W NATIONAL SCIENCE CENTRE
‘ PPPPPP

FREEZE-IN & FREEZE-OUT PRODUCTION
OF TWO-COMPONENT DARK SECTORS

AT THE PHASE SPACE LEVEL

Andrzej Hryczuk
A
K3 NCBJ

Based on:
work (in progress) with S. Chatterjee

+ some earlier works with T. Binder, T. Bringmann, M. Gustafsson, M. Laletin

NYU@Abu Dhabi

| 4th January 2026



MOTIVATION & OBJECTIVES

A (step in a) program of describing
Dark Matter production

In systems

departing from local thermal equilibrium |

Implementation of
freeze-in production
& two-component

systems in DRAKE2£&

' Study of a two concrete |
. theories with detectable
DM & non-trivial |
| departures from LTE |




FREEZE-IN vs. FREEZE-OUT

Freeze-in is in a sense the 'opposite’ of freeze-out
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Visible Sector

FREEZE-OUT

Dark Sector

expansion

I. Natural

Comes out automatically from the
expansion of the Universe

Naturally leads to cold DM

I1. Predictive

No dependence on initial conditions
Fixes coupling(s) =>signal in DD, ID & LHC

I1I. It is not optional
Overabundance constraint

To avoid it one needs quite significant
deviations from standard cosmology



Visible Sector

FREEZE-IN

Dark Sector

Free expansion

time

end of inflation

/'eheating

Thermal bath at
T 2 mpy
product,b

Thermal bath at
T < mpy

T >> my

UV freeze-in

~empty

Dark Sector:
DM, ...

i IR freeze-in

Dark Sector:
DM, ...

Freeze-in = the above mechanism 1}
through renormalizable operators |

Freeze-in defined like this
is a (very) old idea:

this is a standard production
mechanism for e.g. sterile
neutrino, gravitino, axino,...

however, old works
focused on what now
people call UV freeze-in

i.e. dominated by non-renormalizable
operators and dependent on Ty

(IR freeze-in)




THERMAL RELIC DENSITY
STANDARD APPROACH

Boltzmann equation for fy(p):
*assumptions for using Boltzmann eq:

E (at — Hﬁ Vﬁ) fX — C[fx] classical limit, molecular chaos,...

integrate over p 3
(i.e. take Ot moment) |

dn

dt

L e & €q
| BHW/X — _<O-X)Z—>’ij0-rel> K (nxn)_( o nan)_( )

for a process of < SM SM Q

i

. increasing<0?)> :

Critical assumption: Eer N v q
i kinetic equilibrium at chemical decoupling £ v
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x=m/T time —»
Fig.: Jungman, Kamionkowski & Griest, PR'9¢
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WHAT GOES INTO C IN GENERAL?

For now assume a minimal theory of SM + one DM field

# changing processes = number density

| DM particle

stability

2 DM particles

DM SM

DM SW’

often the only one
being considered

annihilation

3 DM particles

semi-annihilation

4+ DM particles

cannibalization

# conserving processes = energy density

often assumed to be "0”

DM DM

SM SW’

elastic scattering

self scattering




FREEZE-OUT VS. DECOUPLING

annihilation (elastic) scattering
X Cmssmgsym X
Z ‘Mpalr _ pl anpl p2 _ Z ‘Mscatt‘ k k/,p , _p
spins spins

Boltzmann suppression of DM vs.SM  —>  scatterings typically more frequent

dark matter frozen-out but typically
still kinetically coupled to the plasma

7e(Tkd) = Neon/Tel ~ H™H(Tikq)

Two consequences:

1. During freeze-out (chemical decoupling) typically: f, ~ a(u) I

2. If kinetic decoupling much, much later: possible impact on the matter power spectrum
i.e. kinetic decoupling can have observable consequences and affect e.g. missing satellites problem



DEPARTURE FROM KINETIC EQUILIBRIUM?

A necessary and sufficient condition: scatterings weaker than annihilation
i.e. rates around freeze-out: H ~ 'y 2 [

Possibilities:
DM
A) e.g., resonant annihilation
DM

B) Boltzmann suppression of SM as strong as for DM
e.g., below threshold annihilation (forbidden-like DM)

C) Scatterings and annihilation have different structure

e.g., semi-annihilation, 3 to 2 models,...

Multi-component dark sectors

e.g., additional sources of DM from late decays, ...




HOW TO GO BEYOND KINETIC EQUILIBRIUM?

All information is in the full BE:

E (0, — Hp Vy) fx =Clfy]
| contains both scatterings and
annihilations

both about chemical ("normalization”) and
kinetic (’shape”) equilibrium/decoupling

S 2 < . SR g 2 - g g = . 2 T = - 2 ==

Two possible approaches:

 § ’ .
. * 0-th moment: 7,
V' 4 ‘. .

é(/', \‘Q%\ 2-nd moment: T},
) .

p 2}

4 s

] ’ e

i p

; solve numerically consider system of equations

for full fx(») for moments of fx(»)

numerically challenging finite range of validity

often an overkill no insight on the distribution



PUBLIC TOOL! Binder, Bringmann, Gustafsson,AH 2103.01944
GOING BEYOND THE STANDARD APPROACH

Applications:
e Home
e Downloads . .
« Contact DM relic density for

any (user defined) model™

Dark matter Relic Abundance beyond Kinetic Equilibrium )
Interplay between chemical and

kinetic decoupling

Authors: Tobias Binder, Torsten Bringmann, Michael Gustafsson and Andrzej Hryczuk

DRAKE is a numerical precision tool for predicting the dark matter relic abundance also in situations where the
standard assumption of kinetic equilibrium during the freeze-out process may not be satisfied. The code comes
with a set of three dedicated Boltzmann equation solvers that implement, respectively, the traditionally adopted
equation for the dark matter number density, fluid-like equations that couple the evolution of number density and
velocity dispersion, and a full numerical evolution of the phase-space distribution. The code is written in Wolfram

Language and includes a Mathematica notebook example program, a template script for terminal usage with the 111
free Wolfram Engine, as well as several concrete example models. Predlctlon fOI" the D M
DRAKE is a free software licensed under GPLS3. Phase space distribution

If you use DRAKE for your scientific publications, please cite

o DRAKE: Dark matter Relic Abundance beyond Kinetic Equilibrium,
Tobias Binder, Torsten Bringmann, Michael Gustafsson and Andrzej Hryczuk, [arXiv:2103.01944]

. | N Late kinetic decoupling
Currently, an user guide can be found in the Appendix A of this reference. .
Please cite also quoted other works applying for specific cases. and Im pact on cosmology

v1.0 « Click here to download DRAKE see e.g., 1202.5456

Marons, 2021 https:/ /drake.hepforge.org

(only) prerequisite:
Wolfram Language (or Mathematica)

*at the moment for a single DM species and w/o
co-annihlations... but stay tuned for extensions! 11


https://drake.hepforge.org

RAKE2Z&

New features:

Two-component dark sectors
(also with potentially unstable states)

Freeze-out & Freeze-in

Automatic model generation
[linking to FeynRules etc.]

*hopefully... but already essentially available for sharing, just talk or DM me

coming this winter*...

Improvements:

Increased efficiency
[e.g. more extended use of
compiled functions, parallelisation,
matrix formulation]

Updated user interface

12



AUTOMATIC MODEL GENERATION
When you have a .mod file, e.g. from FeynRules, then you need only...

o @® i#| Untitled-6.nb 100%

:m v m v llnput V‘ | E] Il";l] P;ml] g @] (s00) () f{r j (,/O D @ O\

(*****************************************************************)
InitModel[ModFile]

(*****************************************************************)

loading generic model file /Users/andrzejhryczuk/Library/Mathematica/Applications/FeynCalc/FeynArts/Models/Lorentz.gen
> $GenericMixing is OFF

generic model {Lorentz} initialized

loading classes model file /Users/andrzejhryczuk/Desktop/DRAKE-v1.6/FeynRules/Models/Sf/Sf/Sf.mod .MoO d ﬁ I e Oou tP u t
> 5 particles (incl. antiparticles) in 4 classes

> $CounterTerms are ON

> 6 vertices

classes model {/Users/andrzejhryczuk/Desktop/DRAKE-v1.6/models/../FeynRules/Models/Sf/Sf/Sf} initialized
SO0) mh {} h

S(1) ms {} s

FO) mf {} f

F(1) mc {} chi

(Fkdkdkdkdkhkkkkhkkkkkkkkkkkkkkk kR kR hkkkkkkkkkkkkkkkkkkkkkkkkkkk k)
(x {FeynCalc symbol, mass parameter, spin, em.charge, own antiparticle, name, 1in dark sector?} =«)
DrakeParticles["All"] = {
(» DS particles (for which f(p) 1is traced x)
{S[1], ms, O, 0, True, "sS", 1},
{F[1], mc i1/2, 0, True, "chi", 1}
(* SM’par’t'icles ’& e:qU'il‘il:)r'ium D’S p;rt'icles *) User tranélated to
{S[0], mh, O, |0, True, "h", 0¥, DRAKE?2 Input format
{F[6], mf, 1/2, 1, False, "f", 0}
}s

(» list of the parameters of the model: masses as 1in the list above + couplings etc. x)
ModelParameters = {ms, mc, mf, lhs, ls, lhc, lsc};

(*****************************************************************)



EXAMPLE:
RUN EXAMPLE NOTEBOOK

(Toy model of 2 real scalars coupled to the Higgs)

h



EXAMPLE:
RUN EXAMPLE NOTEBOOK

Bey@ .y [pe

I_I\(]Illrll(: \Ir<Cav"vuy)

In[13]:= Clear [p];

Evaluate[Table[p[i], {i, Length[paramlist]}]] = {

(*"msl:"
<*llm32:ll
(x"lhsl=
(x"lhs2=
(*”112:”
0.

}s
in[ ] RUNnRBE[]]

/[ = RUNFBE[]

In[ ]:= Manipulate[fplot[i], {i, 1, Length[tf], 1}]

) 200,

8] (o0 (emn)

IF & A

(/,’)

example.nb

100% v

—




RAKE2&

UNDER THE HOOD

In its essence; DRAKE

Compiled into C (as much as possible)
Parallelisation of rate computations

Vectorisation

e.g.Annihilation matrix:

_ g i i i i i
(AM;); g = (27T2X)xﬁdeQ?§ dg Wi (0*)*(ovmea (D), P,

e.g. Conversion matrix:

(Axy )ikg = @ﬁ:ljﬂicklj (Ex: [Pxs Dz )

< BE solvers

+ Ul

Mathematica (or WL script) W/ full benefits
Pre-tabulation of rates

User friendly workflow
Functions for all physical quantities
Easily adjustable settings

Modularity & easy modding



EXAMPLE A:
EFFECT OF CONVERSION PROCESSES

17



WHAT GOES INTO C IN GENERAL?

For now assume a minimal theory of SM + one DM field

# changing processes = number density

| DM particle

stability

2 DM particles

DM SM

DM Sw’

annihilation

3 DM particles

semi-annihilation

4+ DM particles

cannibalization

# conserving processes = energy density

DM DM

SM S\Ww’

elastic scattering

self scattering




WHAT IF A NON-MINIMAL SCENARIO?

A,B — two different dark sector states (at least one needs to be stable)

(co-)annihilation conversion elastic scattering decay

A,B SM A,B A,B

SM SM

A,B

inelastic scattering self scattering

A,B B,A A,B A,B

A,B A,B cannibal

SM S\wr’

semi-annihilation/semi-conversion

A A

+ processes involving even more particles,e.g.2 < 4...

A B, SM

Note: some of these processes affect not only # density, but also
strongly modify the energy distribution of DM particles!

19



RESULTS: THE MODEL

Let’s take one of the simplest two-component DM models:

Parametrically:

DS ~ ~ A2)2
a Ol1osm ™~ O1sM—15M ~ 4 /1
2 Dirac fermions pseudo-scalar mediator SM 022 sy~ GZSM T /12/12
— —
A1 X2 5
011522 ~ A4
L, = A a 70 —id L a Fd
it = T 2 Wi 4 A Zl—lﬂyTleJ/f J
i=1,2 coupled directly to SM :‘ R S saostonn
fermions in a MFV way
e Mn . T /11 =~ Clll Keeps everything fixed,
New fields: X112, d New params: oo | /12 — C /12 except conversions _}
Ho Ar 4y Ao A |

Main motivation (for models in the literature with pseudo-scalar mediator):

Evasion of the direct detection bounds... while giving strong signal in
indirect detection, in particular for explaining the Galactic Centre excess
(see e.g.,,Coy DM”) |
“C.Boehm et al. 14016485, 20



https://arxiv.org/abs/1401.6485

p’ f1(p)
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p/T

Figure 1: Time snapshots of the evolution of the normalised momentum distributions for xi
(left) and xg (right) in p/T, for the benchmark point showcasing the interplay of conversions
and resonant annihilations with early kinetic decoupling. The solid lines show the particle
distribution functions f,,; while the dotted lines show the corresponding equilibrium distribu-

tions.




Qh*

RESULTS CONVERSION IMPACT

Var'ying: /11 - C/II /12 — 6’12 /1 — /1 /C Only conversions change!

gwWeak conversions strong conversions,,

T 10.
E 4.0
E 1.6 total relic abundance
; 0.63
0.25 o
<
g
....................... .. only number density (nBE) — as in micrOMEGAs
1072
————— phase space calculation (fBE)
M
= ]
o7 - Weak conversions lead |
= | to larger discrepancy

' between nBE and fBE
‘ calculations!

This region for GCE disappears! T cmaad
cf. Kamada et al.2111.06808 22




Y;

weaker conversions = less depletion of y; = around
= larger distortion of thermal shape

10-°
10-¢
10”7
1078
10-°
10-10
10—11
10—12
10—13
10—14
10—15

10—16

RESULTS: CONVERSION IMPACT

X weak conversions
10% x A, \

'
0.28 0.67 1.00 1.20 1.60 2.50 4.0%I

10

x=my/T

strong conversfons 100

p*f(p)au.]

0.10[

0.08

p*f(p)au.]

P —— 0.00

p|GeV]

0.25 ————

freeze-out more y, in the plasma

0.20 -

0.10 -

i 0.05

/ A, =0.033 -

weakening conversions -

10

15 20 25 30
p|GeV]

Conversions are ubiquitous in multicomponent models... but not the only processes

affecting the distributions:

decays of heavier to lighter dark sector states

inelastic scatterings

semi-annihilations

cannibal (3 « 2)

bits useful for next m K Eﬂ release

35

23



EXAMPLE B:
(SEQUENTIAL) FREEZE-IN

24



WHAT IS SEQUENTIAL FREEZE-IN?

Visible Sector Dark Sector

end of inflation ‘

/'eheating

Thermal bath at
T 2 mpy r

. %
.........,,_.,._“'_C/‘eeze(.sl/a/)

]

Suppression by two weak
processes = respective
couplings need to be larger
than in direct freeze-in

~empty

" Dark Sector

(typically e
mediator...) Hambye et al. 1908.09864
Belanger et al. 2005.06294
=
o
X Dark Matter: ...but can also be a
o OI2bccc secluded dark sector
L
v v l
(typically)
decay away
Thermal bath at Dark Matter:
T < mpy DM, ...

time 25



A TALE OF TWO SCALARS

Postulate two new scalars (singlets w.r.t SM gauge group):

S Zz-symmetric stable dark matter feeble int. with SM
N
‘ ¢ \X2 explicitly broken  unstable "mediator” feeble int. with SM
DS SM
Higgs portal

S+ ¢

p P I
Vo —ApHH — %gszTH _ %hSzHTH 1 syS?

”med‘i-atOr-Hig‘gs“ " DM- Higgé "V”H:

mediator-Higgs mixing

Such models are not unheard of. Most similar in the literature: Ay < /1h¢v2)
1 - 26

o
...; Wang, Han ' 4; Claude, Godfrey 21 ... T o om




mediator freeze-in:

~ g

Indirect detection through a cascade decay (iff 1723 > m1,):

A TALE OF TWO SCALARS

DM freeze-in:
h...’ S

(often kinematically closed)

~ /lSh

sequential freeze-in:
¢ S
>< ~ Asp
1) S

Typical hierarchy:

27



TVSS ) [cm3 /3]

SCAN RESULTS: ID AND FORWARD PHYSICS

Points giving good fit to GCE

Points within (optimistic)

1024 ——————
] 5 < I
10726 o, . 2 B
E xxx&%ix ® s
* L S
10728 -
3 Qh? = 0.12 + 3% + MATHUSLA
- Qh? =012+ 3% + xge < 1
L e QR2=0.12+3%
=30 [ Lol le 1111 D
10 . 5 ; S
10 10 10 -
n
mg [GeV]

All points satisfy relic density constraint

Scan driven towards regions that are
covered by any of the experiments

reach of CTA

within reach of

MATHUSLA \ \
1072

E T I T T T I T T T T T T I T [IE!

E I 3

- ‘ LHCb+E949+CHAR " o QR*\=0.124+ 3% + CTA ]

g : QR A0.12:£3% + x50 < 1.

1074 ¢ : = QR = 3

AR 1o :

AN Nt :

6: 1 1 I: i

107° - T E

E “ h .0. ‘ , ]

“ J _____ 1 1y de 4

1% __|o_l 3

1o-o: N é

10190 ¥ia .

10-12C V SHIP 5 o

10—14% *¢ . : 3

% .‘: o838 ¢ %

0% L. : b

% e : \.n‘t é

—18: » .’. 4

e SO

—20§ [ O Y T B I | \.\\HH o fe0 982 3
10 10" 1 10 50

mg [GeV]
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A SECOND LOOK ON QAh?

The relic density was the main constraint of the scan. It was obtained by

solving the Boltzmann equation for number densities of ¢ and S (nBE)
(as e.g. micrOMEGAs or DarkSUSY would)

But wait... isn’t relic abundance (freeze-in or freeze-out) dependent on the 7T of

the thermal bath it is produced from!?

n

Which temperature is relevant for sequential freeze-in: 7, or 7?2
|

Direct (usual) Sequential
-i Freeze-in .
Thermalbathae Dark Sector | Frec i Dark Matter:
L (typically DM, ...
~ DM mediator...)

...0OK, so it looks like we need to trace T¢ as well!

29



THIS IS REMINISCENT OF...

AH, Laletin 2104.05684
(see also Bringmann et al. 2103.16572)

Consider process of production that is the inverse of semi-annihilation:

xXP = xx

/\

mediator or a SM state

What is different!?

(from the decay/annihilation freeze-in)

The production rate is proportional to the
DM density. (Smaller initial abundance —
larger cross section...)

Semi-production modifies the energy of DM
particles in a non-trivial way, so the
temperature evolution can affect the relic
density

QOh? =0.12

10—21

1024

: _ —27 3
OVyyerys = 1.1-107"em? /s

10727 | OVxxergs = 08 10~ %em? /s

10—30 PRETTI R A R AT BRI AT S RRET] RS R TT] B RATS W U T MR AW N TT] R 111‘1
10'6 10'5 10* 10" 102 107" 10° 10" 102
r=m,/T

30



SYSTEM OF CBE FOR Y; AND 1;

This we obtain through equations for the Oth and 2nd moment of the BE:

my 1y

—2—= is a parameter that describes
$2/3

Y;;/ my 0 where Yy =

: , _ g d°p p?
Y, m; Y/ H <p4/E;:3> the ’temperature T, = ﬁ 2n)? ffx(p)

i + —=
Yi cH Yo «H 31;

|
[
l
3
|
K

contains all scatterings and

The collision term is also given by its moments: production/annihilation processes
'4
oo = 9 / d’p U c2— 9 / d°p p° ol
T omgng ) (2m)3E; Y o 3minT; | (2m)3E; E;

Implementation of such capability [together with fBE system, giving also evolution of the f(p)]
is a part of update in the new version of m K EZ&

31



TVSS ) [cm3 /3]

BENCHMARKS

1 0—24 e ‘ T 1 0_2 % ‘I T I T T T T I T T T T T T I T \?
E . ' LHCb+E949+CHARM L QR?=0.124+3% + CTA ]
n g h O =01243% + X4 < 1. 7
: 10-4:C : IT Qb7 =012+ 3% .
= (] =
C . 15 ]
3 = ' 3
- 1076 =~ : o E
10726, x 107° = :
| x x X % xx X -10 % %
I g o . < 10 g 3eocte o e
3 - x = = uPr, =
- ' oq0-12L SHiP R AR
L ; ° K o o, x 6 '] :
bmO E . ° gt
10728 * : 1074 : it s IE % O 3
. % . . . o b .: . 1 . i. ¢ %
[ & ’ brpo . RTIY  At 4 R
10_16 g P * Tl ’a' E
L E > o . ° ° . P g iy @ .t ;
- x  OQh?=0.124 3% + MATHUSLA s g i . e T 3
. QR =01243% +x %0 <1 10-18 L . . . ]
L E % “q .l.
2= L ofa’ige * *
: Qh? = 0.12 £ 3% 3 . . . 58 . %
1030 ““‘1 “““2 ““‘3 10-20° L L F 111l tas (00 98 °
10 10 10 10-1 1 10 50
mg [G6V] me [GGV]
Name | m, | mg 0 Ah s Asé Qe | (Qh*)epe | change[%] | description
BMO 235 | 70.4 1.09x 1078 1.67x107%% | 598x107'! | 0.00298 | 0.113 0.110 -1.96 direct FI
BM1 1.09 | 438. 1.24x 107 3.56x107! | 3.72x10™2 | 0.155 0.124 0.0205 -83.5 seq. Fl/dark FO + MATHUSLA
BM2 53.0 | 76.1 1.87x1071° | 3.51x10”’ 1.96x1071 | 0.104 0.115 0.0199 -82.7 dark FO + best GCE fit
BM3 466 | 586. 4.15x107° 8.62x1071 | 432x10" | 0.00603 | 0.0971 0.000883 -99.1 seq. FI
BM4 63.0 | 494. 2.34x107° 1.08x107" | 2.70x10°® 0.344 0.0902 0.0503 -44.2 dark FO/co-decay + CTA
BM5 1.52 | 17.2 1.62x107° 1.30x10° | 4.46x107° 0.00823 | 0.110 0.0555 -49.5 co-decay + MATHUSLA
BM6 | 532 | 1.69x10° | 233x107 | 514x10®° | 1.16x107 | 1.01 0.119 0.0571 -51.9 dark FO + CTA 32




T;/Tsm

Free

BENCHMARKS

Name

" BM1

my

0.155 | 0.124

(Qh2)nBE

0.0205

(th)cBE

=196
835

change [%] | description
R 'drctFI -

eq. Idrk ‘ LA

S i

BM2 53.0 | 76.1 1.87x107° | 3.51x1077 1.96x107 | 0.104 0.115 0.0199 ~82.7 dark FO + best GCE fit
BM3 466 | 586. 4.15x107 8.62x107M | 4.32x107%° | 0.00603 | 0.0971 0.000883 | -99.1 seq. FI
BM4 63.0 | 494. 2.34x10°° 1.08x107 | 2.70x107® 0.344 0.0902 0.0503 -44.2 dark FO/co-decay + CTA
BM5 1.52 | 17.2 1.62x107 1.30x107° 4.46 x107° 0.00823 | 0.110 0.0555 -49.5 co-decay + MATHUSLA
BM6 53.2 | 1.69x10° | 2.33x107 5.14x1078 1.16 x 1077 1.01 0.119 0.0571 -51.9 dark FO + CTA
zg = mg/Tgm
101 10° 10' 102 103
%\HH\ T \\\\H\ T \\\\H\ T \\HH\ \'_.\\\\H\ T T T 171717 ) [}
107 Simple point to keep
10" ¢ 4 . . .
e S in mind as a baseline
101 S — ] )’|e|d
102 B (abundance)

1073
10~
10-5

102
10°
10°
10"
1072

1073

10~

i

107"

10°

T = m(A/TQNI

10' 102

7
scaling aft\er departure from LTE

S

temperatures
to the SM
plasma one

Ratio of S and ¢

Relatively small Ag,

means both S and ¢
evolve separately

In the end ¢ decays

Very mild cBE effect

33



BENCHMARKS

1074
1075
10'
10°

107"

T;/Tem

1072
1073

1074

T = Mn / Tan

i nBE :i
3 AL | | L | L E
E \\\ I T ™ T ™ 3
£ — E
= :
C Vonn il
Yy ]
—_ 1
: — Yo T i
= T~ =
B I
L | [ I 1
102 107" 10°

Name | my ms 0 Aho Ahs Asg (Qh?) e | (Qh*)pp | change[%] | description
BMO 235 | 70.4 1.09x10°® 167x 16 5.98x10° 111 0.00298 | 0.113 0.110 -1.96 dlrect Fi
” | . [ 124x10° | 356x10" | 372x10% | 0 15‘ 1 o124 'o T s s T [ seq. FI/dark FO + MATHUSLA |
BMZ2 | 53.0 | 761 | L87Tx1000 | 351x107 | 196x100 | 0.104 | 0.015 | 00189 | 827 | darkFO«+bestGCEfit |
BM3 466 | 586. 4.15x107 8.62x107M | 4.32x107%° | 0.00603 | 0.0971 0.000883 | -99.1 seq. FI
BM4 63.0 | 494. 2.34x10° | 1.08x107"° | 2.70x10° | 0.344 0.0902 0.0503 -44.2 dark FO/co-decay + CTA
BM5 1.52 | 17.2 1.62x107 1.30x107° 4.46 x107° 0.00823 | 0.110 0.0555 -49.5 co-decay + MATHUSLA
BM6 53.2 | 1.69x10® | 2.33x107’ 5.14x1078 1.16x1077 1.01 0.119 0.0571 -51.9 dark FO + CTA
s =ms/Tsu
10° 10' 103

Hierarchy of 4, , > A;¢ and mg > my,

means freeze-in is sequential, followed
by (mild) annihilation due to large 4y,

Large change due to cBE:
lower T, + large threshold from ¢ to §

suppresses sequential freeze-in!

This point lies within reach of
MATHUSLA, SHiP and FASER2



Yi/Yo

T:/Tsm

BENCHMARKS

Name | my | mg 0 Aho Ars Asg (Qh?) e | (Qh*)pp | change[%] | description
BMO 235 | 70.4 1.09x 1078 1.67x1072 | 598x107** | 0.00298 | 0.113 0.110 -1.96 direct FI
BM1 1.09 | 438. 1.24x107° 3.56x1071 | 3.72x10™*® | 0.155 0.124 0.0205 -83.5 seq. Fl/dark FO + MATHUSLA
1 BmM2 53.0 | 76.1 1.87x1071% | 3.51x107°f 1.96x1071! | 0.104 0.115 0.0199 -82.7 dark FO + best GCE fit
S . s o = ~ = o T e e = S = S ST S S S T e
BM3 466 | 586. 4.15x107 8.62x107M | 4.32x107%° | 0.00603 | 0.0971 0.000883 | -99.1 seq. FI
BM4 63.0 | 494. 2.34x107° 1.08x10™° | 2.70x10°° 0.344 0.0902 0.0503 -44.2 dark FO/co-decay + CTA
BM5 1.52 | 17.2 1.62x107 1.30x107° 4.46 x107° 0.00823 | 0.110 0.0555 -49.5 co-decay + MATHUSLA
BM6 53.2 | 1.69x10% | 2.33x10” 5.14x 1078 1.16x1077 1.01 0.119 0.0571 -51.9 dark FO + CTA
rg =mg/Tsm . .
10 109 1o° 107 10° Best fit point to the GCE found in the scan:
1011;\\\\\‘ T \\\\H‘ T \\\\H‘ T \\HH‘ T \\HH‘ T T T TTTT ;
10102 = '\E
10°: [ = = 10
107 - 5 E :
10° ¢
10°= = L
104% % E v
10°C E S 107
102 E gy
LS U0 N NS E B :
1078 = )
1028 T &0 E -8l L
25 He\q'(T’) [ R R L H 10 i .
0% 107" GCE analysis from
10" 1 7y Cholis et al.’22
100 -
101 Mostly dark freeze-out from a thermal bath
102 ] . ~
g E withTo~ T, < T
. ] S b SM
% \j
104 §
10-5:\\\\\\\\ Lol | | Lol \\\\\H:

107"

10°

10°

T =mMmau /TQM

102

103

change in Qh? due sooner freeze-out
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Yi/Yo

T;/Tsm

BENCHMARKS

1010
10°
108
107
108
10°
10*
103
102
10"
10°
10!
10"

102

LN T O AL A AL L AL LA UL L AT 1L L

400 - - - - e e e T T oo
107 E
10-2 Ll [ Ll
1071 10° 10’
.’L':m,ﬁ/TQI\/[
S — S

Name | mg | mg 9 Aho ArS Aso (Qh?)use | (Qh*)epp | change[%] | description

BMO 2.35 | 70.4 1.09x10® | 1.67x10 | 598x107 | 0.00298 | 0.113 0.110 -1.96 direct FI

BM1 1.09 | 438. 1.24x107° 3.56x1071 | 3.72x10™*® | 0.155 0.124 0.0205 -83.5 seq. Fl/dark FO + MATHUSLA
BM2 53.0 | 76.1 1.87x107%° | 3.51x10”’ 1.96x107'! | 0.104 0.115 0.0199 -82.7 dark FO + best GCE fit

BM3 466 | 586. 4.15x107 8.62x107M | 4.32x107%° | 0.00603 | 0.0971 0.000883 | -99.1 seq. FI

BM4 63.0 | 494. 2.34x10° | 1.08x107"° | 2.70x10° | 0.344 0.0902 0.0503 -44.2 dark FO/co-decay + CTA

BM5 | 152 | 17.2 1.62x10° | 1.30x10° | 4.46x10° | 0.00823 | 0.110 0.0555 | -49.5 co-decay + MATHUSLA |

Finally, a point within reach of CTA

Notice impact of & decay after EPWT:

(as my ~ my,/2 it lowers T,

this cooling suppresses ¢¢p — SS while

annihilation SS — ¢¢ can proceed
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BENCHMARKS: SUMMARY

Name | m, ms 0 Mo Ans Asg (Qh?) e | (Qh*)pe |fchange[%] (f description

BMO 235 | 70.4 1.09x 1078 1.67x10™2 | 598x107* | 0.00298 | 0.113 0.110 -1.96 direct FI

BM1 1.09 | 438. 1.24x 1075 3.56x1071 | 3.72x10™*® | 0.155 0.124 0.0205 -83.5 seq. Fl/dark FO + MATHUSLA
BM2 53.0 | 76.1 1.87x107% | 3.51x107' 1.96x107 | 0.104 0.115 0.0199 -82.7 dark FO + best GCE fit

BM3 466 | 586. 4.15%10° 8.62x1071 | 4.32x107% | 0.00603 | 0.0971 0.000883 |/ -99.1 seq. Fl

BM4 63.0 | 494. 2.34x107° 1.08x107"° | 2.70x10°° 0.344 0.0902 0.0503 -44.2 dark FO/co-decay + CTA
BM5 1.52 | 17.2 1.62x107° 1.30x107° 4.46x107° 0.00823 | 0.110 0.0555 -49.5 co-decay + MATHUSLA

BM6 53.2 | 1.69x10% | 2.33x10” 5.14x 1078 1.16x1077 1.01 0.119 0.0571 -51.9 dark FO + CTA

The model’s parameter space spans over various production modes:

- direct & sequential freeze-in
- dark freeze-out

- co-decaying
- (and mixtures of these)

Effect of performing calculation at cBE level: from ~ O(1%) to > 100
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OTHER EXAMPLES...

Sequential freeze-in thus adds to the list of scenarios where departure from LTE
needs to be considered:

Annihilation through a (narrow) resonance
Duch, Grzadkowski ’17; Binder, Bringmann, Gustafsson,A.H ’17; Abe "21;Ala-Mattinen et al /22

Sub-threshold (e.g. forbidden DM)

Binder, Bringmann, Gustafsson,A.H 2103.01944; Liu et al '23; Aboubrahim et al.’23

Semi-annihilation and production
Kamada et al.’8; Cai, Spray ’I8; Hektor, AH & Kannike ’19; AH & Laletin 2104.05684

Cannibal DM (freeze-out or freeze-in)
Herba et al ’18; Cervantes & AH 2407.12104; Bernal, Cervantes, Deka,AH 2506.09155

Sommerfeld enhanced annihilation
Feng et al ’10; Binder, Bringmann, Gustafsson,A.H 2103.01944

Two-component dark sectors (e.g. conversion-driven or co-decaying)
Beauchesne & Chiang 2401.03657; Chatterjee & AH 2502.08725

Freeze-out/freeze-in intermediate regime
Du et al.’22

SuperWIMP, WDM and Lyman-a limits

Decant et al.’22; AH & Laletin 2204.07078
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CONCLUSIONS

. Freeze-in in multicomponent dark sectors (like
sequential freeze-in) proceeds in a T—dependent way. T his
can alter the naive predictions by more than an order of
magnitude. This is another example of importance of non-

equilibration in dark matter production (as seen in some
freeze-out scenarios)

2 A simple two scalar model with feeble couplings to
SM can provide interesting phenomenology with cross
correlation of ID & forward physics experiments

3. In recent years a significant progress in refining

the relic density calculations in DMKEzgi

to include multicomponent case & freeze-in

\
T\»\ar\k yo\)
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OTHER EXAMPLES
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EXAMPLE D:
WHEN ADDITIONAL INFLUX OF DM ARRIVES

D) Multi-component dark sectors
Sudden injection of more DM particles
(e.g. from a decay or annihilation of other states)

- this can modify the annihilation rate (if still active)

- how does the thermalization due to elastic scatterings happen!
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comoving DM number density

| unstable long-lived state (decaying to DM)

expectation

o By o
o S - < - .o

DM from freeze-out




|) o | st component from thermal freeze-out

DM produced via: 2) DM annihilation has a threshold

\ 2nd component from a decay ¢p — jyy eg. xx — ff with m, < my

annihilate together
with themselves and
cold component

scatterings) o ‘\ particles will

o
‘ fBE (no self- ‘ some injected
o

energy redistribution
will allow more DM
particles to reach
energies over
annihilation threshold
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EXAMPLE EVOLUTION

AH, Laletin 2204.07078

)

DM produced via:

el
I

| st component from thermal freeze-out

2nd component from a decay ¢ — jy

2) DM annihilation has a threshold

e.g. y7 — ff with m, S ny

10—10 z

107"

10713

Y ~ number density

y ~ temperature

pzf(p) ~ momentum distribution

3
1 0 [ T T T T T T T T T T T T T T T ] T T T ‘ T T T T
- sub-thershold + 5 — XX 1 - sub-thershold + S — Xx -
| Mpm = 100 GeV 7 7
- ma = 108 GeV |
" mg = 400 GeV i
x=100
nBE |
no decay | ? i
g x=80 -
- = —
ey _
h x=60
0.05 — |
= X = _|
| ea. : o :
E x=34
' ' ' ' ' e 0 | | | | T R TR R R N | 0.00 | L | : : L
20 40 60 80 100 10 20 40 60 80 100 0 50 100 150 200
r=m,y/T x=my/T p[GeV]
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CBE vs. FBE

WHICH IS MORE ACCURATE?! A.H. & M. Laletin 2204.07078

, fficient -
They correspond to the opposite / VEery SHieien
limits of self-interaction strengths: \ inefficient - fBE

c 0 0. G Qh? =0.12+0.1
Which limit is closer to 107" - '
reality depends on the model, ;
but it seems that fBE is i s o e
: ack line gives the
typically more .accurate, unless N . | eenls el el
Se|f-Scattel’Ing IS tuned Up, e.g: S : E/ scattering Processes!
(being between
and )
107
difference of order _3‘\
O(10%) ,;
10:\ I Ll I Ll Ll I Ll
10-° 10> 104 1073 1072
coupling to the mediator; s
- I — 9y 45

governs self-scatterings


https://arxiv.org/abs/2204.07078

SEMI-ANNIHILATION
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DARK MATTER SEMI-ANNIHILATION
AND ITS SIMPLEST REALIZATION

DM is a thermal relic but with freeze-out governed
by the semi-annihilation process

Z3 complex scalar singlet:
P S8V = 3 P+ [HI* 4+ 3 1S+ 25 |S* 4+ Asn IS | HIP + E2(5% + 512)

just above the Higgs threshold semi-annihilation dominant!

semi-annihilation

-3 by itself does not
equilibrate DM

|

but rather leads to ) o
: . implications for
self-heating! » D l

Kamada et al. 1707.09238

very weak
elastic scatterings

see also Cai, Spray 1807.00832
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SEMI-ANNIHILATION
EXAMPLE EFFECT ON EARLY KD ON RELIC DENSITY

self-heating!

A. Hektor, AH and K. Kannike 1901.08074

20 __ | | | | | | | ..l | | | | | | T T __ 1 .2 L | | | | I | | | | I | | | | I | | | | H
"o [ . [ ]
bl B ]
3 - =] | -
= i — o [ ]
5 I 12t :
g-glo_ a \mll_— )\SH/lo------—;A
| _ m | |
9 - 4 >~ - effect on
Z: I ] - 11 relic density:
a L ] | Ao /2 { {up to O(~10%)
- 7 L R 4
[ 1 1~ 9Asu Asm -
O L1 1 1 | I I | | I I | | L1 1 1 A I | 11 1 1 | I I | | I I I I
0 50 100 150 200 0 50 100 150 200
x=Mg/T r = Mg/ T

Note: here the final effect is relatively mild (though still larger than the observational error), but only because in the
simplest model the velocity dependence of annihilation is mild as well...

*calculated with the (modified) coupled BEs method 48


http://hep-ph/1901.08074

LLESS SIMPLE EXAMPLE

Inert doublet model H,, H, an with additional scalar singlet $:

Z3 H1—>H1,S—>wS,H2—>wH2 WBZ],

SM Higgs Classical Inert Doublet Model Classical Scalar Singlet Model (Z2)

/7
)
T5(5% + 1) + SSR(S2H{H, + SPH]H,) + BT (SHYHy + STH] H)

Zz mixing terms

Such a scalar potential allows
for FOPT = nucleation of bubbles > 58
& stochastic GW background 259

N. Benincasa, A.H, K. Kannike & M. Laletin 2312.04627



https://arxiv.org/abs/2312.04627

SCAN RESULTS
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Some (small) portion of the allowed parameter space

will be detectable with future GVV instruments
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