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Key ideas from last lecture

v Dark matter is a key ingredient to form the non-linear
structures we observe — not enough time with matter only!

v Features of a good DM candidate:

(i) Mass: >90 orders of magnitude for bosons, 70 for fermions
(ii) Interactions: ~dark, self-interacting at most ~ strong int.
(i) Abundance

v" Thermal decoupling very successful paradigm (CMB, BBN)
v" Hot relics: 2, ~m,,

v' Cold relics: Q~ 1/0



trick: freeze-out condition gives
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Take e.g. a "weakly interacting massive particle"
8 Y 8 P My ~ 102 GeV.
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Off to calculating the thermal relic density
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Notice we neglected relative velocity...
What is the velocity of a cold relic at freeze-out?

§T = lmv2
2

...just use equipartition theorem... v=(3/x)¥2~ 0.3
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Now, back to relic density: (_) ~ Lf.0. (
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Q\ o (1078 GeV~? . ,
(0.2) ~ ( . ) Is this unique to WIMPs? No.
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. , m~o0-Mp > 1
"WIMPless" miracle... what did we use? ~ !

o~ 1078 GeV *

Substitute and find that m, >> 0.1eV!

In practice various constraints on light thermal
relics from structure formation, relativistic degrees
of freedom at BBN, CMB... m,> MeV



What is the range of masses expected for cold relics?

Cross section cannot be arbitrarily large: unitarity limit
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What is the range of masses expected for cold relics?

If you have a WIMP, defined by a cross section ¢ ~ GF 'm
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"Lee-Weinberg" limit



Discussion so far OK for a qualitative assessment of relic density

State of the art much more sophisticated: Solve Boltzmann equation

L{f] = C[f]

Looks ugly, but for the FRW metric phase-space density simplifies...
f(&,p,t) — f(|p], 1) f(E,t)




Now, what we are interested in are number densities,
which in terms of phase-space densities are simply...

Z/dg (E,t)

spin

...integrate the Liouville operator over momentum space and get
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Back to Boltzmann equation, suppose a 2-to-2 reaction, with 3, 4 in eq.

142 3+4

Consider the collision factor, and again integrate over momenta...
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let’s understand the rest of the equation:

\/(Pl * p2) _mlmg

UMgl = E, E,
(0 - Upg)) = [ o vnmg € ~E/Te=E2/T d3p, d3p,
Mgl [e=E:1/Te=E2/T d3p, d3p,

Final version of
Boltzmann Eq.
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There exist important "exceptions" to this standard story:

1. Resonances

2. Thresholds

(s) ~ 4m§ + 6m, T

3. Co-annihilation
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Affects what the
pair-annihilation
rate today is compared to
what it was at freeze-out!
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So far we looked into what happens if we
fiddle with the left hand side of

I'=n.-oc~ H

Consider a "Quintessence" dark energy model —
homogeneous real scalar field

po = (fi—‘f)z +V(8)
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After chemical decoupling (number density freezes out),
DM can still be in kinetic equilibrium
(i.e. its velocity distribution is in equilibrium)

generically, this is the case, since for cold relics

XX € ff = I'=nNnon—rel * O
XfHXf - I‘ancl'a



Think of a prototypical WIMP:
2 2
Oxferxt ~ GpT
Problem: every collision has a momentum transfer dp ~ T

...but we need to keep the (cold) DM momentum in equilibrium, i.e.

2
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so Op << p, we need a bunch of kicks!



However, subtlety: kicks are in random directions!
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Let's estimate a typical WIMP kinetic decoupling temperature
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What does this implies for structure formation?

10 MeV)3

3
4 1
(H( )) pom (Tka) e( o

3 Tkd
Mg ~ 3 x 10~ M,

First structures that collapse are these tiny minihalos
(maybe some survive today?)

Structures then merge into bigger and bigger halos
(bottom-up structure formation)



Notice that the kinetic decoupling/cutoff scale varies significantly
even for a selected particle dark matter scenario!
e.g. for SUSY, UED
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What happens instead for hot relics?

They decouple when T >> m,,

Structures can only collapse when T~ m,,
(i.e. when things slow down enough for gravitational collapse!)

Structures are cutoff to the horizon size at that temperature

Mp
m?

v

d, ~ H"I.(T ~ m,) d, ~




1 3 M 3 M3
Mcutoﬂ', hot ™ (H(sz )) Pu(T=mu)N ( P) mu.mg = P

M?) 15 my, \ 2 12 m, \ 2
TP 10 M ( ) ~ 102 M ( )
m2 “\30eV 0™ Mo

How does this compare with observations?




M13> 15 my, \ 2 12 my \ 2
~10'° M ( ) ~10'2 M ( )
m? ¢ ©\30eV . ©\1 keV

v

Observational constraints give

Mcutoff < MLy—a ~ 1010 M(-)

So at best dark matter can be keV scale, if produced thermally



Structure formation looks strikingly different

for hot and cold dark matter

R >
b

‘XX X

Hot Dark Matter

Top-Down

Cold Dark Matter
Bottom-Up

[doesn’t work!] [Yeah!]



1980’s: Davis, Efstathiou,
Frenk and White show that
simulations of structure
formation in a universe
with cold dark matter
match observed structure
incredibly well!!



gravity “Ordinary"

maftter
weak int.? [Standard Model]

“dark” force?




Dark Matter Standard Model
Particles (ordinary) Particles



direct detection

collider production

X f

—_>
thermal equilibrium ?

[pair annihilation]



long-lived, but metastable



Consider direct detection

Detecting particles that interact weakly has always been
known to be a tough job

H. Bethe R. Peierls

After estimating in 1934 the cross section for Ve t+p—et +n
_ 2
O tpsetin ~ 1074 (E,/MeV)” cm?,

“It is therefore absolutely impossible to observe processes of this kind”



Bethe and Peierls were too pessimistic/conservative:
neutrinos were detected in 1953, abundantly in 1956

Inelastic process (maybe relevant for DM?)

Ve +p—et +n X+X—=>x'+Y,

Elastic neutrino scattering took much longer (Gargamelle 1973)




Let's use WIMPs again as prototypical DM particles
First, which energies and what masses are we talking about?

maximal recoil momentum for a DM particle
with velocity v is 2m, Vv, so maximal energy

Emax = (2m,v)?/(2my)

Now, the maximal velocity a DM particle can have in the
Galaxy is the escape velocity v, . ~ 500-700 km/s
- E~ keV for GeV particles!

Plug in numbers for a detector with an energy threshold ~ keV...
minimal detectable DM mass ~ GeV



OK, now what about the event rate? R = Kd¢o.

K ~ 6.0 x 10%/A ¢ = VppM/ Ty

Plug in sensible benchmark values...

R 0.06 events / 100 ( o ) PDM v
kg day A 10-38 ecm? 0.3 GeV /01113 200 km/s




To have a detection need both enough signal events,

and enough background suppression

1. slowly decaying "primeval" nuclides (U, Th, 4°K),
ab. 104, half lives ~10° yr

2. rare, fast decaying trace elements like tritium, 4C:
ab 10*8, half lives 10 yr

Big detectors, in underground, actively shielded environments...



THE A, B AND C OF GRAN SASSO

Experiments at the Gran Sasso National
Laboratory are housed in and around three
huge halls carved deep inside the mountain,
where they are shielded from cosmic rays
by 1,400 metres of rock.

Gran Sasso
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. Lkaboratory
.
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Instrumentation conduits
Rome

Adriatic
coast

V4

High voltage
feedthrough

120 veto PMTs —

7 tonne liquid xenon
time-projection chamber

Water tank

Gadolinium-loaded
liquid scintillator veto

Liquid xenon
heat exchanger

488 photomultiplier tubes (PMTs)

Additional 180 xenon “skin” PMTs



Other handles on a DM signal versus radioactive background:

1. Seasonal modulation = e ﬂ
WIMP wind © & L

240 km/sec

€

L2

€
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€

Not to Scale S&T: LEAH TISCIONE

2. Diurnal modulation WIMP signatures

Diurnal modulation:

Vo solar motion

o
=N

3. Directional information

Nuclearrecoil

The mean recoil direction rotates over  The distribution of the angle « between the
one sidereal day solar motion and recoil directions:
peaks at «=180°




Now: direct detection event rates, for real!
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How do we calculate the scattering cross section?

Non-relativistic limit, the scattering matrix element is the
Fourier transform of WIMP-nucleus potential

M(@?) ~ / (FIV(@li)eid7d

to the lowest order in velocity, the potential is just a
contact interaction of spin-independent and axial

V()= Y (Gr+Grdy-Gn) (7 — )

nucleons n

where the G's are the effective DM-nucleon interactions for
scalar and axial interactions



Coherence requires the nucleus size to be much smaller than
the momentum transfer wavelength (1/q)

qlinucleus < 1

Loss of coherence is phenomenologically accounted for by introducing
form factors describing the nucleus response

M(q*) = T(0)F(q*)



Given a microscopic theory of dark matter,
how does one get to the DM-nucleus cross section?

An interesting multi-layered problem in effective field theory!
Z\ /7.

Dark Matter-quark jZ\ x>‘..a _____ <"

Low-energy EFT L !

Nucleon matrix elements @ @

Dark Matter-nucleon

Form factors

Dark Matter-nucleus

¥~ neutron




Sometimes life is simpler, e.g. if DM is (milli-electric-)charged

16ma’e? Z2 u3,

ON =
q4

Sometimes life is nastier, e.g. if DM is lepto-philic
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Now off to indirect dark matter detection

ldea: use the debris of DM pair-annihilation
(likely large if thermal relic) or decay

PSM, ann ™ (/ pDNI dV) X (UU) X (NSI\/I, ann)a

1
'sMm, dec ~ ( pDMdV) ( )X(NSM, dec)
v

m, Tdec

What do we know about these rates?
ov from thermal production (with caveats!)

How about decay rate?



Suppose DM decay mediated by high-scale physics at scale M

1 3
~ ™

1 (1TeV > M 2
° My, 1016 GeV

Dimension-5 operator doesn't work — would be too short lived!

I's

Interesting, well motivated!

1 TevV\”® M 4
27
76 ~ 107 s ( . ) (1016 GeV)



What about annihilation final state?

Very model-dependent

1. if DM belongs to an SU(2) multiplet, then well-defined
combination of ZZ, WW final states...

2. In UED, DM is KK-1 mode of hypercharge gauge boson, thus
M2 o |Yy* Yu, =4/3 Yo, =2

3. Special "selection rule", e.g. helicity suppression for Marjorana
fermion (analogous to charged pion decay)

2 2
[MI* oc m



Annihilation (or decay) of DM can be detected
or constrained in a variety of ways

Here's one possible classification:

1. Very Indirect: effects induced by dark matter on
astrophysical objects or on cosmological observations

2. Pretty Indirect: probes that don’t “trace back” to the
annihilation event, as their trajectories are bent as the particles

propagate: charged cosmic rays

3. Not-so-indirect: neutrinos and gamma rays, with the great
added advantage of traveling in straight lines



Very indirect probes include e.g.

Solar Physics (dark matter can affect the Sun’s core temperature,
the sound speed inside the Sun,...)

Neutron Star Capture, possibly leading to the formation of black
holes (notably e.g. in the context of asymmetric dark matter)
Supernova and Star cooling

Protostars (e.g. WIMP-fueled population-lll stars)

Planets warming

Big Bang Nucleosynthesis, on the cosmic microwave background,
on reionization, on structure formation...



Pretty Indirect Probes: charged cosmic rays

Good idea is to use rare cosmic rays, such as anti-matter

antiprotons, positrons relatively abundant
(mostly from inelastic processes CR p on ISM p)

Interesting probe: antideuterons (or even anti-3He !!)

D: p+p—->p+p+p+p+n+n

large energy threshold (~17 GeV), so typically large
momentum, while from DM produced at very low
momentum! Select low-energy antideuterons



positrons (and in part antiprotons) have attracted attention
because of "anomalies" reported by PAMELA, AMS-02

general scheme for Galactic CR's: diffusion (leaky-box) models

dn

E =¢(59Eat)

SIS
<

= D(B)AY + o ((E) ) + Q@ E,1)

Things can be made arbitrarily more complicated/sophisticated:

* Cosmic-ray convection; recipe: add: %(vc -1);

* Diffusive re-acceleration; recipe: add: - p? D, 2 9p p? s

L b,

* Fragmentation and decays; recipe: add: —

Tf.d



R~ O(1) x 10 kpc,

Boundary conditions: h~ O(1) x 1 kpc.

o 5 (£)

Useful to simplify the diffusion equation assuming steady-state, using
typical diffusion and energy loss time-scales, defined by

R E
TdiffND_()'E y 7'loss"\’m

Y Y

Tdiff Toss

Diff. Eq. then looks like 0 = — + @

with solution ¥ ~ @ - min|[74;g, Tess)



If the source is cosmic rays accelerated via a Fermi mechanism,

Q s E‘—2 _— ,(/) ~ E_2°E_6 ~ E—2.7

...in agreement with CR protons (where en. losses are irrelevant)

For CR electrons, energy losses are efficient above a certain energy,

2
~ RO Uph 2 0 B 2
be(E) = bic (1 eV/cm3) E" + beyne (1 uG) o2

b ~ 0.76, b2 . ~0.025 10716 GeV/s,

Sync



Therefore (as observed) we expect a broken power-law
~2 -6 ~2.7
"pprimary, low—energy ™~ Q * Tdiff °~ E - K ~ F

E

—1 -3
"pprimary, high—energy ™ Q * Moss ™~ E . ﬁ ~ F

Also, secondary-to-primary ratios are generically

Y-
Ve

~ E°



Electron spectrum looks pretty good

E® dN/dE (GeV’ m? s sr)

<

/ AE+15%

® 00X »

I

[ Systematic error - low-energy analysis

ATIC
PPB-BETS
Kobayashi

Fermi

H.E.S.S.
H.E.S.S. - low-energy analysis

Systematic error

Broken power-law fit

1 [ T |

Il 1 1

Energy (GeV)




but the secondary-to-primary ratio prediction is
at odds with observed rising positron fraction

4
w
T

e
N

oe’)/ (o(e")+ o(e'))

Positron fraction

® PAMELA

1 | 1 1 1 1 1 1] ‘ 1 1 1 1 1 1 4 l
0.01 10 100

Energy (GeV)

Much hype about this possibly being from DM — but very problematic



» No excess anitprotons — must be "leptophilic" (possible but

not generic)
» No observed secondary radiation from brems or IC

» Needed pair-annihilation rate very large for thermal

production, leads to unseen gamma-ray or radio emission

3

1.5
~ 10—24£ . ( Mx )
(ov) s \100 GeV




Alternate explanation: nearby point source
injecting a burst of positrons (a.k.a. Green’s function, a.k.a. PSR)

wao(-(3))

Estimate Age and Distance of putative source

100
1016 . 1002

E
tosr K Tloss = 1rav; for E = 100 GeV, Tipgs ~ s ~ 10'* s ~ 3 Myr.

b(E)’

Tdiff = \/D(E) - .

\/D(E) - tosr > distance — distance < (3 x 1028 - 100%7 - 10'4)/2 ¢cm ~ 10?2 ¢cm ~ 3 kpe.



One possible way to disentangle PSR from DM: anisotropy

Complication: Larmor radius for heliospheric magnetic fields
B~ nT, is of the order of the solar system size (exercise)

heliosphere




Not-so-indirect DM detection: neutrinos!

Only two observed astrophysical sources of neutrinos!

Hard (but not impossible) to detect particles

flip side: neutrinos have very long mean free paths in matter!

idea: DM can be captured in celestial bodies, accrete in sizable
densities, start pair-annihilating

if the process of capture and annihilation is in equilibrium,
large fluxes of neutrino can escape



