,SM( DM P _f_mf(fz_) finP_s)fez(sz}
harder easier

Typically the average momentum transferred during the scattering events is small



Boltzmmann equation at the phase space level

Solving the DM distribution function at the full phase space level:

Ocfpm — HpOyp fpy = Cetlfoml + Cannlfoml where, fpy = fou, T).

CAN proceed fully numerically but it is time and CPU costly, due to the multidimensional
integrations in the collision operators:

) Cerlfpm] = Jdl’[ |M|12)M,SM—>DM,SM( DM \P1 _feﬂ(f3_) f21v1_(1322fiq£29ﬂ)
easier harder
0

annlfom] = JdnlMllz)M,DM—)SM,SM( L fDM(pz) feq(P3)feq(P4)}

easier

Typically the average momentum transferred during the scattering events is small

— — — — 1 /52 n — —
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Bringmann, Hoffman ‘06
Gondolo, Hisano, Kadota '12
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The Fokker Planck approximation

Corlfomul =Co +Co+ Cg + Cg + -

A—)
Tp< 1,&< 1
p E;
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The Fokker Planck approximation

<1,&<1

Corlfomul =Co +Co+ Cg + Cg + -

1 o
Crp = Z_E'ly(feq) Fp(pl)-fDM(pl)

22

Has all the nice features:

v no integration on fpy

v' number conserving

v 0 on equilibrium distribution



The Fokker Planck approximation
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Cotlfoml = Co + C4 + Cg + Cg +

1 _ Has all the nice features:
Crp = fy(feq) FP(py).fom(P1) v no integration on foy
1 v’ number conserving
v 0 on equilibrium distribution
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The Fokker Planck approximation

Colfoml =Co +C4 + Cg + Cg + -

1 _
Cpp = Z_E'ly(feq) Fp(pl)-fDM(pl)
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Has all the nice features:

v no integration on fpy

v’ number conserving

v 0 on equilibrium distribution
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The Fokker Planck approximation
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Cotlfoml = Co + C4 + Cg + Cg +

1 _ Has all the nice features:
Crp = ﬁy(feq) FP(p1). fom(P1) v no integration on fpy
1 v’ number conserving
v 0 on equilibrium distribution
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« Arrived at by dropping higher order terms in

and

« Very good “approximation” (O(1%)) while the conditions of the expansion hold true.

« fransfer
momentium

With an efficiently implemented fully numerical'solver
for the Boltzmann equation info 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 fransfer
&

2. DM temperatures close to the SM temperature
(eg.: near kinetic decoupling)
&

3. Scaftering amplitudes that aren’t strongly

dependent on momentum transfer (ine dropped

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

« relative velocity x velocities

1
Ala-Mattinen, Kainulainen ‘19
Hryczuk, Laletin ‘20
Aboubrahim, Klasen, Wiggering ‘23
Beauchesne, Chiang ‘24;



« Arrived at by dropping higher order terms in

« Very good “approximation” (O(1%)) while the conditions of the expansion hold true.

L ' ) j

|
« fransfer x velocities
momentium

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

momentum transfer

2. DM temperatures close to the SM temperature
(eg.: near kinetic decoupling)
&

3. Scaftering amplitudes that aren’t strongly

dependent on momentum transfer (ine dropped

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

« relative velocity

(small reduced mass = small

amp[Cq]
amp[Crp]
10}
> 2 2
eg.: g egul [ M|F et
|M|? o constt. ...
""" """"""'i"'\\'1'.‘/'\"""“"i""""""
0.5 m
oM 11,22~ 0.95
Mgy SM
4 S —— — 4 bbbt [+ 4 4 N
) _2 2 4 198

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

Aboubrahim, Klasen, Wiggering ‘23
Beauchesne, Chiang ‘24;



Improvement on Fokker Planck: Relic density

0tfom — HpOy fpm = Cetlfoml + Cannlfom]

1 _
Cetlfoml = Cpp = 2—E1)/(feq) FP(p1).fom(P1)

An overall factor 2 at the level of collision operator = 25% change in DM relic density
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Non-minimal Dark Sector



* |In the simplest freeze-out production of WIMP (weakiy interacting massive particle) DM, there is one DM particle,
initially in kinetic and chemical equilibrium with the SM plasma.
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In the simplest freeze-out production of WIMP weaky interacting massive particle) DM, there is one DM particle,
initially in kinetic and chemical equilibrium with the SM plasma.
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DM could be part of a sector of particles charged under the parity that stabilizes the DM particles.

If the DM is well separated from the rest --- the one-particle freeze-out picture holds



* |In the simplest freeze-out production of WIMP (weakiy interacting massive particle) DM, there is one DM particle,
initially in kinetic and chemical equilibrium with the SM plasma.
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« DM could be part of a sector of particles charged under the parity that stabilizes the DM particles.
« |f the DM is well separated from the rest --- the one-particle freeze-out picture holds

s myrsp = Mpy = "'Multiparticle” freeze-out



What if dark sector had more than one particle
33

A,B annihilation to SM conversion elastic scattering decay other
i -
M

l

|

|

AB

AB

!
!
|

: inelastic scattering self scattering
B M
AB B,A
SM SM’|

fig. from A. Hryczuk i

computationally more challenging...



Coupled Boltzmann equation:

d 1 ds

[ F1—>2 Yl! Fz
dT ~ 3H dx (0110) (V" = Yiieq) + (0120) (V172 = Yieq¥2eq) + < g TS\

dy, 1 ds

l_‘1—>2
dT = 3H dx <022v)(Y22 - Yzz,eq) + <012U>( Y, — Yl,eqYZ,eq) -

Y, [
( —Y, 1’“’) + —2<Y2 -
S Yseq S

A=x1: B=xo my, >m,,

S

Y2,eq le,eq -
Y, > + (0115227) ( — Y7 y2

,eq 2,eq
YZ eq) leeq

: - (O- - v) - YZ ’
Yl,eq 11-22 2 Yzz’eq |




Coupled Boltzmann equation:

d 1 ds
dT ~ 3H dx
dy, 1 ds
dT _ 3H dx

I
(Uzzv)(yzz - Yzz,eq) + <U1277>( Y, — Yl,eqYZ,eq) -

dy
25 ger ) (V7 = YEG)

A=x1: B=xo my, >m,,

S

- [ Y I5
(01117)( _ Y12,QQ) + (01217)( YZ - Yl,eqYZ’eq) + _< - YZ cq — ? YZ —_

Ly ismey,sm > H Coannihilation

Y, [
( —Y, 1’“’) + —2<Y2 -
S Yseq S

Yz,eq le,eq -
Y, > + (0115227) < — Y7 y2

,eq 2,eq
YZ eq) leeq

: - (O- - v) - YZ ’
Yl,eq 11-22 2 Yzz’eq |




2-particle freeze-out:  A=xi B=ximy, >my,

Coupled Boltzmann equation:
dv, 1 ds|
dT  3Hdx

dYZ 1 ds _ F1—>2 Yl,eq FZ YZ,
T = 30 dx _(0221))(1/22 — Yzz,eq) + (01217)(Y1Y2 - Yl,eqYZ,eq) - T(Yl IR T s —h Yl,:Z ~ {o11-227)

Y12 -

F1—>2 Yl, Fz Yz’
<U11U>(Y12 - Y12,eq) + <U12U>(Y1Y2 - Y1,eqY2,eq) T <Y1 -1 - Y,-1 )+ (0115227) Y12 -

yismey, s = H : Conversion-driven

Talk yesterday by Jan Heisig




2-particle freeze-out:

Coupled Boltzmann equation:

le 1 ds - l—‘1—>2
T = 3 ax | (7 = Yieg) +(0120) (V1Y2 = VieqV2eq) +— <Y1 -1,
dv, 1 ds| | PP
= 3o (0220) (VS — Yoq) + (0120) (V1Y — Vi gqVaeq) — T(yl —Y,

I ~ H : Conversion-driven

X1,SM—y,,SM

Assumes efficient processes to restore equilibrium distribution

A=x1: B=xo my, >m,,

Fz < Y2 eq) leeq
—| Y, =V + (O110020) | V7 = V=
S Yl’eq Yzz‘eq
l—‘2 < YZ eq) leeq
— |\ Y, -V, — — (0115227) Y12 - Yz2 '
S Yl’eq Y22,eq




2-particle freeze-out:

Coupled Boltzmann equation:

le 1 ds - l—‘1—>2
T = 3 ax | (7 = Yieg) +(0120) (V1Y2 = VieqV2eq) +— <Y1 -1,
dv, 1 ds| | PP
= 3o (0220) (VS — Yoq) + (0120) (V1Y — Vi gqVaeq) — T(yl —Y,

Process to restore equilibrium distribution is inefficient

A=x1: B=xo my, >m,,

Fz < Y2 eq) leeq
—| Y, =V + (O110020) | V7 = V=
S Yl’eq Yzz‘eq
FZ < YZ eq) leeq
— |\ Y, -V, — — (0115227) Y12 - Y22 '
S Yl’eq Y22,eq




2-particle freeze-out:

Coupled Boltzmann equation:

le 1 ds - l—‘1—>2
dT - 3H dx <Gllv)(ylz - le,eq) + (0'1217>(Y1Y2 - Yl,eqYZ,eq) + S

dv, 1 ds| Lo,
dT _ 3H dx <022v>(Y22 - Yzz,eq) + (01217)(Y1Y2 - Yl,eqYZ,eq) s

Y,
<Y1 ~Y, Yl'eq> +
2,eq

A=x1: B=xo my, >m,,

Yz,eq 2 2 le,eq -
YZ — Y1 Y. + (0'11_>2217) Y1 — YZ YZ
1,eq 2,eq |

Yz,eq
<Y2 -V Y. ) — (0115227)
1,eq

le -

(at - piHapi)fi(pi» t) = é)a,SM—))(i,SM(pi: t) +é)(i,Xi—>SM,SM(pi:t)+Zj¢i é)(i,xj—)SM,SM(pi; t) + éXi:Xi—’Xj:Xj(pi’ t) + -

Elastic séattering

» Process to restore equilibrium distribution is inefficient

Annihilations

Co—annihilations

Conversions & self sc.



A=x1: B=xo my, >m,,

2-particle freeze-out:

Coupled Boltzmann equation:

dv, 1 ds| l1-2 h, L2
= 3 (o v (Vi — Y12,eq) +(o10) (V1 Y2 — Yl,eqYZ,eq) T S <Y1 IR YZ,:Z s 2~ N
dy, 1 ds| [io2 Yieq I
= 3T (azzv)(YZZ — Yzz,eq) + (o12v)(V1 Y, — Yl,eqYZ,eq) T g (Yl IR Y2 eq * s 2~ N

Yz,eq
) + (0115227)

Yl,eq

Yl,eq

Y.
Zeq) - (011—>2277)

Y12 -

(2
(

(at - piHapi)fi(pi» t) = é)(i,SM—v(i,SM(pi: t) +é)(i,Xi—>SM,SM(pi:t)+Zj¢i éxi,xj—)SM,SM(pi; t) + éXi:Xi—’Xj:Xj(pi’ t) + -

Elastic séattering Annihilations

full Boltzmann equation (fBE) must be solved when:

» Process to restore equilibrium distribution is inefficient
« Strongly momentum dependent/ selective processes

Co—annihilations

Conversions & self sc.




1. A DM interpretation of the extended Galactic gamma-ray
excess from Fermi-LAT ro_9m s N I 7s
— axy’x—i =afy>f
2 feSM 2
2. Dirac DM (y) with interaction mediated by a

, With couplings to SM particles proportional to
Yukawa couplings per Minimal Flavour Violation ( ) 6.0f T

3. Direct detection rates by square of the nuclear
recoil energy

»
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mDM [GEV]
Boehm et al 2014

hep-ph: 1612.05687



1. A DM interpretation of the extended Galactic gamma-ray
excess from Fermi-LAT

2. Dirac DM (y) with interaction mediated by a

, With couplings to SM particles proportional to

Yukawa couplings per Minimal Flavour Violation | )

3. Direct detection rates

by square of the nuclear

recoil energy

scattering rates
‘crossing symmetry” between annihilation and
scattering is broken = DM distribution can veer away
from equilibrium shape

|||||||||||||||||||||||||||||||||

-—-
- -
-

-

20 25 30 35 40 45 50
mDM [GEV]
Boehm et al 2014

hep-ph: 1612.05687



2-component

. A DM interpretation of the extended Galactic gamma-ray
excess from Fermi-LAT

. Dirac fermions (x4, x») with interaction mediated by @
(a), with couplings to SM particles proportional
to Yukawa couplings per Minimal Flavour Violation ( )

. Direct detection rates by square of the nuclear
recoil energy

scattering rates
« ‘“crossing symmetry” between annihilation and
scattering is broken = DM distribution can veer away
from equilibrium shape

LD —ila )?1)’5)(1 —ilya )?2)/5)(2 — iy Z Yf afySf
fesM



2-component

. A DM interpretation of the extended Galactic gamma-ray
excess from Fermi-LAT

. Dirac fermions (x4, x») with interaction mediated by @
(a), with couplings to SM particles proportional
to Yukawa couplings per Minimal Flavour Violation ( )

. Direct detection rates by square of the nuclear
recoil energy

scattering rates Solve full coupled Boltzmann
. ‘“crossing symmetry” between annihilation and equation fo investigate all the
scattering is broken = DM distribution can veer away effects of conversions, annihilations
from equilibrium shape and scatterings.

LD —ila )?1)’5)(1 —ilya )?2)/5)(2 — iy Z Yf afySf
fesM



Coy Dark Matter: 2-component

A,B annihilation to SM conversion elastic scattering

AB SM A B AB AB
« Code to solve at Yield level:
AB SM A B SM SM
or

(at - piHapi)fi (pi: t) = C’;)(i,SM—>)(i,SM (pi» t) + C)(i,xieSM,SM (pi: t) + S“ éXi:Xi—’Xj:Xj (pi» t)

Elastic scattering Annihilations L#]

Conversions

MIiCrOMEGAs 6.0: N-component DM

« We develop a code to solve for this
multicomponent DM at phase space
level: extending the publicly
available code DRAKE

/

-

LD —ida j1v°x: — idaa X27° X2

\

—il, 2 yrafy®f
feSM /




Coy Dark Matter: 2-component

A,B annihilation to SM conversion elastic scattering

AB sM A B AB AB
+ Code to solve at Yield level:
AB o A : SM s mMicrOMEGASs 6.0: N-component DM
or

« We develop a code to solve for this
multicomponent DM at phase space
level: extending the publicly
available code DRAKE

(at - piHapi)fi (pi» t) = C’;)(i,SM—v(i,SM (pi» t) + C)(i,)(i—>SM,SM (pi: t) + S“ éXi:Xi—’Xj:Xj (pi» t)

Elastic scattering Annihilations [#]
Conversions
Collision operators:
Cetlfoml = f dIl |M|12)M,SM—>DM,SM ( feq (p3) — fDM;A,B(pZ)feq (P4)) 4 N\
LD —ida j1v°x: — idaa X27° X2
Cannlfom] = j dIL M|}y py—sm.sm ( foman P2) — foq(P3)feq (P4))
—iA 2 yrafyf
y f
Ceonvlfom] = ] dIl M3 a-p 5 ( foma ®2) — Foms®P3)fome(P4)) \_ fesm Y,




Coy Dark Matter: 2-component

Indirect Detection:

10°22 I I E—

¢
| ) ||,u|f|

1 0—24

10° 10! 102

GeV
my,[GeV] SC et al

47

Scanresults:m,, <m, ,m, = 1GeV

Sum of x4, x, relic densities reproduces
observed Qh? = 0.12 + 0.012

Indirect detection constraint on y,
which is the dominant relic

Red--m,, < %z a decays dominantly to
SM

Green-- m,, > =% a decays dominantly
to DM

Shown is the 20 preferred region to

explain the Galactic Centre excess
(Boehm et al 2014)

MEFV pseudoscalar cnstraints from Dolan et al 1412.5174



Coy Dark Matter: 2-component

Indirect Detection:

1 0-22

1 0-24 =

10

SCetal

50

48

Scanresults:m,, <m, ,m, = 1GeV

Sum of y4, x, relic densities reproduces
observed Qh? = 0.12 + 0.012

Indirect detection constraint on y,
which is the dominant relic

Red--m,, < %: a decays dominantly to
SM

Green-- m,, > =% a decays dominantly
to DM

Shown is the 20 preferred region to

explain the Galactic Centre excess
(Boehm et al 2014)

Bounds on pseudoscalar a from flavor
factories and fixed-target experiments

(MFV interaction with SM) (Dolan et ol
1412.5174)



2-component Coy Dark Maftter: Near-resonant BM

10 50 100

x=m1/T
2m, \*
m, = 1.86 GeV 5, = < X1> 0960
My, =167GeV [ my
mg = 3.31 GeV Zsz 2
A1 =0.0067,2, = 0.11,4,, = 0.17 Oy = < - > —1=10.019
a
YlnBE YZnBE
=1.02,—=z=0.71
YlfBE YZfBE

NBE: (Qh%), = 0.092, (Qh%), = 0.035

=

— X1

— X2

10

Rates:

1000 -
100+

10

0.100 -

0.010;

0.001 -

{X1,X1->SM,SM}
{X2:X2—>SM,SM}
§ - - {X1:X1=>X2:Xz2}
; {X2:X2=>X1,X1}
,,,,,,,, vl {x;,SM->x,,SM}
1o y2r {(x0,SM=->x2,5M}




2-component Coy Dark Maftter: Near-resonant BM

| — fy, fromfBE z

0.06

= 0.04
0.02 /\
0.00 -
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| — fy, from fBE

f 2,eq (TSM )
f2,eq(Ty,)

50

x =mppm/Tsm
(m2 —m3)1/? ~ 0.8 GeV



P2 fyy ()
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2-component Coy Dark Maftter: Near-resonant BM

¥=11.

i — fy, from{BE
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x =mppm/Tsm
(m2 —m3)1/? ~ 0.8 GeV



P? fyy ()
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2-component Coy Dark Maftter: Near-resonant BM
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2-component Coy Dark Matter: Near-resonant BM

With conversions:

10

2
nBE: (Qh?); = 0.092, (Qh?), = 0.035

X2

1072 3
1076 £
1077 £
1078 £
1079 £
10 50 100
x=m1/T
100 -
50 -
- — Xi
10+ ]
N f—
| /
r NnBE NnBE
/ n 1022 o7
1 ) fBE ' fBE ’
Y; Y.

1073 3

10-10 :

10-11}

10+

10-6 3

1077 3

1079 3

_ Ny
i = ?r
. . mqT;
Without conversions: Vi= 5
o 1 — x; -1BE
xo» - IBE
----- X1 - nBE
X2 - NBE
T | T s 100
x=m1/T
__ — Xi
X2
YlnBE YZ‘H,BE
=1.09,2%—=1.19
- . . YlfBE YszE
NBE: (Qh%), = 59.2 (Qh?), = 0.01




2-component Coy Dark Matter: Near-resonant BM

With conversions:

nBE: (Qh?); = 0.092, (Qh?), = 0.035

X2

1073 E
10°% 3
1077 3
10-8 3
10-° 3
10 50 100
x=m1/T
100 -
50f
= — Xi
10 E
C f"
| /
10 , YfBE = 1.02, YfBE
10 1 2

Without conversions:

1073 3

10-10 -

10-11}

10+

10-6 3

1077 3

1079 3

_ 1y
i = ?;
myT;
Vi = 52/3
— xy - fBE
xo» - IBE
----- X1 - nBE
X2 - nBE
| Xi
X2

\\\%‘“—“ _
I1IIJ | | | 5IIJ I1l£llJ
x=m1/T
YlnBE YZ‘H,BE
L . . FBE = 109,@ =
10 Y] Y;
NBE: (Qh?%), = 59.2 (Qh2), = 0.01




2-component Coy Dark Matter: Near-resonant BM

With conversions:

10710

100 -

10+

1073 E
10°% 3

1077 3

10-8 3

10-° 3

50

— x; - fBE
xp -fBE >
----- X1 - nBl
X2 - nBl
\\_—_—_
IIICI SII] | I1CIIO
x=m1iT
— Xi
y Conversions +
: Resonant annihilation
/ YlnBE YnBE
= 1.02,
L fBE fBE
o Y, )&
nBE: (Qh?), = 0.092 (Qh?), = 0.035

n.
=,
. . mqT;
Without conversions: Vi= 5
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0 | | Ts0 100
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10j P g _
5l ]
> | — Xxi
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| . . = 1.09,—= @
o v/ P* 'v/PE ‘
NBE: (th)1 = 59.2 (QhZ)Z = 0.01




The sector containing DM can in general be richly populated with multiple particles.

The canonical picture of a single WIMP falling out of equilibrium with the SM plasma (freeze-out) is
then an approximation to the full picture: typically a good approximation, but nof always.

For the parameter spaces where this separation of particles cannot be made, the coupled
Boltzmann equation for all particles and processes relevant to the DM freeze-out must be solved.

Additionally, if the kinetic equilibrium of DM with SM cannot be guaranteed, a precise
determination of the relic abundance requires for a solution of the at
the phase-space level. These effects would be larger still for momentum dependent DM
interactions.
With a Coy DM model--featuring DM-SM scattering:

« O(10)% deviation in relic densities of either particle is frequently observed

« For specific points with strong resonance-effects, O(10) deviation is observed

between the relic densities obtained from solutions of full Boltzmann equation at

phase space level to the (integrated Boltzmann) equation in Yield.

A to solve the two-component DM for precision
CO'CU'OT]OH (to be included in a future version of the publicly available code )
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2-component Coy Dark Matter: Near-resonant

w/0O conversions
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2-component Coy Dark Matter: Resonant case

il | ]
10 . 1 v, = n; y, = myT;
= S 'L T S2/3
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{1 — xo -fBE = 5l 1 —
107°F 1 mmman X1 — nBE .

----- X2 - nBE
10~ L
10 20 50 100 I 1Ill I 2IIJ I I 5I0 I o 1IZIIO
x=m1/T x=m1/T

e 35 e
fual Ty, w0 /\ o talTy)
mX1 = 26.6GeV . feal T5m) nm‘; 0 0 30 w® . feal T5m)
m,, = 19.54GeV s "
mg = 43.34GeV g 0% xee
A =04,1, =0.28,1, = 0.16 & t}:_p\
008 -
umﬂ 0 n a 40
Resonant annihilation of y, azs ’
YlnBE YZnBE 3 030 x=Bl,
015
7BE = 0.975,~5F = 0.058 Zoo
0,00 e . —
o 0 w0 o A0

1 2
NBE: (Qh2), = 0.05, (Qh%), = 0.06



2-component Coy Dark Matter: Resonant case

With conversions:
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10 20 50
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2-component Coy Dark Matter: Resonant case

With conversions:
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2-component Coy Dark Maftter: Results phase space solutions
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2-component Coy Dark Maftter: Results phase space solutions

With conversions:
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Coy Dark Matter: 2-component
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