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Outline

Introduction of dark matter

m WIMPs (Weakly Interacting Massive Particles)
m SIMPs (Strongly Interacting Massive Particles)

Sterile neutrino dark matter as a SIMP

m Effective self-interaction
m Model with a scalar mediator

Summary
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Dark Matter

There are evidence of dark matter.

m Rotation curves of spiral galaxies o e
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Dark Matter

There are evidence of dark matter.
m Rotation curves of spiral galaxies
m CMB observation
m Gravitational lensing
m Large scale structure of universe
o

Collision of bullet cluster

Existence of DM is crucial.

= Plausible DM candidate: WIMPs < DM production _
m Basic ways for WIMP detection X SM 4 =

- Indirect detection 3

- Direct detection 2

. Collider search X SM %

— correlated with each other > 2

DM annihilation
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WIMP production (review)

Evolution of DM number density is followed by Boltzmann equation

dn o2
d—tX + 3Hn, = —(ov) (n?< — n{t)

m Rough estimate: I' > H <> thermal eq.
[' < H < decoupled (freeze-out)

m Freeze-out temperature: xy =m, /Ty ~ 23
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Experimental status for WIMP searches

Indirect detection (ex. gamma-rays from dSphs)
XX — bb XX — T 17
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m mpy S 100 GeV is excluded.
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Experimental status for WIMP searches

Direct detection
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Collider search

May 2017 ATLAS Preliminary s=8,13 TeV, 20.3-36.1 fo
| === Expected limits = Observed limits All limits at 95% CL

N % % via |/ ¥ 21, ATLAS-CONF-2017-039, arXiv:1403.5294

B via |/ Q 21, arXiv:1509.07152

| —Via ¢L/ 9{ 21, ATLAS-CONF-2017-035, arXiv:1407.0350

| via WW 2|, arXiv:1403.5294

I %% —Via ~||_/ Q 21+3l, ATLAS-CONF-2017-039, arXiv:1509.07152

: —via WZ 21+31, ATLAS-CONF-2017-039, arXiv:1403.5294

| via Wh  Ibb+lyy+FF+3l, arXiv:1501.07110

B X X/ %3 via T/ ¥, 21, ATLAS-CONF-2017-035

- z"g via T, 3l+4l, arXiv:1509.07152

_—m~IL/ 20 0.5(m g? +m %g;gz) ................

m Experimental constraints are stronger and stronger.

m Interactions between DM and SM are weak enough?
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One possibility to evade strong DD constraint

0t

| 0 0 7 - -
100 L Unitarity - =~ _ -

| my, = 1000 GeV |
101 102 103 104

m,, [GeV]

m SM + complex scalar + global U(1)
m Pseudo-scalar component is DM [S = (v, + s 4+ ix)/V2]
m Cancellation of total amplitude mediated by Higgs bosons
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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.

m Missing satellite problem 100
m Too big to fail problem
etc 10

N
o
~

Possible solutions
m Add baryon contribution

Dark Matter Density (M®/kpc3)
S
[e)]

. . 011 0.‘5 1 5 1‘0
m DM self-interaction Radius (kpo)
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SIMP (Strongly Interacting Massive Particle)

m DM abundance is determined by 3 — 2 or 4 — 2 annihilations
(final state is also DM).

m Assume that DM and SM are thermal eq.
= DM temperature is same with SM one

Thermal SIMP condition: 'y, < I's_9 < 'y
DM SM DM DM DM DM
DM SM DM DM SM SM

Normal annihilation 3 to 2 process Elastic scattering

m Typical thermal SIMP mass:
m, ~ O(10) MeV for 3 — 2 process
(m, ~ O(100) keV for 4 — 2 process)

Small scale problems can be alleviated by large self-interaction of DM.
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Models for SIMPs
m Dark QCD (Bound state DM)

etc
m Large, but still perturbative couplings

etc
m Model combining neutrino masses generation

m Dirac SIMP ( )

SIMP candidate is a scalar or vector boson in most of the models.
Note that 3-to-2 does not work for fermion because of Lorentz invariance
(simplest case).
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Singlet fermion SIMP

Sterile neutrino SIMP
(singlet Majorana fermion)
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Singlet fermion SIMP (Effective Model)

m Consider effective interaction of Majorana fermion y (DM).
1 — = _
£ =775 XX (Xx) — o HXL
m Y is weakly coupled with SM via y,.

m DM abundance is determined by 4-to-2 process (xx XX — XX)-

m |[f DM is in thermal eq. with SM

— m,, ~ 100 keV. — freeze-out temperature Ty < 1 MeV
— conflict with BBN, CMB observation.

m Non-thermal eq. (17" # T") via small y,,.
m Boltzmann equation

d
ke 3Hn, =—{ov°) (nf< — nin;qQ)

dt
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Singlet fermion SIMP Instantaneous Freeze-out Approximation

Instantaneous Freeze-out Approximation
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temperature 7',

X

m Generally coupled Boltzmann
equations have to be solved.

m Instantaneous freeze-out

approximation

Pya(ay) = H(xy),
Y\ (o0) = Yx(f’f/ﬂ

103 104

nstantaneous freeze-out approximation is very accurate.
- 2
[y = {ov’)n? oc T'°T

(cf: Tyo = (ov)n, x T7)

For a given ({ov’), o) = QA7
DM abundance is determined by two parameters {ov”) and freeze-out
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Singlet fermion SIMP Computation of Cross Section

Computation of 4-to-2 cross section

X X
X X
X X
X X
X X
X X
m ~ 100 Feynman diagrams exist.
— classified to 2 topology.
m Hard to compute by hand.
m Possible to compute with FeynCalc if non-relativistic.
m First diagram ~ (ps)u(ps)o(po)u(pr) ~ v* = [M]? ~ v*

Naively second diagram is — |M|? o< v?,

m But total amplitude square is proportional to v* (d-wave).

4th July 2018
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Computation of 4-to-2 cross section

m 4-to-2 cross section of Majorana DM is suppressed by d-wave due to
Pauli exclusion principle.

m Do not depend on interactions

S X pooasitX
82:—1/2 X
€2:O X\
zgziFl/QX/
82:—12 —_—
L =0 L =2

m cf: Helicity suppression B
annihilation for Majorana DM: yx — f f is suppressed by p-wave
if myg — 0

Seminar@IPMU
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Thermal average of cross section

Definition of thermal average

/ By dPosdosdio, ( 01}3) 6—%(v%+v§+v§+vz)
(ov°) =

(2 2,2, 9
/ d3U1d3U2d3U3d3U46 5 (Ul+v2+7}3—|—v4>

—a+br' + T+ O
where 2’ =m, /T".
m In case of Majorana DM = a = b = 0 (d-wave).

3 _ o 2,2 2 2
B 0V’ = av; + aviv; + by (vi-v;)” + cijrv; (v vE) + -
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Thermal averaged of cross section

Velocity averages:

135 1 &7 1
4\ 2 2
T L
h 1
2 2
(v (v; - vy)) = ;91—??7 (v (vj - Vi) = —§¥,
((v; - v‘j)2>zﬁﬁ’ (Vi - v;)(v; - vg)) = 6o

<(”U,L- : vj)(vk ”Ug)> 12 1/2) <('Uz : ’Uj)(’l)i -Q’Uk)( v€)> B 71

v: T 1627
where 7,5, k, 0 =1,2,3,4and 1 £ j #£ k # /.
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— Final result <UUB> =

245760/ 37 A8z
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Singlet fermion SIMP Numerical analysis

Numerical analysis

20 ' T T T T T
10 1
re/a%
> jffio
2 \\\f) G\OZQ‘ 6—
€ T
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m Relativistic decoupling (/s < 3) is not considered here.
m Constraint of collision of bullet cluster:

Ot/ My = m, /(72rA") < 1 cm?/g.
m DM mass range: 500 keV S m, S 20 GeV
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Gamma-ray emission

X — V7, X — e"e v occurs through v, gamma-rays are produced.

e
™
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X et
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—ete v —
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— Z5 symmetry?
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Singlet fermion SIMP Toy model

Singlet fermion SIMP (toy model)
m Add Majorana fermion y (DM) and scalar mediator (.

Yo — —;  AeH
L= —"2oXx — Y HXL — =2=¢* | H’
m Assume dark sector (x, @) is weakly coupled with SM sector via y,,

)\SQH < 1.
m Mixing angle between h and ¢ (sinf < 1) is also small.
m y, is large — SIMP
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Computation of 4-to-2 cross section

X X X X X X X
>————X / X >————X o : |
X X>/// X X>/,/ : X |
; I
X X / X , X : X ,
P S . :
X X X X X X X X

m Classified into 5 topologies.

m First diagram ~ o(py)u(p3)v(p2)u(pr) ~ v* — |[M|* ~ v

Naively second, third, fourth diagrams are — | M|? x v?,

Fifth diagram: — |[M|? « 1

m But, total amplitude square is proportional to v* (d-wave) due to Pauli
exclusion principle.

Takashi Toma (TUM) Seminar@IPMU 4th July 2018 22 /29



Thermal average of cross section

Final result °
V3, ) ané”
n=0

(ov?) =

245760mm’ (16 — €)%(4 — £)1(2 + €)%2”
_ 2 2
where § = m;,/m; > 4
ao = 2467430400, a; = —1648072704,
1, =491804416, a3 = —25463616,

ay = 4324144, as; = — 1528916,
ag = 4736064, a7 = —30299,
ag = 1201.

When & > 1, this concides with effective self-interaction case
m Resonances at m, = 2m,, 4m,,.

m Difficult to compute around resonances due to multi-dimensional

integrals.
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Numerical analysis

My My = 3 my,/m, = 10
6 I 6 | I T
!\-lq(){b /:\QQ :'.:QQ 3
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m Perturbativity y, < V4w = 3.55.
m Relativistic decoupling (z'; < 3) is not considered.

m Constraint of bullet cluster: oy/m, = yé‘;mx/(Sﬂmfp) <1 cm?/g.
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Boltzmann equation

Assumptions:

m Quantum statistics is neglected
— Assume always Boltzmann statistics
m Initial condition: n, =0, p, = 0.
m DM and SM sectors are seperately thermal eq. (17" # T").

One can find DM temperature solving the Boltzmann eq.

an hmhmx mh 3\ (4 2 eq2
7 -+ SHTLX =21, 52 K5 mX — <(7’U > (nx — anXq )
dpx

+ CHp,=mu'pn;

dt
where 3 < C' <4 and I'y, = ' + Dy

(Aorr)  (sind)
Temperature T/ < Px = F(2)
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Singlet fermion SIMP Schematic picture

Schematic picture

Evolution of DM number density
10— —— m Energy injection from SM sector
' o to DM sector due to h — @, Yx.

B X — XXX enters in dark
thermal bath.

— n,, rapidly increases,
T’ decreases.

m DM is in dark thermal bath

— n€q
m When DM is non-relativtsic,
freeze-out occurs in DM sector as

same as WIMP case.

DM abundance

107 | 10 % 001 1 100
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Singlet fermion SIMP Schematic picture

Schematic picture
Evolution of dark temperature 71"

m Energy injection from SM sector
to DM sector due to h — @, Yx.

4
E 7 B Y)Y — XYXX)X enters in dark
= thermal bath.

E | — n,, rapidly increases,

i T" decreases.

E) 1 m DM is in dark thermal bath

— n€q
m When DM is non-relativtsic,
freeze-out occurs in DM sector as

same as WIMP case.

0.01: | |
10°° 104 0.01 1 100
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Magnitude of coupling

Contours of A,y and sin@ in (m,, y,) plane

My/ My = 3 my/m, = 10
6 . 6
3 ] 3 i
k= =
& &
N N
1 A | 1 3 |
s | 2 s | 2
- = £
0.3 Y | 0.3 = |
2 2
- -
@) @)
o 4
01 | - 01- | | | 3
1074 1071 10° 1074 1073 1072 107! 10°
my|GeV] my |GeV]

m Temperature ratio 7"/T is controlled by A\, siné.
B A,y S 1071 sind <1077
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Summary

We have considered a singlet fermion DM with large self-interaction.

4-to-2 cross section is always suppressed by d-wave due to Pauli
exclusion principle.

This does not depend on specific interactions.

We have considered very weak couplings between DM and SM
(T" # T). Typical magnitude of the couplings are < 1077,
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