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Introduction

-

(Almost) everybody knows we need Dark Matter (DM)

Thermal DM (WIMP) in minimal cosmology is great;
simple; quite predictive; little UV-sensitivity

But: WIMPs getting squeezed (not excluded) by
negative results from direct and indirect searches

Look for alternatives!
Here: out—of—equilibrium of heavy particle o!
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Basic Mechanism

- N

# Long-lived, massive particle ¢ quite generic in
Supergravity and Superstring scenarios ( Polonyi field,
moduli, ...)
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Basic Mechanism
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Long—lived, massive particle ¢ quite generic in
Supergravity and Superstring scenarios ( Polonyi field,
moduli, ...)

Corresponding field can attain large value during
inflation

Field starts to oscillate when H ~ me: Behaves like
ensemble of particles at rest!

Can dominate total energy density
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Basic Mechanism

Long—lived, massive particle ¢ quite generic in

-

Supergravity and Superstring scenarios ( Polonyi field,

moduli, ...)

Corresponding field can attain large value during

Inflation

Field starts to osci
ensemble of partic

Can dominate tota

late when H ~ me: Behaves like
es at rest!

energy density

DM particle can be produced as ¢ decay product!
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The Simplest Case

Gelmini et al. 2006; Acharya et al. 2009; Kane et al. 2015; Arbey et al. 2018; ...

#® Assume ® decays via Planck—suppressed dim-5
operator:
M3
F'e = A\—2 )\ = const
Mg,
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The Simplest Case

Gelmini et al. 2006; Acharya et al. 2009; Kane et al. 2015; Arbey et al. 2018; ...

#® Assume ® decays via Planck—suppressed dim-5
operator:
M3
F'e = A\—2 )\ = const
Mg,

® pg dominates energy density, until 7' = T with

y 45 L/4
ITr = v/1'eMp ( ) :
47T39* (TR)

Mp; = 1.2 - 10" GeV; g.: eff. number of d.o.f. in radiation
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Usually, T" < 1/a!



At 'I' > Th:

-, -
T(t) x a(t) ™38

Usually, T" < 1/a!

® p(T), hence H(T), (much) higher than in minimal
cosmology

Dark Matter Theory — p. 6/25
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Usually, T" < 1/a!

® o(T), hence H(T), (much) higher than in minimal
cosmology

# Entropy density sg IS hot co—moving constant!
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At T > Thk:

-, -
T(t) x a(t)~3/8
Usually, T" < 1/a!

® p(T), hence H(T), (much) higher than in minimal
cosmology

# Entropy density sg IS hot co—moving constant!
®» g., g.s usually not constant over the relevant period
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Boltzmann Equations:

dpa
—5 +3Hpe = —laops;
t

dsp pal'e

DR | 3Hsp = -

ar R T

dn B 9 9
d—tx +3Hn, = VZF@O@ — (ov)(ny — 1y mo) -

H : Hubble parameter; sg: entropy density;
By number of x particles per ® decay
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Boltzmann Equations:

dpa

2 L 3Hpe = —Tope:
7 T 2 Py PPD ;
dsp pal'e
— U L 3Hsp = -
g SR T
dn B
d—tx + 3an — ﬁzpq)pq) — <av>(ni — ni,EQ) .

H : Hubble parameter; sg: entropy density;
By number of x particles per ® decay

Can open up the allowed parameter space!
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Example of Resulting DM Density

MD, F. Hajkarim, 1711.05007

-10r

Log,[<ov>'(GeV )]
|
o

-20r

_25—| 1 | L I | 1
—2 ~1 0 1 2 3 4

Logso[Mx(GeV)]

] Qx-h* < 0.012

| 0.012< Qyh?< 0.12

0.12 < Qyh?
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Contribution from Direct ® Decay

VF

or negligible y annihilation:

myxny(Tr)  myByne(TR) . my By po(Tr)

sr(Tr) sr(Tr) Maosr(Tr)

L% BXTR

2
— (L, " x Mo
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Contribution from Direct ® Decay

VF

or negligible y annihilation:

myxny(Tr)  myByne(TR) . my By po(Tr)

sr(TRr) sr(Tr)  Magsp(Tr)
— (L, " x XM:;
Using Tr x /Tg o /AM3:

QXhQ X My By\/ AMg
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Application to SUSY

MD, F. Hajkarim, 1808.05076

Use full (effective) annihilation cross section from

M cr OVEGAs, supplemented with extended Boltzmann
eqgs., using \ = 1.
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Good Bino—like DM for:

- N

( - 1/2
100 GeV 1°5Bl>? 4 (5'101\545 eV) ., pure nonthermal
mB — € ’ < Mo 3/2 10—13 GeV_2 1/3 h 1
L (5-106 GeV) ( (o0) ) , therma

First option: Ms < 10°% GeV or (ov) very small;
Second option: B, < 107°, Mg > 10° GeV: Bino equlibrates
at T'> Tk, not at T'p!
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Assumptions Made

- N

# & decay products thermalize instantaneously
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Assumptions Made

- N

® (ov) and B, can be varied independently, even if B, < 1

# & decay products thermalize instantaneously

In this approximation, almost any WIMP can be given the
right relic density (Gelmini et al. 2006)

Both assumptions are, strictly speaking, incorrect!
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Thermalization

-

fHow does an energetic particle, with initial £ > T,
thermalize, i.e. turn into ~ E /T particles with energy per
particle ~ 7'?
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Thermalization

fHow does an energetic particle, with initial £ > T, _‘
thermalize, i.e. turn into ~ E /T particles with energy per
particle ~ T?

Assume there already is a thermal background, with which
the energetic particle can interact!
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2 — 2 scattering

-




2 — 2 scattering

- a

| §
b

After IR regularizations: o ~ -7 ~ 7
Typical energy loss per scattering AE ~ /aT
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2 — 2 scattering
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S §
b

After IR regularizations: o ~ -7 ~ 7
Typical energy loss per scattering AE ~ /aT

Energy loss rate: onyAE ~ o3/27?
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2 — 2 scattering

- N

S §
b

After IR regularizations: o ~ 2 ~ 75

Typical energy loss per scattering AE ~ /aT

Energy loss rate: onyAE ~ o3/27?
Thermalization time

Mg
31272

ttherm ~
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2 — 3 scattering

o - -

Can have large energy loss, £y ~ Ey ~ Eg/2, without any
large virtuality, if emission is colinear!
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2 — 3 scattering

| N

S 4 /
b

Can have large energy loss, £y ~ Ey ~ Eg/2, without any
large virtuality, if emission is colinear!

: . do o’ 1
Nalve guess: 77— ~ 5>
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2 — 3 scattering

- N

S 4 /
b

Can have large energy loss, £y ~ Ey ~ Eg/2, without any
large virtuality, if emission is colinear!

o’ 1
Naive guess: dE ~ RS

1B o 02T [P EdE L ~ o2E,T
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2 — 3 scattering

- N

/

S 1 S
‘/l/l/l/ S”

b

Can have large energy loss, £y ~ Ey ~ Eg/2, without any
large virtuality, if emission is colinear!

o’ 1
Naive guess: dE ~ TR

1B o 02T [P EdE L ~ o2E,T

dt
ttherm ™~ n(%q%T)Z 2 — 3 splittings dominate! (pavidson & Sarkar,
2000)
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Complication: LPM Effect

Landau & Pomeranchuk 1953; Migdal 1956: for QED; Harigaya et al. 2013: in present

context

# Particle s after scatter still nearly on—shell, for colinear
emission
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Complication: LPM Effect

Landau & Pomeranchuk 1953; Migdal 1956: for QED; Harigaya et al. 2013: in present

context

9

o o

Particle s after scatter still nearly on—shell, for colinear
emission

Lives a “long time”
Will undergo multiple scatters: destructive interference

For splitting s(p) — s'(k)s” (p — k):

rate suppressed by \/ =R

vV Mg
0 273/2

Still much faster than 2 — 2 scattering! J

— ttherm ~
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Thermalization (cont’d)

-

Gives rise to spectrum of non—thermal particles with

-

M.
T<<E§7q)
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Thermalization (cont’d)

& N

Ives rise to spectrum of non—thermal particles with

M
T<<E§7q)

Can be source of non—thermal relics, through scattering on
the thermal background (“hard—soft”) or between two
non—thermal particles (“hard—hard”) r. Alahverdi & MD,
hep—ph/0205246
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Boltzmann equation

MD, B. Najjari, 2105.01935

Let n(p) = dn/dp:

o7 o7
.~ 3Hpo- = Cinj — Cac
T Pap Cinj = Caep

Cinj: From @ decay, and feed—down from & > p;
Cdaep: ENergy loss by radiation
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Boltzmann equation

MD, B. Najjari, 2105.01935

Let n(p) = dn/dp:

on on
Y H ~_ — Llinj — e
Cinj: From @ decay, and feed—-down from & > p;

Cdaep: ENergy loss by radiation

tiherm < 1/H = set H = 0;
quickly reach guasi steady—state, where injection and
depletion balance! (Depends on 7))
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Boltzmann equation (cont’d)

M Mg /2 dFSplit L
2ngTad(p— =7) + / (k) Cg =)
p+rT 14
p/2 dFSplit(ka)
— N dk .
[ A —g

x: O(1) IR regulator, does not affect result for
p>T, My/2—p>T.
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Boltzmann equation (cont’d)

M Mg /2 dFSplit L
2ngTad(p— =7) + / (k) Cg =)
p+rT 14
p/2 dFSplit(ka)
— N dk .
[ A —g

x: O(1) IR regulator, does not affect result for
p>T, My/2—p>T.

Switch to dimensionless quantities:
v=p/T, xp = Me/(2T), n(x) = Tn(p = 2T)
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Boltzmann equation (cont’d)

M Mg /2 dFSplit L
2ngTad(p— =7) + / (k) Cg =)
p+rT 14
p/2 dFSplit(p_)k)
— N dk .
| —g

x: O(1) IR regulator, does not affect result for
p>T, My/2—p>T.

Switch to dimensionless quantities:
v=p/T, xp = Me/(2T), n(x) = Tn(p = 2T)
Normalize to V,, = Fsp?i?&gg 7

n(z) = n(x) /Ny 1S Independent of ngl ¢!

o

|
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Results

o N

For single species cascade (e.g. pure glue):

n(z) ~g(x/xp)/v/ T + 6(x — xr)

1007\ 1T L L T 1T T 1T T 1T L L T 1T LU le+06§\ T TT
le+05 |
10000 &
S S
= 10f = 1000
X I e g
G G
100
10F
1 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ 17\\\\\“ Il \\\\\Hx Il \\\\\\\x Il \\\\\\\x Il I .
0 01 02 03 04 05 06 07 08 09 1 0.0001 0.001 0.01 0.1 1
x/xM x/xM
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Effect of LPM Suppression

-

# Depends on energy
— changes the shape of the spectrum
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Effect of LPM Suppression

- N

#® Depends on energy
— changes the shape of the spectrum

#» Reduces the thermalization rate
— Increases normalization of spectrum of

non—thermal particles!
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Impact on Production of Relics

o N

For Mg = 10'° GeV, o, = 0.01, a = 0.05, T = 10° GeV:

1010 LR | T TrTTT LR | T TrTTT LR |

soft-soft
— — — hard-soft - primary particles
— — —hard-hard - primary particles
hard-soft - full spectrum
hard-hard - full spectrum
— — —total - primary particles
total - full spectrum

o 100 -
=
<3
107 .
10-10 - -
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Refinements

MD, B. Najjari, 2205.07741

# |Include full spectrum of SM particles in the cascade:
Leads to set of coupled Boltzmann eqgs. (one per
species)
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Refinements

MD, B. Najjari, 2205.07741

# Include full spectrum of SM particles in the cascade:
Leads to set of coupled Boltzmann eqgs. (one per
species)

# Include full p—dependence of LPM suppression,

Including “Coulomb logs” (using results from heavy ion
phySiCS Arnold et al)

There will be non—thermal x production whenever (ov) # 0!
E.g ® — gg only, but your relic couples only to /x:
Need g — ¢ — B — (g splitting cascade!
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ry = 10%, & — gg only

—_ —_
o o
o N

L L S ] B B 3 B L) B L) B R B S R AR

—_
o
&
Ty

Gluon

= = qr

A
- == Total

Pure Gluonic

— i

—_
o
o
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Summary and Outlook

- N

# Period of early matter domination not unlikely in
SUGRA, superstring scenarios

» Greatly affects predicted DM relic density!

#® Refinements:
» Proper treatment of ¢.(7"), hence T'(t), sg(T): done.
» Spectrum of non—thermal particles: (done)

# Still missing: showering of primary decay products
(software exists); Higher—order ® decays: generally
exist If (ov) # 0 R. Alahverdi, MD, hep-ph/0203118
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