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Beyond WIMP




Properties of dark matter ’

Accumulated evidences from observations of the Universe

We know several properties, but do not know the identity

- long-lived over the age of the Universe !'py > 10 yr

- feebly-interacting with photon and baryon

- not too hot; otherwise smear out primordial density contrast

| oy h? ! 0.12

Weakly-interacting massive particle (WIMP) paradigm

- satisfying the above properties w/ new! ,symmetry

- realized in TeV-scale new physics (e.g., supersymmetry)

- extensively investigated in nuclear recoil/cosmic ray/particle collider
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Small-scale Issues

WIMP! cold dark matter for structure formation of the Universe

Galactic matter distribution is difpcult to explain in the cold dark
matter (CDM) model
- missing satellite problem

- observed number of dwarf spheroidal galaxies is " (10) times
smaller than the prediction

- low-surface brightness galaxies show # 2 times smaller inner
rotation velocities than the prediction

Complex astrophysical processes may explain them
- gas heating from ionizing photons

while subgrid physics is unconstrainedE




Small-scale issues - alternatives to CDM

Galactic matter distribution is difpcult to explain in the cold dark
matter (CDM) model
- missing satellite problem

- observed number of dwarf spheroidal galaxies is " (10)times
smaller than the prediction

- low-surface brightness galaxies show # 2 times smaller inner
rotation velocities than the prediction

Alternatives to CDM are intriguing

- warm dark matter (WDM)
Myagn = O(1) keV

lsigm/m = O(1)cm?/g |\

\
( Solve the two Issues simultaneously? )




SIMP as self-interacting dark matter

self-scattering cross section per DM mass:!

I self 1 M seh‘l2 | IM serf] 2 10 MeV °

- 0.9 m,

m 4% 64 m} | Lenr/g

contact-interaction ! sub-GeV DM mass

( weakening direct detection bounds )

two parameters in pion phenomenology:
I : pion mass & f1 : pion decay constant

Wess-Zumino-Witten term !

Strongly Interacting Massive Particles (SIMPS)
- hidden pions in a hidden conPnement sector, parametrizing G/H

unbroken Ravor symmetry! the stability of pions




Semi-annihilation to an axion-like particle (ALP)

pion-ALP mixing through the anomalous coupling:
g " i m

322 ¢ §

' — 1||| _ 2 | eq

by +3HNpy = | 5 ! semiViel#{Npy ! Nom Npy

| ' h2=1yh? &'sef/mpy ! 0.1D10cm/ g

w/ fi#m %1GeV & f ! 100D1000Ge
~ |
s ]
S
A/I TP ~.

Improving the perturbativity of the non-linear sigma model:
ml I I cut " ml < Ic_ut
where! oot ! 21 f,/ N¢ from the nasve dimensional analysis




Closer look at thermal freeze out




Assumption in Boltzmann equations

m,lDM +3HnD|\/|
A

/

WIMP pair annihilation:( pair annihilation ) ]> pair creation )
N

- -
" 2 eq?2
! I ann Vre| # nDM I an \

— R, (non-relativistic)

/I \

Hubble expansion rate)

|

equilibrium number density
w/ # of spin d.o.f being g:

:

annthilation cross section

3/ 2

thermally averaged ] e = g' m[;,, T g Mow /T

o J

Derived under the two assumptions:

T invariance <4M forward |[© = |M backward |'W/ spin and momentum Ripped

| detailed balance: (r.h.s) =0 for Npm = n%‘”M

_fom =

Npm

Npw (T) exp(! E/T') T:SM temperature

( How to vélidate It? )




Elastic and inelastic processes of WIMPSs
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. Inelastic process (chemical interaction)
- number of DM Is changed
- energy & momentum of DM are redistributed

. elastic process (kinetic interaction)
- DM number is conserved
- DM energy & momentum are redistributed

crossing symmetry | elastic process <—elastic process




Kinetic equilibration rate
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Fokker-Planck approximation:

T : temperature

expanding the collision term w.r.t. d/p ! 1| [u¥(x): bulk velocity

' fbwm

Clfom ] = mpm (") mpm T +(pPomi ! Mpm Ui)fpm

' Pomi

dBpTP e
| = f(@ f
6mpm T~ (2")° w

of thermal bath plasma

H_‘l

differential cross
section

0
d# 7~
= dt(" t)—v
TP | 4p_2|_P dt

thermal momentum squared & p?

momentum transfer squared

exception: resonant annihilation

I kinetic equilibrium is usually a valid assumption




Elastic and inelastic processes of SIMPs

WHAT guarantees Tpy = T ! 1/a ?

DM DM

Inelastic processes have nothing
to do with elastic processes

5

S o co-evolution of
DM TP, o & Ton

solely w/ 3! 2 process <—solated DM (3uic

I Tpm ! 1/ Ina (from comoving entropy density conservation)
& Npv /s ! 1/ Ina until the decoupling of 3! 2 process
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Semi-annihilating SIMP

! ! : : ! !
! !
’ ’ o AR
- f - f?2
T ,
fp = nueq(T| ) exp ( E, /T, )
d..- | ! | -
d—;Y!): | EY! Y DY) (X, X) heating through
) semi-annihilation
| 2 —d-x. = §i+ E!Y. LY (X )K (X, X)
. E! /m | dX I X X! X2 . ! ! LI

A\N
( adiabatic cooling )




Semi-annihilating SIMP freeze out

el 7 mi=1cev
— m/m- =0 | ]

ot (Vi) =6 1 10 25cme/s | ~30% difference
R * between the co-
= evolution and
ST 3

~ T, =T! 1/a
LS .

\

R

mass debcit conv®

_ the kinetic energy
“““““““““““““ " | self-heating

/T

no conversion
| adiabatic cooling

T, ! 1l/a?

x:

temperature ratio comoving number density
FH
'Gé =

DM DM




Mass fraction of the hot component

Q/I
o

self-scattering !
I sharing the mass debcit w/ others

%
PN

Decoupling of self-scattering:!

. VAY, oL ' VAV oY VAY (& 4]
' ) 0 I self /m ! 50 MeV 0 Tsm self T asy
TSM,seIf - & A)lcmzlg &1/2' . (1/4 A)T &! 1/4%_|_ &! il 4
! JDR_ -t
05 eV I serf /M 50 MeV Tswm T

self asy

for TSM,seIf > TSM, eq

for Tsm, seif < T sm, eq

After the Decoupling of elastic scattering,!

. t i Ly
now T 50 MeV
dt I I semi Vre| "n! # 2 $ 10! 8 self

tself leV Tfo

of the whole dark matter particles are boosted
though the semi-annihilation ! hot component

15
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Warmness Jeans scale at the matter radlatlon

o |equality: o

a= aeq

early decoupled warm dark matter:!

4/ 3

| : IT‘WDM
k; =210Mpc' !
) OMpc 6 ke

Ly-" constraint:! mwpm > 5.3keV

for mgy = m,

ky =2 x 10° Mpe™! (

My, )1/2< Tro )1/2/

1 GeV 50 Mev ( GeV mass warm

% matter!!

form; ! m- e 2T YU P12
* kj! 220Mpc ' — - —
1GeV Teq T

asy




Linear matter power spectrum

100

= |
A
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\ \
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10—1 . \ \‘ -
B | | | | | | I | | | | | | | \ | | |m | | | | |l| |_
100 10 102 103
—1
k|h Mpc |
ki wpm/4 ~ k3
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1] -I+ ¢ \J/(B/ 4 & ' '
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Aspects of self-heating DM models

@ interacting w/ electromagnetic particles!
I tightly constrained by CMB

@ in dark plasma: !

1 ¢ QW
_ _ = a ura e a ura
Loy = =W, WH + (f +9W> s Wi W

ALP coupling to pure Yang-Mills w/ perturbative coupling!

contribute to e#ective number of neutrino d.o.f:!
T 4

ANeff — 0(1) (ﬂ> Tpum < TSM
4SSN

" branching ratio of inf3ation decay?!

" freeze-in production of DR through!
Ly =t P IPHIZ w/ o = O(10 *9)

18



Summary
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Beyond WIMP attracts growing interest by null-detection of WIMPs
and by small-scale issues in structure formation

Il SIMP (hidden sector pion) model is a good benchmark,
resolving some of small-scale issues

Usual thermal freeze-out assumes the Maxwell-Boltzmann
distribution " can be validated for typical WIMPs

In SIMP models, has nothing to do with
freeze-out driven by 3! 2 process and semi-annihilation

Co-evolution of the semi-annihilating SIMP temperature
and number density: Toy | T/a XK T, ! 1l/a“®

Semi-annihilating DM with large self-scattering cross
section Rattens the density proble in halos (SIDM) and
reducing the number of dwarf halos like WDM




. . 20
Self-heating regime ( heating through semi-annihilation )
\/

. T\’ T\ g (Tx) V e
Iy + 3T (é> - (é> ny (T ) (AEGinyVrel) 1, T, =T, [nx — o (D) R(T TQM

+27p-xo(Ty — Tx) << kinetic equilibration )

1 dBp L, ° Ay |
Ly | o = P f.o dt(! t) Sr 1 Vrel
6m! T! (2#)3 n 4#|2 dt
Yxp—x¢ — 0
freeze-out & kinetic decoupling of y TX x 1 / a freeze-out of self-interaction
()\semi) ()\X)
otherwise
freeze-out of! kinetic decoupling of ! freeze-out of self-interactior
(! semi or I+ ) (te) (1)
T, < 1/a Ty x1/a
T, | 1/32

without semi-annihilation




Thank you for your attention
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Small scale crisis |

22

When N-body simulations in the !CDM model and observations are
compared, problems appear at (sub-)galactic scales: small scale crisis

missing satellite problem

N-body (DM-only) simulations

100 \

| | | | |
ACDM satellites

% Local Group dwarfs]

re)

in the ICDM model !

N(>V_

Milky Way-size halos host
times larger number of

subhalos than that of observed

dwarf spheroidal galaxies

—_
)

cumulative number of subhalos

Mmax = 208 km/s

| \ T
| | | +§\‘\\ B

(maximum) circular velocity

GM(<r)
Vc?rc (r) = - Vinax = m??JX{Vcirc ()}

20 30 40 50 6070
V... (km/s)

maximal circular velocity
of subhalo
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Small scale crisis |l

Cusp Vs core problem

N-body (DM-only) simulations in the |CDM model !
common DM proble independent of halo size: NFW proble

oL iInner proble:
: pom (r) ocr™®
DM . .
> @l e : Observations infer cored proble
2 £ ﬂl@ Nm : in the inner region rather than
% I e - L Ter “‘, Cuspy N FW pro ID I c
gi“ﬂ " = 0 (isothermaly
©
GNJ ................. NFW (< 110 kms™) NFW prol:)le:
e ISO halos |
c_és o IC 2574 W DDO 154 '/‘ | I DM (r) — / 1 .+S / 2
o~ o A Oa g |
5 | e I s(1+ 11 s)
e @0 normalized radius  *¥os :
T T I A Isothermal proble:
|:Q/Ro.s "
beld dwarf igg\&rmdal galaxies ot (1) = 0 1(r! rp)
—~ sun ' - DM "
(rofr )= (r" ro)




Small scale crisis ll|

too big to fail problem

MW-like halos

50 T — ' Tt . —

| 2.19 x10" M, | 0.95 x10 M, Jl 1.99 x10" M
0w <
S
c -
e
I'e) ~
) 7o e T,
© §i o
-.l? ' I ' LI LI LN |
S [ 132 x102 01,
[
> —
(- )
8 g
= s
O
= Ny
o

radius

N-body (DM-only) simulations in the |CDM model !
~10 subhalos with deepest potential wells in Milky Way-size halos
do not host observed counterparts (dwarf spheroidal galaxies)




Inner mass debcit problem
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Rephrased cusp vs core problem
- not only the slope but also the

IS stressed

/‘1 | | |
g(fL resolution S -
J0F |
? o0 .
w Y
50F .
=
=
— 40+ *
% dro sims: LG-MR + EAGLE-HR,
~" 30+ # V. —77kms' +10%[165]
MO sims: LG-MR + EAGLE-HR,
20 = N\.=77 km s +10% [165] i
+ ®  ON%2011 DG1
10 A OhXM011 DG2 i
® IC2
O | | I \—\I

0 2 4 6 \8 10 12 14

10th-90th percentile range
from the state-of-the-art
hydrodynamical simulations
In the |CDM model
(EAGLE, Local GROUPS)
with modeled subgrid
baryonic physics

Radius |kpc]

The simulated mass Is about four times

higher than the observed!
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Dark matter self-interaction

Self-Interacting Dark Matter: SIDIV] DM DM
n
-
o
g 10°¢ | |
é ;|’ //.M‘
S 104/ ]
> _ N DM DM
2 7 </ linear
o =v \\ SIDM=CDM T3
IS \ O/ m
E 10%F . SDSS DR7 (Reid et al. 2010) 3 ; ]
5 L e v o (as ens, 2023 '\ %: cross section
b o— ACT Clusters (Sehgal et al. 2011) N . .
S - CCCP i i eta 200 . Vv: relative velocity

" (Tinker et al. 2011) AN .

7 L[ e s o o #: dark matter mass density
B 10 3 10 2 | 10 1 10° _
2 k[Mpc' m: dark matter mass
S wave number

SIDM structure formation starts with
the same linear (initial) matter power spectra as CDM,
but self-interactions become




SIDM halo - velocity dispersion

SIDM-only simulation

S
00

SIDM halos are thermalized

(isothermal)

In the Inner region: r <ry,

where the self-scattering Is

efbcient: %v#(hi)tage/m = 1

tage = 5 Gyr (galaxy cluster)
10 Gyr (galaxy)

M~
=p

M~
DO

If r1 > rmax, the gravo-thermo
iInstabllity Is signibPcant
Veirc (Fmax ) = Vmax

Velocity Dispersion [km/s] <—temperature
I I
S =~

o
Q0
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Mhaio = 1010 Msyn

- CDM

o0=0.1 cm’ g_1

— o=05cm’g!

o=1 cm? g_l

o =5 cm? g_1
2 —1

- o=10cm” g

o =50 cm? g_l

|‘ |
100 500 1000

|
1500
Radius [pc]

| |
2000 2500

3000
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SIDM halo - mass density

SIDM-only simulation

\

As %/m increases, core formation

central density decreases

Inverted at some point
" gravo-thermo instabllity 102
<—eore-collapse

NFW proble
In outer region

Mhaio = 1010 Msun

10° 10°
Radius [pc]

%/m = 0.5-5 cn?#/g may solve the inner mass debcit problem




Unexpected diversity problem

29

The inner mass debcit iIsnot common, but should be elaborated in a
galaxy-by-galaxy manner even with V. Pxed

well-
reproduced

badly-
reproduced

100

80

60

40

‘/circ [km S_l]
(0] N
o o o

circular velocity
(@)
o

Vmax:80'100 km/s

B UGC5721
DMO sims: LG-MR + EAGLE-HR,

= V_..=89 km st +10% [113]

Hydro sims: LG-MR + EAGLE-HR,
— V,..=89kms ! +10% [113]

Y UGC 11707
DMO sims: LG-MR + EAGLE-HR,

- V,..=101kms ' +10% [73] |
Hydro sims: LG-MR + EAGLE-HR,
— V,..=101kms ' +10% [73]

A LSBF583-1
DMO sims: LG-MR + EAGLE-HR,

— V,..=88kms ' +10% [120]
Hydro sims: LG-MR + EAGLE-HR,
— V,..=88kms ! £10% [120]

)| ® IC2574

-

DMO sims: LG-MR + EAGLE-HR,

— V,..=80kms ' +10% [149]
Hydro sims: LG-MR + EAGLE-HR,

— V,..=80kms ' £10% [149]

4 6 8 10 12 0 2
Radius [kpc]

4 6 8 10 12 14



Concentration-mass relation

(Almost) dePnitefor a given Vmax?
Two parameters for the NFW proble: om (1) =

S

rirC(L + rlr )2

halo concentration

109,40 Cu00

Because of the concentration-mass relation:

1.2

O
o0

0.6

0.4

Cooo = 100.905i 0.1%012 h! 1M" )! 0.101

- —e— Planck RSN T
I WMAP 1 SN ™
— — — WMAP5 RN
[ - WMAP3 ™
I R T T I B
10 11 12 13 14 15
109, Moo [h™' Mg] halo mass

small
INtrinsic scatter

Co00 = I200/T s

M 200(< I 200) =

4
3

' 3
B ' 500
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Qrigin of the diversity

How does SIDM solve the unexpected diversity problem?

For a given cross section (%/m = 3 cn?/g In the following),
0 SIDM halo proPle is stilldePnite and characterized
by only one parameter Vmax

Scatter in distributions of the baryons
even among similar-size halos!

Extended
stellar disk

Compact
stellar disk

31




InfSuence of the baryons

Iso-thermal distribution from
the Poisson equation:

Ipm (X) = 1By exp(! #(X)/ $°)
1 =4"G(#pm + #baryon)

matched to the NFW proble
at ry (%V#(ﬁ)tage/m = 1)

SIDM proble contracts
under the presence of compact
stellar disk

&Il |

B )*(/0

| )*(/0
W )*(/0 ¢!'3
=) +,-
I S R
0%+, -/ "
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Case study |

In a massive spiral galaxy, the observed compact disk
can change the whole SIDM distribution

@ 250 i ggoar e et Y018 08
€ 200 £

>

'O 150 -

Q i

2 100 -

s |

§ 50 :

O ot

0 " # # §
%&'()* "+,- #
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More samples

Massive spiral galaxies, generally, make SIDM halos
violating the concentration-mass relation

$IIIIII |
; I"#"$%&
# | '()*%+)
F 1%,"$%&
_ $IIII 7
_: #" —”‘
b= expectation from the
concentration-mass relation|>
$II ‘ ‘ | | /
!Il #Il $I|II !
Ly 100&" #
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Case study Il

SIDM halo proble ref3ectshow compact the hosted stellar disk is
even with similar Vimaxand M

$II!
Gl [ESWE( Lo Jrhnd( " 01928 3% 204( Ly Jnd( M e )14 288

3 o M, :0.83! 10'°M. g————M, :0.57! 10"°M.

#'1 T

= #

Extended
stellar disk

Compact
stellar disk




Case study Il

The Intrinsic scatter of SIDM halos
IS also needed to reproduce the
observed diversity
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SIMP freeze out
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Wess-Zumino-Witten term !
Kk

15! 2f 5

Lwzw =

(quarks): kK = 2N¢ in a QCD-like theory

number-changing interaction:
S IS NENE PR NN

k - reproduce the quantum anomaly of G In the ultraviolet theory

$ — 2 44 A3 2 e
2w, MP

131 2Vig £10 - generalized cross section
I . .
w/ mass dimension -5

w/ f,<m' 0.1-1GeV

1 ' h?=1pyh? & se/mpw ! 0.1D10cm/ g




Hidden sector in an ALP-extended SIMP model

38

Lagrangian density w/ G = SU(N¢ ). ! SU(N¢)r and H = SU(Ns )y :
Lhig = Lo+ Lep + Lepy + Lwzw
1 N T | > 1 N T |
= é(!Ll 2) +§(!u#) | ém!2( )< ém.?#2
m¢ 212 1 | - d
Lcp = (122" 21 T apea (#,!2) #41P 1€
4Nf21:2 61:2
m.2 ml
+ . d !a!b!c--+ C |a!b|c|d
6fo!f abc 12f2 abcd
Lemy =tan(1u/N () M u(gay2
CPV P H N 2N, |
m2
ada CI a! b!C! 3T)f'3|a| b| C|d| Ca hede
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Kinetic interaction of SIMPs

Possible kinetic interactions (portals)

Kinetic mixing portal: gauging abelian part of the unbroken symmetry

Higgs portal: introducing a hidden Higgs, VEV of which provides a
mass to quarks (and pions)

Axion-like particle (ALP) portal: introducing an axion-like particle,
which has anomalous couplings both to a SM gauge Peld and to the

hidden gauge pbeld




Higgs portal

4 )

DM DM Two suppressions:

\ / the mixing angle (! ! vpVs/M ﬁ)
———and the Yukawa coupling.

Remark that even muons are

Re N barely available during the pion
Y 4 s -
TP TP~ (reeze out y

Off-shell exchange of the hidden Higgs (S) !

not sufpciently rapidto keep the DM pions In kinetic equilibrium with
the SM plasma

The decay and inverse decay of the hidden Higgs keeps it
In thermal equilibrium !

Thermalized hidden Higgses: 'ysyly V1 S elastic scattering
| of the pions with the SM plasma




Viable parameter region in a Higgs-portal model

To suppress !t |

SS annihilation, we take the hidden Higgs
mass heavier than the pion mass: r = mg/m,; ! 1

Above this line,
Kinetic equilibration Is

l s g

I— mass

The guark mass term respects a
vector-like symmetry that is
unbroken even after the chiral
condensation (<—subscript of 1):

$%& #

I 9

| &

sufpcient ' . :
/\')i/ e ]

| #F

(F

01223 +,-./

-~y
-~y
-~y
~y
-~y
-~y
~y
-~y
-~y
~y
NN
-~y

—
——__—
L p—

N

~
- -
______
————————————————

%II! %Il#
I

Viable parameter region will be covered by higher-energy beam dump

experiments such as the SHIP experiment and the low-threshold DM
direct detection experiments such as NEWS and SNOLAB




ALP portal

The interaction strength is
suppressed by the ALP decay
constant (f ).

~

J

,l \s k
TP TP,

42

Off-shell exchange of the ALP (! ):
the elastic scattering is not sufbciently rapidto keep the DM pions In
kinetic equilibrium with the SM plasma

t

"he decay and inverse decay of the ALP keeps it Iin

nermal equilibrium
"hermalized (on-shell) ALP:

Not sufpPciently rapid, too
i1

" 1" elastic scattering




Constraints on semi-annihilation to an ALP

Indirect searches of DM semi-annihilation constrain
ItS cross section severely

43

When both the masses are degenerate, i, = - , the semi-

1 semiViel ' = M semiViel fo (Vrel IV rel o) where
Viel fo ! 0.51 2" 10°km/ s

annihilation cross section is proportional to the relative velocity:

)
Q
o

3S_

sotherm 90

= |\ —e—"0Ds Limit P8°(5.8 yr stat+syst)
SIDM follows the = 10 Expected Limit _
: c =[] Expected 68% Containment =
Isothermal prOIDIe . ~ [ Expected 95% Containment =
] [ —— Obs Limit P7REP (3.7 yr, stat-only) ! ° i
O 7 —— Obs Limit P7REP (5.2 yr, stat+syst) |
X 107" E . /" 3
8) = < -
o - ,‘ Af =
% 10%°E q(‘ ------- =
V - ‘ V 3
Vre| ., obs I 200 krnl S - 4 _
10 | | Galactic center =

10° 10* 10° 10°
m, (MeV)
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Viable parameter region in an ALP-portal model
N,=3, Ny=4, 05=0

I
reproduces the
observed DM
abundance

I
100 GeV
300 GeV

_
\
A Y
W)
~
. YR
\
\\‘|
Iy

f
f

dominates the
freeze-out

~

e X

ALP anomalous
coupling to photons:

o = (/1) L =G L Op

AK, Hyungjin Kim, and Sekiguchi, PRD, 2017

Viable parameter region will be covered by higher-energy beam dump
experiments such as the ShiP experiment




Co-evolution equations

n(;q(qu — T) <Uinvvrel>TX,T¢:T y

n;q(Tqb — TX) <Uinvvrel>TX,T¢=Tx

dixY! = | %Y. Yi 1Y%, )3 (X x)
!é! m dixx! = S% + ;IYu LY, S9(x YK (X, ,x)l
w/

| XS!"semé\IilreI"T! T J(ea) =

g X' EMmy)"iny Vret"r, 1o=7, DT = T )

| H nfI(T, )

K2y, 7) = ;q(qu:T) (AE GinyUrel) T, To =T

s (Tg = Ty) (AE GinyVrel)T, T2 =T,
B my = (Bx/m3), — (Bx/m)7,

' E=Ey —(Exr

X
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Asymptotic temperature

non-relativisti(:/w/mabatm cooling ) N
d X X X i X 2<[ heating through the

dx X X ) (I X

Xx— — b =" ("1 |
(" D= semi-annihilatign y

Y1 = Xl MXgo) ¢ relic yield

5 m?
Y= (1 B 577%) . Lorentz boost of the DM In the Pnal state

! -||||||| T |||||||| T T T TTTTT T T T TTTTT T T T TTTTT T T T TTTTT T T TTT
My = 1 GeV

balance between adiabatic g MmO
cooling and heating through the | 7 |
semi-annihilation:

T 2%t i
(_X> ~ (v —1) e o< In(FsemiVrel) $j
asy

T 3

(Tsemivrel) [cm? /5]



Evolution equations of cosmological perturbations

/ /
5l = —0, — 30/

0, = —H Oy + E*V + k*(c26 + my)
. L "

In the conformal Newtonian gauge:
ds=a’*(!) ! (1+2!)dl+(1+2")"; dx'dx

)
i =12H!, + cg!!:—%"! L s H# +$ +3(! "1 H"
w/
P T 2 a
|, = — | I _ _ “(~ — : _
| I w, = —2Hw, + B(W 1)al'semi exp [ Cr, (aself
2 5& - & - 1dInT,
X 0py My 3 dlna
5 al semi | a "
- — —(" | l) exp l Cy
3 Aself y

)

)]
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Constraints

! self 1 |M selfl2

self-scattering cross section per DM mass:!
| |M seIfI

2" 10MeV °

= | 1lcn?/g

m 64" m? 0.9

contact-interaction !

sub-GeV DM mass

m

® in thermal equilibrium:!
interactions w/ SM patrticles !

tightly constrained by CMB

100
10271

102 1
1021
1079

<G v> (cm®/s)

10°" -

1032 -
10

10® 10° 10 103 102
DM mass (GeV)

. canonical cross section
<—thermal relic

10 10°
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