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& Particle Dark Matter TUTI

Dark Matter
@ what is it?
@ where did it come from?

Classification by production mechanism

@ has it been in equilibrium with visibles?
e yes: freeze-out like
@ no: freeze-in like
e neither: asymmetric DM, primordial axion condensate, dilution by entropy

production, ...

@ particle physics setting the relic abundance?
e complete BSM model
e higgs, hidden photon, neutrino portals
e dark sector internals

Sterile Neutrinos
@ Majorana fermion, singlet under SM
@ neutrino portal: [Dodelson, Widrow’94], [Shi, Fuller’99]

@ extended dark sector: production through scalar decays [Merle et.al.’14]
@ this talk: relic abundance set by sterile neutrino self-interactions
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&2 SIMP Dark Matter m

@ “strongly interacting massive particle” = relic abundance set by freeze

out of number changing interactions N — N’ [Hochberg et.al.’14]
[Carlson et.al.?92]

@ requires self-thermalised dark sector before fo.

e dark matter chemical potential 1 = 0, dark sector temperature 7"

e may or may not be in kinetic eq. with the visible sector, 7" # T possible
@ two options for a self-thermalised dark sector

e DM not lightest dark particle

@ freeze out of annihilations to the lighter, unstable (else AN g) dark particle,
parameter space very constrained [eg.1704.02149]

o DM is lightest dark particle

@ freeze out of number changing interactions — SIMP DM

What if a sterile neutrino is the lightest particle in a
self-thermalised dark sector?

Majorana SIMP
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& Fermionic SIMP TLUT

@ Majorana singlet x, or “sterile neutrino”
@ dark matter Lagrangian, including operators up to dimension 6:

L _ 1 1 — T H I — =

DM = 5X idx — 5 XX — yxLHx — W(X X)(X°x) +hee.,
3/2

®y, <1071 (Mm—e;’> from decay x — vy to y-ray background
@ dim-6 operator induces dark matter two-to-two scatterings
_1omy
7202 Ton AL
@ cluster collision bound: a_,2/mpy < 1 cm?/g [e.g. 1503.07675]
@ may address small scale structure hints if > 0.1 cm?/g [e.g. 1508.03339]
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&2 Fermionic SIMP — 4 — 2 Annihilations TUT

@ 2 — SM annihilation rate required to be small by gamma ray bound
@ 3 — 2 annihilation impossible by Lorentz structure
@ 4 — 2 annihilation d-wave velocity suppressed for Majorana fermions

l S/ X X
—1/2
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Majorana SIMP Intro  Majorana SIMP  Dark Sector Evolution Toy Model



&2 4 — 2 Annihilations — (5v%)

@ including fermion lines: 5 topologies

e adiad
= =
e aatiat
= =
e adiat
= =
e R
=
Pttt
=

@ including external state permutations, > 100 diagrams, solved by
FeynCalc, nonrelativistic limit, expand in velocities
@ by diagram:
o first: T(pa)u(ps)v(pa)u(pr) ~ v*> — |MJ? ~v?
e last: O(v")
e total: |M|? ~ (viv;)(vevr) ~ T /m? ~ z'™2

1201 1

3\ _
(V) = S i80amAs 272
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& Instantaneous freeze-out approximation TUTI

Boltzmann equation:

~ 2 3 4 2 2
a7 08 Vi)
@ interactions freeze at T -
determined by ‘ PLARCK - ---

2-to-2 am\iﬂi{atign

3-to-2 annihilation
H(Ty) = O"U3 Tlg T/ -to-2 annihilation

( f) ( ) x,eq( f) 1077 o2 m,:: 100 MeV §

@ freeze-out abundance given by

Yoo = Yeq (T}, Ty)

@ WIMP: T'y_,5 = (ov)n, ~ T3, 0 i
Majorana SIMP: 10° 100 02 o T
x=m,/T
Tyo = (ov?)nd ~ T7T? wt
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& Analytical Result TUm

Correct relic abundance {m,, A, Ty/T; = 2’ /x;}
, m o z/o 3 zlo 3/2
® zf,=7.2+log {(Mev) (zefzi)’ (2&) (#o))]

@ A~ 0.045 GeV ( my )1/2 (i)”s (@)_9/8 <geff1(gfo)>_l/16 (heff(zfo))s/s

GeV Tto 10 10

T T T

101 -
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& Boltzmann Equations TUm

The dark sector evolution is described by the Boltzmann equations for

number and energy density (assuming Boltzmann statistics and kinetic
equilibrium):

dn
.4 3 4 2 eq2
dt +3Hn, = —(ov”) (nx —nyni! ) + Tparticle injection from visible sector

+ CHPX Fenergy injection from visible sector

dt

@ C(T") € [3,4], depending on dark sector redshifting as matter or
radiation

@ expansion H(T') governed by SM temperature T (assuming g5M > ¢PM

@ = system of equations, coupled by T"(n, p)
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&2 SIMP freeze-out

Abundance (ov*)g = 10° GeV®
—_—

my = 0.1|Gev @ Temperature ratio 7'/T" not
w\— 60 constant
>~ 107F — @ initially, 7" scales as radiation

' T, T < R~}
Ym (T : (TI T)init) qu<T’)‘,
@ 4 — 2 heat the dark sector,
10! i i decreasing T'/T’

@ after freeze out, 1" scales as a
nonrelativistic decoupled species
E T xR 2xT 2

S0
&~

10-'F Temperature N @ better way to characterise the dark
107 102 10 10° sector?

xz=m/T
[Carlson et.al.’92]
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&2 Dark Sector Entropy TUTI

@ disconnected (T # T") sectors: Comoving entropies of visible sector S,
and dark sector S’ stay constant
@ = ratio ¢ stays constant:

=2 (L ® g5u(T)
s/ 1 gflark (Tl) '
@ Instantaneous freeze-out approx. of number changing interactions in a

decoupled dark sector

e / 3
yed _ an(T ) _ 475 9x Zl l‘lQKQ(a?/).
X s(T) 4t gé(T) \ T

@ substitute g3.,1 naxwen (') = gy (2K (') + 42 Ko (2'))

@ instantaneous freeze-out result as function of the entropy ratio

1 Ko (z)
Y o YU ¢) = - !
X @) Cm’Kl(x’f) + 4K2(x’f)
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@ Result — Entropy Ratio M

Correct relic abundance — {m,, A, s/s'}

10'F

O A/

107! 10°
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& Toy model — sterile neutrino plus real scalar  TUTI

@ add real scalar singlet ¢, m, > m,

Yo — Frro ApH
Line O =5 XX — yx LHX = =5= @ [H[* = pg|H|* + hec.

@ p mediates xx — xx self interaction and xxxx < xx number-changing

interaction
X> X X ; X X> X X , X X i X
X o X S X o X S E X :
ot R G | T
X X X XX X X X
8
27V3Y* ) ang”
(ov®) n=0

~ 81920mm8 (16 — £)%(4 — £)4(2 + €)%

where ¢ = m2 /m2 and the coefficients {a;} = {2467430400, — 1648072704, 491804416,
—25463616, 4824144, —1528916, 473664, —35259, 1201}, and off resonances at resonances
atmy ~ 2,4 my
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@ Toy model dark sector evolution M

@ dark sector can be populated by freeze-in via higgs decays through A,z
or scalar mixing sin 0

2 .2
Ahtpv mp

8mmy, 16731

I'(h— ss, h— xx) = 2 (sin6)?

@ energy yield from

d'/p) 1
dT = fHTpI‘hmhnh(T)

@ temperature ratio, assuming all particles stay relativistic between start of
freeze-in and dark matter chemical equilibration

1/4
gdark(Tg) p ﬁ>

@ entropy ratio ¢ calculated at end of freeze in then stays constant
[Carlson et.al.’92] [Bernal,Chu’2016]

T /
Té_Tﬁ<gSM( i) P
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@ Results — Toy model

@ Temperature ratio T /T}
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@ abundance enhanced by 2 — 4 scatterings in viable parameter space
@ limited region of parameter space from self-interaction constraints and

non-rel. freeze-out condition
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& Summary — SIMP Sterile Neutrino DM TUTI

@ New mechanism to set sterile neutrino relic abundance
o dark sector thermalises itself through 2 — 4 reactions
e freeze out of number changing interaction within dark sector sets relic
abundance
e relevant number changing interaction 4 — 2 d-wave velocity suppressed
@ v, self-interaction
e small scale structure hints may (if corroborated) indicate non-minimal dark
sector physics
@ interesting v self interaction indicates SIMP mechanism for production

@ decoupled dark sector evolution: s/s’
@ 100keV — few GeV decaying dark matter — ~-rays!
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@ Can thermalisation revive neutrino portal?  TLTI

@ m, < 100keV sterile neutrinos cannot thermalise through 4 — 2 without
violating self interaction bounds
@ coupling them to a thermalising scalar field circumvents this constraint

[Hansen,Vogl’2017]
1074} I I IIT v |
sterile-dm | eq. description J_./—_—_
10-51 ', ..- ]
I
r
1070k e
I A N el ‘i colb
= s : L
10774 E
108 — |4
' - 7
10-9 _// R . ]
3 ®
10? 10! 10° 107!

T, [MeV]
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& Coupled Boltzmann Equation TUTI

@ The energy density of an isolated sector shifts as

C(T) = %(3/) +3P)=3 (1 * ;Kl(x)li2?fff)2($)/x> ’

@ Coupling of Boltzmann equations for p, n

The equations for n,, and p,, are linked via the dark sector temperature,
which can be obtained from the average energy per particle

Lom(fS+3).

This relation can be numerically inverted to give «’ (p/nm).
@ Entropy ratio result in the toy model

—3/9 2 .. 92 —3/2
C—s~16¢W(AW> /+744W<%$n9>
S/ - . )

10-10 10-10
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& Toy model, full evolution TUM

@ [N. Bernal, X. Chu’1510.085271: scalar SIMP via 4 — 2 annihilations:

@ DM abundance Y =n/s

107
Yeg(T
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