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Navigating the Freeze-Out of MeV DM

1 SIMPS natural habitat: 100 M2V mass scale

=> putting a new perspective on the “SIMP miracle”

arXiv:2401.12283 (PRL)
w/ Xiaoyong Chu, Marco Nikolic

2 W"VIPS natural habitat: EW mass scale

=> what is the lightest WIMP mass” The WIMP “dead end”.

arXiv:2205.05714 (PRD)
arXiv:2310.06611 (PRD)
w/ Xiaoyong Chu, Jui-Lin Kuo

Josef Pradler, Discrete 2024



Motivation for SIMPs

Small scale structure problems in LCDM (core-cusp, diversity, ...)

self-interactions lead to heat
transfer in the halo,
diversitying the halo density in
the central regions of galaxies
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WIMPs

“Weakly Interacting Massive Particles”

Freeze out when 2 -> 2 annihilation rate ~ Hubble rate

Fono(Ty) = (ov)ny (Ty) ~ H(TY)

ny (1) = =
X mX 517:}
T? m?
f X
H(T:) ~ —L —
(Z7) Mp — 23Mp
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WIMPs

“Weakly Interacting Massive Particles”

Freeze out when 2 -> 2 annihilation rate ~ Hubble rate

Fono(Ty) = (ov)ny (Ty) ~ H(TY)

ny (1) = =
X mX QIZ‘:}
T? m?
f X
H(T:) ~ —L —
(Z7) Mp — 23Mp

8%
~N ——

\/@

VToqMp ~ (30 TeV)

Ty
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=> points to electroweak scale



SIMPs

“Strongly Interacting Massive Particles”

Freeze out when 3 => 2 annihilation rate ~ Hubble rate

P352(Ty) = (ov*)n7(Ty) ~ H(Ty)

043

2 —_—
(o) ~ o

collision term or

“cross section” of mass dimension -5

Josef Pradler, Discrete 2024
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SIMPs

“Strongly Interacting Massive Particles”

Freeze out when 3 => 2 annihilation rate ~ Hubble rate

P352(Ty) = (ov*)n7(Ty) ~ H(Ty)

(o)~ & n m
X
-

collision term or

“cross section” of mass dimension -5 70 70

=> points to strong interactions
=> MeV scale DM

My ~ oz(Tqu]Wp)l/3 ~ (100 MeV)

[Hochberg et al 2015, ...]

Josef Pradler, Discrete 2024



A SIMP miracle?

Successful relic density paired with sufficrent self-scattering cross section

N =2, Nf=2
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[Hansen, Langaeble, Sannino 2016] tension in the joint “miracle” solution

Josef Pradler, Discrete 2024 6



WIMPs vs. SIMPs

84
rJ —

VTeqMp ~ (30 TeV)
\/Lf !

Ty

My ~ (T2, Mp)'/? ~ (100 MeV)
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WIMPs vs. SIMPs

X SM
8
~ —— /T Mp ~ T
o~ = TegMp ~ (30 TeV) j::i
X SM

what if we make a
stable bound state? X

~a(T2 M )1/3 ~ a (100 MeV)

Josef Pradler, Discrete 2024



SIMP prototype model

Dark Matter as Goldstone bosons of a confining dark sector

For example, two flavor Ny = 2, Sp(4). gauge group

Kulkarni, Maas, Mee, Nikolic, JP, Zierler SciPost Phys. 14 (2023) 3, 044,

1 _
L7 = 2 Tr |G G +a (v Dy + mu) u+d (Y Dy + ma) d
Quarks are in pseudoreal representation of color group (7%)% ZVSTO’S
Flavor:
[ un )
p=| 9. -5 LIVt = i0te, DM, > SU(4)
\ O'QSdE )
T
uu + dd = —5\11 oo SEV + h.c. (M = myg)
0 1N T —
E:( f) UTEU—E  => Sp(4)
—1Nf 0
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Flavor breaking pattern

QCD-like this example
COMPLEX PSEUDOREAL
{ U(2) x U(2) J [ U(4) J
axial anomaly | m, = mgq =0 m, = mg = 0 | axial anomaly
[ SU(2) x SU(2) x U(1) } { SU(4) J
chiral symmetry breaking | m, =mgqg =0 my, = mgq = 0 | chiral symmetry breaking
and/or explicit breaking | mu =mqg # 0 my, = mgq # 0| and/or explicit breaking
SU(2) x U(1 } [ Sp(4 J
{ (2) x U) 5 broken P
strong isospin breaking | m,, # mg generators My F# Mg lstrong isospin breaking
[ U(l) x U(1) 1 [ SU(2) x SU(2) }

=> 5 Goldstone bosons

Josef Pradler, Discrete 2024



Prototype SIMP theory

Low energy description

chiral field X = e/™/f= 53¢l /fx T = Z 1" o broken generators
n=1
2 13
L="TTr[0,80"5"] - T (Tr[MY] + Tr [ETMT]) + ...

l expansion yields 4-point, 6-point, etc interactions

1 2
L D 372 Tr ([7, O, w][m, O m]) + ?—é Tr [7*] even-numbered only

Wess-Zumino-Witten term when coset space has non-trivial fitth homotopy group

2N,

Epdd L
1525

int

HPo Ty 18,10, m0,mdym] odd-numbered

Josef Pradler, Discrete 2024
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WIMPs vs. SIMPs

X SM
8
~ —— /T Mp ~ T
o~ = TegMp ~ (30 TeV) j::i
X SM

what if we make a
stable bound state? X

~a(T2 M )1/3 ~ a (100 MeV)

Josef Pradler, Discrete 2024



SIMP bound states

X = [m ] must exist

« considering SIMPs as pseudo-Nambu-Goldstone bosons of a strongly interacting theory
we require a molecular state with negative binding energy such that mx < 2m

QCD with m¢ < Astrong has a mass gap, hence not prospective
=> better consider a dark confining theory with mg ~ Agtrong and

=> make SIMP-onium

=> or take my > Agtrong : Glueball dark matter JPC —0Ttor 0= e.g. [Soni, Zhang, 2016]

V(@) - lm_é(m G G_4) => vyields odd G3 interactions
4 AZ Ag| 4 => 3-to-2 SIMP mechanism
=> make Glueball-ontum for G-bound states see [Giacosa, Pilloni, Trotti 2021]

e one may also use a Yukawa force with sizable coupling; options exist

e.g. [G. Kribs and E. Neil 2016, VY. Tsai, R. McGehee, H.Murayama 2020, R. Mahbubani, M. Redi and A. Tesi 2020, ....].

Josef Pradler, Discrete 2024 12



Bound-state assisted freeze-out

Cata I yS i S ODD-NUMBERED INT.

s T

Probability of two particles finding each other ¥ N~
T

In a bound state vs. as free particles

catalyzed
3 — 2 annihilation

2 2
nX|¢2(O)’ ~ 2\/§W3/2w€f3/2emf (0)]

3
N max
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Bound-state assisted freeze-out

Cata I yS i S ODD-NUMBERED INT.

s T

Probability of two particles finding each other ¥ N~
T

In a bound state vs. as free particles

catalyzed
3 — 2 annihilation

2 2
nX|¢2(O)’ ~ 2\/§7T3/2x5f3/26m;f |¢(03)|
n m

Josef Pradler, Discrete 2024
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Bound-state assisted freeze-out

EVEN-NUMBERED INT.

X = T
'
X = 7
catalyzed

4 — 2 annihilation

ODD-NUMBERED INT.

T T
XMW

catalyzed
3 — 2 annihilation

WZW-free SIMP mechanism

self-depletion of mass density in the early Universe possible
with even-numbered interactions only!

=> relaxes the requirement on the topological structure of the theory

Josef Pradler, Discrete 2024
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Bound-state assisted freeze-out

EVEN-NUMBERED INT.

T 1y
T — X pE— T
bound state catalyzed
formation 4 — 2 annihilation

ODD-NUMBERED INT.

T T
Xl/w

catalyzed
3 — 2 annihilation

guaranteed X formation

Comparing the rates of X-formation to free

F37T—>X7T <O-37T—>X7TUQ> ~ W(O)Pﬁ

T7, easily exceeds unity

F37r—>27r <O-37T—>27TU2>

Josef Pradler, Discrete 2024
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CASE 1: even-numbered interactions only

-------------------------------------------

-------------------------------------------
-

1. bound state formation | 2. catalysed mass reduction
T ; ; :
T E § t/u
g t —_—
X E T
4 i X
PN > = >

~ -
--------------------------------------------------------------------------------------

Working hypothesis:

X is a weakly bound (non-relativistic) state, such as a hadronic molecule

Bethe-Salpeter wave functions => non-relativistic Schroedinger equation

[e.g. K.Petraki, M.Postma, J.de Vries 2016, ...]

Josef Pradler, Discrete 2024
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CASE 1: even-numbered interactions only

-------------------------------------------
-

1. bound state formation .
T "
71' o
T t '
x I

T

~
...........................................

M (p17p27p3 — ka Q)37r—>7rX

V2mx d3q

N 3 *x (= _—iqTr - A ffree
~ o (27)3 /d ripx(r)e X AM (b1 pa,ps—k,Q/2+40,Q/2—a)

Josef Pradler, Discrete 2024 17



CASE 1: even-numbered interactions only

-------------------------------------------
-

~
-

1. bound state formation

T In the non-relativistic limit, one
7T i obtains a t-channel resonance:
7T t "
x E S m2 m
n T TT
: X xX — > 1
T : t—m2  m5 —4m2  Ep

§~ -
-----------------------------------------

radial wave function of X (s-wave)

l

57041 R%(0) <%)3/2
13107204372 f3 Ep

T

additional t-channel enhancement

Josef Pradler, Discrete 2024 17
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CASE 1: even-numbered interactions only

------------------------------------------

Mass-reduction rate : 2. catalysed mass reduction :

’Il%( <O-XX—>7T7TU> t/u

i X>i”
(7 .
5 T

Cross section is s-wave X

2529757  R%(0)

<UXX—>WWU> = -z
424673 280+/3 w3  fE
Ki/2+q k1
f f f f

Xub b — Xab b Xub b Xab b

[\ﬂ/?—(]l

K3/2+ qo
X d 4 —~ g X d 4 g Xcd d g Xcd d g

Ks/2 —q ko

Xab | 7><f Xab | X><f Xap ¢ ><f

Josef Pradler, Discrete 2024 18




CASE 1: even-numbered interactions only

thermalized Saha decoupled

period equilibrium period
- \ x.Il I ~ ] I I | xz —]
1073 & Voo Tx Xy /H X 107% ===
= \ : N : =
10_4 - ‘\‘ I‘37r—>7r)(‘/}1 X 10_5 -7 _f
10~° %— _\_free4—>2 _______ e _;
107° £ s
10~7 i_ Yr _i
10- £ _ !
_g F i : ]
10 _ even 1r1u]f]rlbere(51I o .

10 100

r=m;/T

x2 - dependent!

10° bn/GeV ma \
k4e®2 (0 x x_snr¥) /My GeV

W

Josef Pradler, Discrete 2024 19
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Even SIMP miracles are possible!

coincidence of correct relic density + interesting self scattering ballpark

145 —— —— T TS

12 / =
10 0.3 _§
4 1
g 8 i R(0)/m3* = -
6 My [ fr > 4T _i
050 /my > 2 bn/GeV  m— g
4 o5 /my > 0.2 bn/GeV o E
even-numbered E

2 l l l l l [ 1 | 0 l [ | 7 1

10 10

my (GeV)
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CASE 2: odd-numbered interactions

708 T T /[y
T X\/ -
T s catalyzed
3 — 2 annihilation
standard WZW annihilation (d-wave) derivative of radial wave function of X (p-wave)
(o3msam?) = VBNZmyT* (o yy — VONZR/(0)?m
Sm—am 128007 f 10 A B1276 f10

nXp _ 3¢~ |Es—Ep|T/mx
nxe

p-wave X are available through collisional excitation

Josef Pradler, Discrete 2024 21



CASE 2: odd-numbered interactions

— \‘I . | I | E

10_3 = \‘ ) FTFXP—MTT('/H X 10_5 —TT T =
= v S : =

].0_4 : ‘\‘ hRN F?)T('—)'T(’X/H X 10_5 - == _i
107 T -
107 F B N E
—7 :_ -\_::\t~~ _:
10 : free 3 — 2 ST
B . N

107° = catalysis \‘\ .
E Y- ‘ =

10792 L odd-numbered | — —

10 100

Josef Pradler, Discrete 2024

Q2dd ~ 0.2 (

X1

20

r=mg/T

<0pr —>7r7rv> /mﬂ'

)5/4 (e—'ﬂpfvl 103 bn/GeV) ok
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What bound states do?

TTT
14

10—10
107+
10—14

T
| ;‘I‘Illlll

[ Illllﬂl

IIIIHﬂI

10719

[ IIIIﬂ||

10—18

[ IIIIﬂ||

10—20

[ Illllﬂl

bound states

1

-

r=mg/T
two-body process remains efficient even after pions are frozen out

nx(0xx—rrV) > H(x2)

S
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Coupling to Standard Model

7T
7T
T SIMPs in isolation lead to
T HOT dark matter (excluded)
7T

SIMPs must come into kinetic equilibrium with the SM plasma (=share the same temperature)

mSM,; — ©SM; with L' oM = <O'7r SMC)TLZ' > H

=> typically enables 71 — SM;SM; but OK, because n;/n, > 1

Josef Pradler, Discrete 2024
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Coupling to Standard Model

7T
7T
T SIMPs in isolation lead to
T HOT dark matter (excluded)
7T

SIMPs must come into kinetic equilibrium with the SM plasma (=share the same temperature)

mSM,; — ©SM; with L' oM = <O'7r SMC)’I”LZ' > H
=> typically enables 71 — SM;SM; but OK, because n;/n, > 1
HERE: destabilizes the bound state

X = [rn] — SM,;SM;

Josef Pradler, Discrete 2024
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Meta-stability of X X = [rr] = SMiSM;

Noting that [1/(0)|?v has units of particle flux => T'yx ~ |w(0)|2_(0annv)

M )2 MeV?3

I'x/H <1 - ¥ < 107 3pb 272
x/ g onn¥ < 10 PO E (1OOMeV (0)]2

Josef Pradler, Discrete 2024
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Meta-stability of X X = [rm] = SMLSM;

Noting that [1(0)|?v has units of particle flux => T'x ~ |@D<O)|2—(Oann?))

M., )2 MeV3
100 MeV/  [4(0)]2

Taking 0 sMC ~ Oann?, the stability requirement (X lives beyond freeze out) imposes

I'x/H<1 => Oann? < 107 °pb 272 (

upper limit on the elastic scattering rate that is needed to make Dark Matter “cold”.

1<rWsM 106( m. )3 MeV3

<
H ~ 28 \100 MeV/ [(0)]2

=> can easily be satisfied: retain kinetic equilibrium while maintaining sufficient
longevity of X, paired with sub-Hubble two-body annihilation
=> no escalated model building requirements in comparison to original works on the SIMPs

=> previously explored phenomenology remains in place

Josef Pradler, Discrete 2024 25



X-catalyzed SIMP mechanism
When coupled to SM

additional X formation and breakup reactions may open

=> the detailed balancing condition

_ YRy
(Yz?)’

Yx remains unaltered

=> |f the new processes dominate over 31 « 1X, detailed balancing retains its validity longer

=> x2 will be larger, and relic density smaller

Introduction of SM-interactions harbor the potential to make X-assisted

freeze-out even more efficient, without jeopardizing the overall picture!

Josef Pradler, Discrete 2024
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2. WIMP dead end ™ cw i ez

What is the lightest thermal DM mass?

relativistic non-relativistic
< > < >
B freeze-out _
'~ H

|
5‘7
n |
[ \N\? ~ < -
N ) relic density _|

)
)
)
)
)
)

equilibrium °, 7
— m/T ‘\
e . _

L}

'
| IIlIIIIl I W N S N N A

10 100

el



Chu, Kuo, JP, PRD 2022
Chu, JP PRD 2024

2. Thermal MeV DM

What is the lightest thermal DM mass?

Well known that MeV-DM subject to Neff bound from heating by annihilation

Previous treatments had to assume a branching either into EM-sector OR neutrinos:

OR

see e.g. [M. Escudero 2019, Depta et al. 2019, Sabti et al. 2020]
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2. Thermal MeV DM

What is the lightest thermal DM mass?

Well known that MeV-DM subject to Neff bound from heating by annihilation

Previous treatments had to assume a branching either into EM-sector OR neutrinos:

1.5 T T ||||||| T T ||||||| T T TTTTTT T T ||||||| T T ||||||| T T TTTTIT 10_ T T ||||||| T T ||||||| T T TTTTTT T T ||||||| T T |||||||
i [Fermion DM (S—Wave)] —— Dirac (Brgy=1) 1 - [Fermion DM (p—Wave)] —— Dirac (Brgy=1)
—— Dirac (Br,=1) 1 I —— Dirac (Br,=1)
\ Majorana x2 (Brgy=1) | 8 Majorana X2 (Brgy=1) |
— S —-— Majorana x2 (Br,=1) — —-— Majorana x2 (Br,=1)
710 =
= L =
() ()
L L
s < |
ot -
O | | | ||||||| | | ||||||| | | ||||||| | | ||||||| | | ||||||| | | ||||||_ I | | ||||||| | | ||||||| | | ||||||| | | ||||||| | | ||||||| | | ||||||_
Qo or TIr IR 10t 105 108 (L T TV 11 A (VL TV )
m,y [MeV] m,, [MeV]

<O-a,nn/U> —a-+b (6T/m€baX)
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2. Thermal MeV DM

What is the lightest thermal DM mass?

Well known that MeV-DM subject to Neff bound from heating by annihilation

In the full picture, joint treatment of the three coupled sectors is necessary

three-sector

— 2 2
DM freeze-out 'weak = NeG FT,y :
Fann. = Ny <Uann.v> :
1—‘exch., o,
Fann Fscatt Fexch.,i — nqﬁ <Uann,,iU6E> /,0,,, ,

Fscatt.,z’ =Ty <0-scatt.,v .

..........................




Light DM freeze out

What is the lightest thermal DM mass?

40 NN I T T ] |

Complex Scalar (p-wave)

Example: p-wave annihilation

3.0
3.2
G
=
2.8

2.4

2.0




Evading Neff bound

How low can you go?

1071 | |

Complex Scalar (p-wave)

R A]\/veff = 0
_ Neg <266 ANz < 0.06 -
------- BrEM . BI‘V — 104
9 | | | — — =
10 | 9 3 4 5 I 10 14 18

Fine-tuned branching
INnto neutrinos evades

Neff constraint.



Evading Neff bound

How low can you go?

Fine-tuned branching
INnto neutrinos evades

Neff constraint.

h conflict with BBN

Application:
thermal DM affecting

21cm cosmology

10~ | | | . —
Complex Scalar (p-wave)
_ ~COMB-S4 '
-3
=10
|
. P
&
s_{ .
M 105 T
a0 e
= | e ‘
E PR non-trivial temperature evolution i
I __
a8 107" |
—— ANg = 0
Neg < 2.66 !
L . .. [AN,g| < 0.06 |
"""" Bl“EM . BI‘V = 104
10—9 | | | | ! L -
1 2 3 4 5 I 10 14 18
me [MGV]

with millicharged DM

(=> see paper)



Summary

Freeze-out of MeV-mass DM candidates

« Small-scale structure problems pertinent to LCDM may
be a hint for DM self-interactions, naturally realized in

theories with strongly interacting particles (SIMPs)

 When SIMPs regulate their relic abundance in N->2
processes, bound states — should they exist —

significantly alter the standard picture.

 Even-numbered SIMP-mechanism is possible

« A comprehensive assessment of thermal MeV-scale
DM necessitates a three-sector treatment of vastly

changing rates => systematic formulation

e nice application for DM affecting 21cm cosmology
Thank you

Josef Pradler, Discrete 2024

EVEN-NUMBERED INT.

T T X — 7
s - -
T X X T
bound state catalyzed
formation 4 — 2 annihilation
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Meson multiplet structure

SU(3)c

My, #md

7TD — CZ’Y&SC@T
= d' SCHsu

1| o o E -0

™ = E 7TaTa' = E 7TNTN —_ 0 D C A
i=1,....5 N=A,...E D n WB n C/

\7‘(‘ 0 n° —m

=> 5 Goldstone bosons

Josef Pradler, Discrete 2024



Bound-state assisted freeze-out

Expectations/guesses for [1/(0) |

In analogy to QED, one may posit a scale ag “Bohr radius”

For perturbative couplings o ap ~ 1/(ap) =2/(amy) > 2/m;

Radial profiles (for n=1)

Ry(r) ~ Ry(0)e~\"/2%8) - Ry(r) ~ Ry, (0)re~t7/2%8)
s-wave (1=0) p-wave (I=1)

1

3
2aB

1

\/24a%

Rs(0) = ~ 0.25(am,)*?,  R,(0) = ~ 0.035(am;)>/?

=> [1(0)]/m>/? ~ 0.9a3/2

Josef Pradler, Discrete 2024
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Bound state formation

X-formation a — . a e a

f
c /.g ng c ng ¢ ng

radial wave function of X (s-wave)

l

57041  R2(0) [mx\*”
Ep

T

additional t-channel enhancement
Josef Pradler, Discrete 2024 38
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Bound state-assisted annihilation

XX annihilation

X ° I ox, e Fox, Fox., /
Ki/2—q . e
CK2/2\+:12

Xed d.\ g Xed g g Xed g g Xed g 9

ko
GO G=
Xoa G| , Xea g Xed g g
2529757  R(0)
424 673280+/3 w3  f38

<0XX—>ﬂﬂv> =

catalyzed 3->2 / derivative of X wavefunction in p-state!

VBN2m32
<O-7TX—)7T7T,U> =~ 5127-(-6]“7%0ng (O)

Josef Pradler, Discrete 2024 39



Chu, Kuo, JP, PRD 2022
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2. Thermal MeV DM

OR: what is the lightest thermal DM mass?

Well known that MeV-DM subject to Neff bound from heating by annihilation

In the full picture, joint treatment of the three coupled sectors is necessary

time
1 1 110
@ rerrrrrtssititianissnnnns >
> o) > R
T, =T, v Ty #T, s Ty € [T, T, ;
i Toxen. < H o, < H
Fexch_ > H h. . ann.

1_‘sca,tt.,z' > H

'qui

all sectors thermalized neutrino-electron decoupling ¢ freeze-out



Light DM freeze out

Thermal cross section

8 | | | |
[Complex Scalar (p—wave)}

_ BI‘EM

- Bl”EM .

| | | |
21 5

10

me [MeV]

20

30

Example: p-wave annihilation

: A —
L3 =932 Z,¢" ¢ —igg Z™ (" 0 ud) — i Z'M Iyl .



21cm application o

Weaker mass bounds from Neff can be useful:

10°
P _*  HERA 95% Lower Limits
T é% Reionization-Driven Model
%4% i %% == Density-Driven Model
<% N\ X 21cmMC Model
ICT 5 3. = Radio Background Model
: . oz

TS/Tradio

10—1 4

I EDGES
(95% Confidence)

SARAS 3 20 Constraint on

~  the EDGES Best Fit Model

6 8 10 12 14
Z

16 18 20 22 24

[HERA 2210.04912]

Josef Pradler, Discrete 2024

~
padl I I

. fo = 1420 MHz
Slﬂg|et_ _ Ao =21 em
//’— ~‘\\ (\f’
l/ \ Spm-FIlpC*J\S\'
\ ’ 7
i Y

———— -

21cm sensitivity to baryon cooled down from
scattering off MeV dark matter after CMB

=> use 1/velocity"4 enhancement of
Rutherford-type scattering of baryons on DM

Models of milli-charged sub-% dark matter can
do this but:

no valid thermal freeze-out;

strong bounds from CMB/BBN;

[e.g. Kovetz, Poulin, Gluscevic, Boday,
Barkana, Kamionkowski 1807.11482]

42



21cm application

Weaker mass bounds from Neff can be useful:

21cm sensitivity to baryon cooled down from
scattering off MeV dark matter after CMB

=> use 1/velocity"4 enhancement of
Rutherford-type scattering of baryons on DM

Models of milli-charged sub-% dark matter can
do this but:

B Planck 2015 constraints

10~ 11 BN SN198TA cooling

1 MeV .
SLAC o - no valid thermal freeze-out;

10 10 1‘} 10 107 . strong bounds from CMB/BBN;
X

[e.g. Kovetz, Poulin, Gluscevic, Boday,
Barkana, Kamionkowski 1807.11482]
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21cm application

Provide a valid model: add neutrino annihilation

annihilation

BI‘EM . BI‘,/ ~/ 10_2

ieey” Iy + 1ya A(Xvsx) + W A(Dysu)

millicharge

(effective) neutrino interactions

Neg ANeg A(D/H) Y, x 10

AY, viable?

SBBN

my = 10 MeV
my =9 MeV
my, = 8 MeV
My-—=1-MeV
my, =6 MeV

3.044
3.119
3.171
3.193
3.268
3:352

0.075
0.127
0.149
0.224
0:308

+1.0%
+1.5%
+1.8%
+2.8%
+3.8%

2.478 —
2.488 +0.4%
2.493 +0.6%
2.496 +0.7%
2.503 +1.0%
25127 F14%

v

~ N N N

R

Josef Pradler, Discrete 2024

=> dominant annihilation into neutrinos,

makes thermal sub-% dark matter component

=> working model affecting 21cm

passing all constraints

(incl. v mfp, v self-interactions,
constraints on mediator from

flavor physics,...)
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