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Dark matter

m DM exists in the universe.
m 26% of energy density.
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m DM candidates: WIMP, axion, &b . AR T
PBH etc. S
: 2 “ . J
m Boltzmann equation for WIMP: A < s —
L 5 =l
dn S - .
— +3Hn = —(ov) (n2 — ngq) s T =
di X :
where Y =n/s, Iyn = (00)Neq  —2ota tanl o Cdial 0 1l
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x=m/T

m Thermal eq. with SM particles — freeze-out
— predictive (do not depend on what happened in early universe.)
zr=m/Ts ~ 20 (non-relativstic)
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Singlet Scalar DM

Scalar potential

Ay A
V= 12| H|? + “552 + —]H\4 4 S 2

)\HS S4

|H|*S? +7
m 7> symmetry is impsoed. — simplest benchmark model of DM

m 3 parameters: mg = \/,u% + Ags(H)?, Ags, As
Higgs portal coupling Ags

m If Ayg is not too small (Ags 2 10_6), DM is thermalized with SM.
— compare ['ys = (ops—ysv)ny and H (Hubble parameter).

if I'ys>H — thermalized
if Tgs<H —  decoupled (T" #T)
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Singlet Scalar DM Thermalized Case

Thermalized case (freeze-out)
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m \g is irrelevant. — 2 parameters

LOg]O AHS

m Strongly constrained by direct,
indirect and collider searches.

m Resonance region and
mg 2 H00 GeV are still alive.

m Most of parameter space can be
explored by LZ future experiment.
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Singlet Scalar DM Non-thermalized Case

Non-thermalized case

m But thermalized case is not unique option

m If DM is not thermalized with SM, DM may be produced by freeze-in

mechanism or freeze-in + self-interaction.

Freeze-in mechanism

le-08 g T

m Boltzmann equation

1e-09 ms=1GeV =
dY e (T) 5 — - my=100GeV
— TN v Y T . .— mg=1TeV ;
dT 15 oSS0 Ye(T) e 0
m Initial numder density: Y = 0. o A
g -

m slowly produced by inverse o2 Lo
annihilation (SM particles — SS) *»
Y is fixed when T ~ mg, e 7T
or when WW — 5SS becomes sk ]
. . 1le+05 10000 1000 100 10
inefficient (7" ~30 GeV). Temperature [GeV]
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Singlet Scalar DM Freeze-in + Self-interaction

Freeze-in + self-interaction

m If \g issizable, SS555 <+ S5 process may be relevant.

S~ S~
:% /S :>I____S
-/ / -
S//// : // S// :
;S S
/ Ly '
S/ !,/ Y S\\\ ! Y
B i == =S
S// S//

— DM numbder density changes.

ml, = <O'4%2U3>7”LS > H

m All computations have been done with non-relativstic approximation.
- BE distribution — MB distribution
- formula of thermal averaged cross sections
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Singlet Scalar DM Freeze-in + Self-interaction

Freeze-in + self-interaction

. DM is thermalized in dark sector if I'y_o > H.

Boltzmann equations
(17l5'

——|—3H715:

dt

Assumptions:

m Quantum statistics is neglected
— Assume always Boltzmann statistics

m Initial condition: ng =0, pg = 0.
— DM abundance is determined by freeze-out temperature ratio.
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Singlet Scalar DM Freeze-in + Self-interaction

Freeze-in + self-interaction

Evolution of DM densit —
volution o NHTRENAEMEIYY o Energy injection from SM sector

-3
10 | | | to DM sector dueto h — S'S.
10_5qu(T')l:§ . m S5 — 55585 enters in dark
8 ' - thermal bath. (I'y,, > H)
3 — ng rapidly increases,
3 107 T" decreases.
z . m DM is in dark thermal bath
107 — ng =Ny,
» : o m When DM is non-relativtsic,
10 104 001 1 100 freeze-out occurs in DM sector as
x=ms /T same as WIMP case.

But different temperature 17" £ T
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Parameter space
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m Constraint of Bullet cluster oy ;/mg < O(1) cm?/g
m Small scale structure problems — oy s/mg ~ 0.1 — 1 cm2/g

m Calculated only when DM is non-relativistic.
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Small scale problems

m Cusp vs core problem

N-body simulation infers cusp DM profile at centre of galaxies

PDM X rt

But rotation of spiral galaxies prefers core profile ppy ~ const.
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m Missing satellite problem
etc

—_
o
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o
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Possible solutions

—_
o
[*2]

m Add baryon contribution

Dark Matter Density (M@/kpcs)

m DM self-interaction

0.1 0.5 1 5 10
Radius (kpc)
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We are interested in the following case

to be more natural and extend the parameter space

DM is initially produced by inflaton decay etc.
. previous case: 1" <> A\gs = T’ < inflation model
- natural to consider inflaton couples with SM and DM

DM abundance is determined at semi-relativistic decoupling.
One has to solve the Boltzmann equation numerically.
— challenging task
- quantum statistics is not neglected.
- multi-dimensional integration (in particular 4 — 2 annihilation)

integrated Boltzmann equation:

dn

pr +3Hn =4 — Yoo —  —(04-90) (n —n neq)

if non-rela.
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Singlet Scalar DM Our Approach

Kinetic eq. and chemical eq.

mIf SS — S5 scattering is faster than H — Kinetic eq.
9o > H

1

— phase space distribution function [ = E-m)/T _ ]

where 11 is “effective” chemical potential
mIf SS — SSSS process is faster than H — chemical eq. (© = 0)

m ‘effective” chemical potential can be understood as deviation from
phase space distribution function in thermal eq.

( .
0 for chemical eq.
m Reasonable ansatz: = < ( /

1 — W) for chemical dec.
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Singlet Scalar DM Our Approach

Kinetic eq. and chemical eq.

100 E T T T T T T T T T T T “““g 100 g T T
107" ¢ 107
1072 ¢ 1072 |
1073 ¢
S (U
1075 ¢
1070
107 f T/T'=10 f T/T' =100
3 2 — 2 thermalization 3 3 2 — 2 thermalization 3
10-8 | | 4 — 2 therm‘alization‘ -==- ] 10-8 | | 4 — 2 therm‘alization‘ -—— ]
1073 1072 1071 10° 10 102 103 1073 1072 1071 10° 10 102 103
mg [GeV] ms [GeV]

m Compare 'y, I'so and H at 77 = 3myg
m \g > 107 for 4 — 2 thermalization (chemical eq.)
m \g > 107° for 2 — 2 thermalization (kinetic eq.)
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Singlet Scalar DM Our Approach

Temperature evolution

m If each sector is thermalized 10% AT p—
: i T (¢ =5) == -
separately, total entropy in each 10" - oy
. — i mg =1 GeV
sector is conserved Z 0L )
Say = Squa® = const and ERTS
Spbum = spua’ = const 2
m Ratio of the entropy densitiesis =
also conserved. | |
ssm(T) B T T T T TR
~ = const. v =ms/T
SDM(T )
: : P TP — U 272 3
m If the sector is thermalized, s = T > ssm = e s(T)T

m Evolution of dark temperature can be followed.

Takashi Toma (TUM)

Mini-workshop@Warsaw 10th October 2018 14 /18



Singlet Scalar DM Our Approach

Full integrated Boltzmann equation

dn
E +3Hn = Vo4 — Va2 7 _<U4%2UM®1> (714 - nQngq)

if non-rela.
Y24 = / dHAdHBdnldHangdH4(27T)4‘M‘QfAfB

X(1+ f1) 1+ fo) L+ f3) (L + f2)0" (pa+ pp — ki — ko — kg — ka)
= / dll4dllp (U§—>4UM@1) JalB

_ gsd’p
Y40 = / dHAdHB (UQ/_AUM@I) (1 -+ fA)(l + fB) Where dHZ' — (277)32E@'

m 0, .U\ and ol v\, are modified cross sections including phase
space distribution function.

m Multi-dimensional integration — challenging to solve
m Numerically computed with CalcHEP.
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Mgller velocity and CM velocity

. p1°p2)2 — milq
m Mgller velocity v\, = \/(
%) Y UMogl 7By

m If DM is non-relativistic, v\is = vy, and BE and FD distributions can
be approximated with MB distribution.

E
— Yamn = (VM) ML, = 1287°T / o MEA(E? —m3) K, ( ) dE

2
1

where definition of thermal averaged cross section is

(VM) = J p1dpy (cvng) f(p1) f(po)
Mgl/) = f d3p1d3p2f(p1)f(p2)

. oM can be computed at CM frame.

m For our case, we change the frame with Lorentz transformation.
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Singlet Scalar DM Our Approach

Thermal averaged cross sections

2-t0-2 scatterlng

10

1074

2-to-4 process

As=1 As =1 - MB
L, | ms =1GeV " mg =1 GeV BE
10 10-6 L
I *® ‘*“. uumam * L
& 1074+ 5T 7 & x XXxy
> | ‘e Lot
QD, 1076 + N ) QD‘ r o x® * ""‘
o ! x 4t o —10 | x*
/§ 10_8 i xx::: . /§ N r xxx *
é oo ”x::: % é 10712 %
10712 L 10_14 “’ ®
I MB N
BE «
1014 T Y E O R U 1016 T Y E O R DU R
10~ n 1073 1072 101 10° 10! 102 10~ n 1073 1072 101 10° 10! 102
' =mg/T' ' =mg/T'
m A few factor difference for 2-to-2 scattering
m An order difference for 2-to-4 process
m Depend on parameters Ag, mg
A
. 2 S 12
m Thermal mass is included: m?* = mg + m? where my, = ﬂT .
Takashi Toma (TUM) Mini-workshop@Warsaw 10th October 2018 17 /18




Summary

Singlet scalar DM is the simplest model.

Thermalized case is strongly constrained, and will be killed by future
direct detection experiments.

DM can be thermalized only in dark sector with large self-interaction.
We are interested in the case of dark sector thermalized by inflaton
decay etc, and semi-relativistic or relastivistic decoupling.

Future works

More sophisticated analysis will be done.
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