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@ Zwicky 1933: estimates mass of Coma cluster with virial
theorem, <Ek|n> = *%<Egra\/>

Michael KachelrieB Dark Matter: Candidates and their properties



@ Zwicky 1933: estimates mass of Coma cluster with virial
theorem, <Ek|n> = —%<Egra\/>
= virial mass a factor 10 larger than luminous mass.
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@ Zwicky 1933: estimates mass of Coma cluster with virial
theorem, <Ek|n> = —%<Egra\/>
= virial mass a factor 10 larger than luminous mass.
@ Rubin, Ford 1970: rotation curves of galaxies are flat
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= virial mass a factor 10 larger than luminous mass.
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@ Zwicky 1933: estimates mass of Coma cluster with virial
theorem, <Ek|n> = —%<Egra\/>
= virial mass a factor 10 larger than luminous mass.
@ Rubin, Ford 1970: rotation curves of galaxies are flat
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The standard lore:

@ inflation suggests Q =p/per=1

N 2
R\ 8m. k A
o (RYy _8m kA
: _<R) 3P RT3

During inflation

k
|(Quot—1)| = =7 O exp(—2Ht)
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The standard lore:

@ inflation suggests Q =p/per =1
@ BBN constrains baryon content, Qbh2 = 0.019+0.001
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The standard lore:

@ inflation suggests Q =p/per =1
@ BBN constrains baryon content, Qph? = 0.019+ 0.001

o Large-scale structure requires that DM is

& dissipation-less
o “cold”, i.e. non-relativistic already for Zjec < Z.S Zeq

a=ll

scpm

7CDM

Jeans criterion:

4T[Gpo /2
k= ("
Vs

ACDM ocom

The VIRGO Collaharation 1996
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The standard lore:

@ inflation suggests Q =p/per =1
@ BBN constrains baryon content, Qph? = 0.019+ 0.001
o Large-scale structure requires that DM is

& dissipation-less

o “cold”, i.e. non-relativistic already for Zjec < Z.S Zeq
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Dark matter candidates with Q ~ 1
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Dark matter candidates with Q ~ 1:
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why such a large variability?
@ thermal relics: WIMPs

@ production in phase transitions: axions
@ gravitational production: superheavy dark matter (SHDM)
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Thermal relics:

@ expansion of universe freezes out annihilation reactions, when

[Mann= n<0annV> ~H
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Thermal relics:

@ expansion of universe freezes out annihilation reactions, when
ann= N{CannV) ~ H
o freeze-out temperature X; = m/T; distinguishes

o Hot Dark Matter (HDM): x; <3
o Cold Dark Matter (CDM): xr >3
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Thermal relics:

@ expansion of universe freezes out annihilation reactions, when
ann= N{CannV) ~ H
o freeze-out temperature Xy = m/T; distinguishes

o Hot Dark Matter (HDM): X <3
o Cold Dark Matter (CDM): X >3

o- T i
_ s ]
’IoT [ ]
* i ]
£ of freeze out - ~—————-> Q.,h?]
N 3 1 X
> [ ]
) L Y -
& F ]
[ ‘_YEQ ]
p— 1 1
D ior 10 10

Michael KachelrieB Dark Matter: Candidates and their properties



Thermal relics:

@ expansion of universe freezes out annihilation reactions, when
[ann= N{Tanv) ~ H

o freeze-out temperature Xy = m/T; distinguishes

o Hot Dark Matter (HDM): X <3
o Cold Dark Matter (CDM): X >3

or . .
— _5 . _-
e I ]
Saof freezeout o\ g e oup? - 3% 10-%6cm?/s
> [ 1 X ~N — ) ¢
® | Y ] (Tannv)
-5 .
"YEQ ]
—20 for 162 foe

X = My/T

= suggests weakly interacting DM particle with mass m~ my
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Connection of Qx and (GannV)

@ Gamov criterion

! T?
rann: n<0annv> — H — 16@3:/2“/'7
Pl
fixes nx at freeze-out
o1
Nx (1
X (OannV)
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Connection of Qx and (GannV)

@ Gamov criterion

! T?

rann: n<0annv> — H — 16@3:/2“/'7

PI

fixes Ny at freeze-out
o 1
Nx( I
X (OannV)
= abundance today
3 X

Qx O myny(T; )TO 0
)20
X X Tf3 <0annV>
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Connection of Qx and (GannV)

@ Gamov criterion

T2

rann: n<0annv> ; H — 16@3:/2“/'7

PI

fixes Ny at freeze-out
o
Nx( I
X (OannV)
= abundance today
3 X

Qx O myny(T; )TO 0
)20
X X T2~ (CanV)

@ only log. dependence on m
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Connection of Qx and (GannV)

@ Gamov criterion
! 1/2 T?
rann: n<0annv> — H — 16®* W

PI

fixes Ny at freeze-out
2
Tf

(OannV)

nx(Tf) ]

= abundance today
T3 Xf
Qx O mxnx(Ty)=2 O
X X( )Tf3 (CannV)

@ only log. dependence on m

@ thermally averaged annihilation cross section
= 0'0+O'1V2+0'2V4+...

(OannV)
= 00+61T/m+ 62(T/m)2+ e
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Connection of Qx and (GannV)

@ thermally averaged annihilation cross section

(OanV) = 0o+ 01V + 0oV + . ..

Michael KachelrieB Dark Matter: Candidates and their properties



Connection of Qx and (GannV)

@ thermally averaged annihilation cross section

(OanV) = 0o+ 01V + 0oV + . ..

@ today: v= 1073, while at freeze-out V?/4~1/16

Michael KachelrieB Dark Matter: Candidates and their properties



Connection of Qx and (GannV)

@ thermally averaged annihilation cross section
(OanV) = 0o+ 01V + 0oV + . ..
o today: v=10"3, while at freeze-out V?/4~1/16

@ p-wave hopeless for indirect detection

@ for s-wave, same (OannV)
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Connection of Qx and (GannV)

(<]

thermally averaged annihilation cross section
(OanV) = 0o+ 01V + 0oV + . ..
today: v= 1073, while at freeze-out V?/4~ 1/16

p-wave hopeless for indirect detection

for s-wave, same (OannV)

¢ © ¢ ¢

known value of Qx fixes 0g today
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Unitarity induces upper limit on thermal My

@ Unitarity of S-matrix restricts annihilations into /.th partial

wave,
20+1

VreIM>2(

V4
O'érz Vrel < 4TT
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Unitarity induces upper limit on thermal My

@ Unitarity of S-matrix restricts annihilations into £.th partial
wave,

20+1
VreIM)Z(

V4
Ggrznvrel <4mn

@ partial wave expansion: £ [] Vrze|/4
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Unitarity induces upper limit on thermal My

@ Unitarity of S-matrix restricts annihilations into £.th partial
wave,

20+1
VreIM)Z(

V4
Ggrznvrel <4mn

@ partial wave expansion: ¢ [ Vr2e|/4

@ non-relativistic point-particles: ¢ > 1 suppressed
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Unitarity induces upper limit on thermal My

@ Unitarity of S-matrix restricts annihilations into £.th partial
wave,

20+1

J4
Ggrznvrel <4mn 5
VrelMg

@ partial wave expansion: ¢ [J Vr2e|/4
@ non-relativistic point-particles: ¢ > 1 suppressed

@ observed Qcpuh? = 0.1050 1/{CanV) =

My < 35TeV
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The standard WIMP candidate:

@ SM: no baryogenesis, dark matter, structure formation
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The standard WIMP candidate:

@ SM: no baryogenesis, dark matter, structure formation
@ SUSY as a well-motivated extension of the SM
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The standard WIMP candidate:

@ SM: no baryogenesis, dark matter, structure formation
@ SUSY as a well-motivated extension of the SM
@ gauge coupling unfication and hierarchy problem as evidence

for low-scale SUSY
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The standard WIMP candidate:

@ SM: no baryogenesis, dark matter, structure formation

@ SUSY as a well-motivated extension of the SM

@ gauge coupling unfication and hierarchy problem as evidence
for low-scale SUSY

@ R parity R= (—1)38++28 reduces proton decay problem of

SUSY GUTs
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The standard WIMP candidate:

@ SM: no baryogenesis, dark matter, structure formation

@ SUSY as a well-motivated extension of the SM

@ gauge coupling unfication and hierarchy problem as evidence
for low-scale SUSY

@ R parity R= (—1)38+%25 reduces proton decay problem of
SUSY GUTs

= LSP is stable
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The standard WIMP candidate: Neutralino

@ SM: no baryogenesis, dark matter, structure formation

@ SUSY as a well-motivated extension of the SM

@ gauge coupling unfication and hierarchy problem as evidence
for low-scale SUSY

@ R parity R= (—1)38+%25 reduces proton decay problem of
SUSY GUTs

= LSP is stable

= neutralino

X = Z11B+ Z1oW + ZyaH + Z14H>
possible WIMP candidate
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Status of neutralino DM after LEPII:

tan=10, u>0
80 "| T T T '.l T T T T T T IBI T T l-Il T
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Status of neutralino DM after LEPII:

m, =171 GeV , tan B

=10, p>0
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Status of neutralino DM after LEPII:

o after LEP: “some" fine-tuning in MSSM required:

mg _ m%—m%tanzﬁ_uz

2  tarPp-1
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Status of neutralino DM after LEPII:

o after LEP: “some” fine-tuning in MSSM required:

m_ m-mitarp o
2  tarPp-1 H

@ similiar: Ognpy typically too small
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Status of neutralino DM after LEPII:

o after LEP: “some” fine-tuning in MSSM required:

m_ m-mitarp o
2  tarPp-1 H

@ similiar: Oapp typically too small

@ possible solutions: extend MSSM, adding singlet
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Status of neutralino DM after LEPII:

o after LEP: “some” fine-tuning in MSSM required:

m_ m-mitarp o
2  tarPp-1 H

@ similiar: Oapp typically too small
@ possible solutions: extend MSSM, adding singlet

@ or split supersymmetry
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WIMP detection

@ direct detection:
@ most experiments are “exclusion experiments”
e annual modulation
& directional signal
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WIMP detection

@ direct detection:
@ most experiments are “exclusion experiments”
e annual modulation
& directional signal

@ indirect detection:
@ HE neutrinos from Sun and Earth
@ HE photons from Milky Way, dwarf galaxies, ...
@ anti-protons and positrons
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WIMP detection

@ direct detection:
@ most experiments are “exclusion experiments”
e annual modulation
& directional signal

@ indirect detection:
@ HE neutrinos from Sun and Earth
@ HE photons from Milky Way, dwarf galaxies, ...
@ anti-protons and positrons

@ accelerator searches:
@ Pr as “easy” signal
o test couplings, ...
& probes only short lifetimes
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Non-thermal DM: Axions
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Non-thermal DM: Axions

@ Strong CP problem:

/L 8n(e—arg deMy) GG
8<10-9
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Non-thermal DM: Axions

@ Strong CP problem:

_ O e
= Sn(e argdeMy) GG
8<10-9

L

@ interpretate 0 as field 8 — a/f,, introduce potential such that
a—~0
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Non-thermal DM: Axions

@ Strong CP problem:

_ O e
= Sn(e argdeMy) GG
8<10-9

L

@ interpretate 0 as field 6 — a/f,, introduce potential such that
a—0

= axions couple to gluons and mix with pions

Osa _~
L=——"—-GG
8rif,
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Non-thermal DM: Axions

@ Strong CP problem:

_ O e
= Sn(e argdeMy) GG
8<10-9

L

@ interpretate 0 as field 8 — a/f;, introduce potential such that
a—0
= axions couple to gluons and mix with pions

Osa _~
L=——"—-GG
8rif,

= axions are “like" pions, thus

2
fa fa

i.e. light axions decouple
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Non-thermal DM: Axions

@ coupling to photons

a

Jay = Tmacv

1 _
L= _ZgayaFquW )
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Non-thermal DM: Axions

@ coupling to photons

a

Jay = Tmacv

7. _
L= _ZgayaFquW )
@ Primakoff effect:

YNNG - a
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Cosmological Production of Axions

@ light axions, my <1 eV, were never in thermal equilibrium,
@ possible CDM candidate

two production mechanisms:
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Cosmological Production of Axions

@ light axions, my <1 eV, were never in thermal equilibrium,
@ possible CDM candidate

two production mechanisms:

@ misalignment mechanism: axion mass is switched on at the
QCD phase transition, T &~ 200 MeV. If axion field wasn't at
minimum, coherent oscillations will be excited,

Qah? ~ 2 x 451 (ueV/my) 1202
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Cosmological Production of Axions

@ light axions, my <1 eV, were never in thermal equilibrium,
@ possible CDM candidate

two production mechanisms:

@ misalignment mechanism: axion mass is switched on at the
QCD phase transition, T &~ 200 MeV. If axion field wasn't at
minimum, coherent oscillations will be excited,

Qah? ~ 2 x 451 (ueV/my) 1202

@ axionic strings form during the PQ phase transition and emit
axions later on.
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Stellar evolution limits:

@ virial theorem: a
<Ekin> = —§<Egrav>

= star has negative specific heat
contraction = heating & heating = expansion
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Stellar evolution limits:

@ virial theorem: a
<Ekin> = —§<Egrav>
= star has negative specific heat
contraction = heating & heating = expansion

o self-regulated nuclear burning via interplay of thermal pressure
and gravitation
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Stellar evolution limits:

@ virial theorem: a
<Ekin> = —§<Egrav>

= star has negative specific heat
contraction = heating & heating = expansion

@ self-regulated nuclear burning via interplay of thermal pressure
and gravitation

@ novel energy loss leaves stellar structure nearly unchanged,
but leads to heating and thus to increased consumption of
nuclear fuel
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Stellar evolution limits:

@ virial theorem: a
<Ekin> = —§<Egrav>
= star has negative specific heat
contraction = heating & heating = expansion

@ self-regulated nuclear burning via interplay of thermal pressure
and gravitation

@ novel energy loss leaves stellar structure nearly unchanged,
but leads to heating and thus to increased consumption of
nuclear fuel

@ reduction of stellar lifetime:

= upper limit on gay, Mg; lower limit on fy
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Summary of (old) axion limits:

Inflation String
fa scenario scenario
<+ <+
[Ge\:g nev - Too much
10 dark matter
U.S. Axion Search
eV 4+ (Livermore)
1012 é CARRACK
(Kyoto Search)
Dark
meV Matter
10°
=
u 2 SN 1987A
o S 2
e eV E (23 Z Too much
P ener loss
10 Z=Z = ey
Z Too many
events in
9 keV detectors
10 Z
£
r 1+ Globular cluster stars
@

Laboratory experiments
Exclusion Range

Plausible Dark—Matter Range

D Experimental Dark—Matter Search Range
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Detection of Axions
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Detection of Axions
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Superheavy matter
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Gravitational creation of superheavy matter

@ Small fluctuations of field ® obey

O+ [K+MEg(T) | =0
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Gravitational creation of superheavy matter

@ Small fluctuations of field ® obey

O+ [K+MEg(T) | =0

o If mef is time dependent, vacuum fluctuations will be
transformed into real particles.
= expansion of Universe leads to particle production
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Gravitational creation of superheavy matter

@ Small fluctuations of field ® obey

O+ [K+MEg(T) | =0

o If mefr is time dependent, vacuum fluctuations will be
transformed into real particles.
= expansion of Universe leads to particle production

@ In inflationary cosmology

M 2 T
Qxh2~< X > RH

10°GeV/ 10°GeV

independent of details of particle physics, for any Mx < H,
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Properties of superheavy matter:

was never in thermal equilibrium:

= unitarity limit M < 35 TeV does not apply
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Properties of superheavy matter:

was never in thermal equilibrium:

= unitarity limit M <35 TeV does not apply

can be strongly interacting and dissipation-less:

small relative energy transfer dE/(Edt) per time requires:
o either small o or

@ small energy transfer y ~ m/my

= any DM particle with mx > 10 TeV is dissipation-less
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Properties of superheavy matter:

was never in thermal equilibrium:
= unitarity limit M <35 TeV does not apply

can be strongly interacting and dissipation-less:

small relative energy transfer dE/(Edt) per time requires:
o either small o or

@ small energy transfer y ~ m/my

= any DM particle with mx > 10 TeV is dissipation-less

| A\

lifetime:

o metastable T > Tp or

@ stable due to some (gauged) R symmetry
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Connection SHDM and UHECRs:

@ UHECR above the GZK cutoff via photon, nucleon secondaries
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Detection /exclusion of superheavy matter:
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Detection /exclusion of superheavy matter:
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