Cosmology & Particle Physics

N

John Ellis
King’s College London & CERN




Plan of Lectures
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o 1 - The Big Picture
. — Introduction to Big Bang cosmology
— Dark matter and dark energy
— The role of particle physics in the early Universe

= 2 - Particle candidates for dark matter and dark energy
— The Higgs boson and cosmology
— Supersymmetry
— Searching for supersymmetry at the LHC
— Searches for supersymmetric dark matter
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e In an infinite, static Universe, every line of
sight would end at the surface of a star

o Absorption does not help (Herschel)
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~ | » Finite spherical Universe no help either




~ * Galaxies are recedmg from us
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v=Hd (H,=Hubble's constant)
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| * Galaxies are receding from us

e The Universe was once 3000 smaller, hotter
than today




Almost the same in
different directions =2

Small

variations
discovered
by COBE
satellite 2




SreEcTRUM OF THE Cosmic

MicrRowAVE BACKGROUND
Frequency (GHz)

Discovered by 300 400
Penzias & Wilson, e

Very close to a perfect

thermal spectrum: |

The Universe once had §&

a temperature of E‘
thousands of degrees &
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Intensity (MJy/sr)
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~ » (Galaxies are receding from us

e The Universe was once 3000 smaller, hotter
than today

o

- * The Universe was once a billion times
smaller, hotter than today




Making Elements in the Early Universe

T et - N
Universe contains about 24% Helium 4

¥
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Could only have been cooked by nuclear reactions
in dense early Universe

Dependent on amount of matter in Universe

Dependent on number of particle types



Assuming 3 neutrino species >
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Theoretical calculations =2
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Not enough ordinary matter to make the Universe recollapse
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Neutrinos: 0.1% - 5%
Baryons: 4 +1% \

-‘ .

~___ CMB: 0.01%

Cold Dark Matter:
29 + 4%

Dark Energy: 67 = 6%
The ‘Concordance Model’ F

prompted by astrophysics & cosmology -
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“ Galax1es rotate more rapldly ﬁ X-ray emitting gas held . Even a
‘ than allowed by centrlpetal in place by extra | ‘dark galaxy’
y force due to V1s1b1e matter dark matter without stars
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| Gravity Centripetal Acceleration \_\\i//‘»\"'
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Collision of two galaxies: Collision of two galaxies:
dark matter lumps pass through | gaseous matter stuck in between |




As measured
by weak lensing
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Could our galactic halo be ordinary matter? .
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1+60%
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;o/ <10 % ofour halo
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Neutrinos: 0.1% - 5%
Baryons: 4 +1% \
TRy o CMB: 0.01%

Cold Dark Matter:
29 + 4%

Dark Energy: 67+ 6%
The ‘Concordance Model’ = g

prompted by astrophysics & cosmology &
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Wilkinson Microve Anisotropy rob
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Location of ﬁrst peak {f ‘

depends on QTot

Wilkinson Microwave nisotropy Probe
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Dark energy 2
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N Total density }
~ critical

N Matter densﬂ
\

1 : — WMAP
Dark energy [l

~0.3

Wilkinon MicroNave ANISsropy Probe ~ _ — WMAP
— WMAP + SNLS

Matter




Baryon denst

] .

< Agree with data ‘:
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Theoretical calculations =2
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Not enough ordinary matter to make the Universe recollapse




Direct evidence for dark energy &

-

Universe now accelerating, ¢

previously decelerating

SN Ia Composite Light Curves

A(m-M) (mag)

0 P A T D i i e ML
e
= 1E F: ;
< E §
é 2E ®® ,(f_'-_tkd.q/.d
> o low-z SNe Ia e
3 E { o HST-discovered SNe la 'i:
E £ T~ _Constant D : _ .
4 7 osF...... Coasting, q(z)=0 “'—“n—-*~g¢§'-e—ra_t!904.‘10_—_1,‘1_(3/_@5?9.!10_:@):
___. Acceleration+Deceleration, qy=-, dq/dz=++ 3
___. Acceleration+Jerk, q,=-, j;=++ 3
0

0.0 0.5 1.0 1.5 20

1 ' :
£ - w1 %72
S

2
m

E E
3 = e ——
E £ =
E = : 7 =
E TR b i ] |
E E o Ground Distovered ] :
3 F e HST Dlscogered; .
3 C t JE—— =1.0) 4 £
3 c A0~ w0 T :
E F a8 \!S}&-’\-_gm,» Evolution” z,( ]
o5 .ﬁ\g‘&\,—lg' - - -
s [ o ]
£ C e LI — e e ]
S 00T e B B LR S e s .
restframe days T f ===3
£ 3
o Q= ]
05 .. Empty (Q=0) 310,250 -
F 00 06,7027, ,20.73 ]
[ — "replenishing" gray Dust -

o
o

0.5

Riess et al, Perlmutter et al




—  Secatter method
— — — . Hubble diogram method
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Neutrinos: 0.1% - 5%
Baryons: 4 +1% \
TRy o CMB: 0.01%

Cold Dark Matter:
29 + 4%

Dark Energy: 67+ 6%
The ‘Concordance Model’

prompted by astrophysics & cosmology &
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" ¢ Where did the matter come from?
e What is the dark matter?

 What is the dark energy?

-
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*  * Why is the Universe so big and old?

Need particle physics to answer these questions




300,000
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R)
minutes

1 micro-
second

1 pico-
second

Appearance

of dark matter? |
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Formation
of atoms

Formation
of nuclei

Formation
of protons
& neutrons

Appearance

Appearance of mass?

of matter?
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Size:
Age:
Temperature:

Energies:
Rough magnitudes:

Need particle physics to describe earlier history




Large-scale universe ~ 1sotropic & homogeneous
Only possible form of metric (Robertson-Walker)

dr?
1 — kr2

ds® = dt® — R?(t) [

+ 12 (df? + sin® @ d¢>2)]




— Cosmological constant A part of T,

e Treat matter & radiation as fluid:

Tyy = —pguv + (p+ p) upuy |l p = —3H (p + p)

* Friedman-Lemaitre equations:
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p= (%:93 + gzp:gp) %T“ = %N(T)T4
* Degrees of freedom in Standard Model:

e Expansion rate: JHOESaEE H=1/2t
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Temperature New Particles AN (T) |
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e - NS
Measure density relative to critical value:

Qiot = p/Pe

Curvature: [Pyiaasy:ciloNmyy

where critical density 3H?2

= —1.88x 1072642 kg m 3
pC 87TGN X gm

—1.05 x 10~° h? GeV em ™
And Hubble expansion rate: Rt

Exponential expansion if A dominates:

R(t) o eVA/3t

73
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* Integrating Hubble expansion rate:

— dz
Hoto= [ rom

dz
(1+2) [(142)2(1 + Qmz) — 2(2 + 2)Q,] /2
e Approximate solution:
Hoto ~ % (0.7, + 0.3 — 0.30,) 793

e Estimated age:
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Wilkinson Microve nisotropy Probe v

What is the origin of the fluctuations in the CMB?
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X __" AT 4 NG

Energy-momentum tensor for scalar field:

It these are small, near-exponential expansion:




Generated by quantum fluctuations 1n inflaton
field

Density perturbations: RS p(x)

Power spectrum: 6% =%" |5k|2 =" P(k)
Evolution depends

on equation of state
Measured in CMB,

galaxy distributions

d<6®>/d 1n k

A% (k) =
0.1

0.01
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one part in 10 A Matter falls into -
2 the overdense regions |8

\ False Vacgum “ e € I~
m t &
Uy (metastable) N 'Wrinkles"
B or Hills & Valleys
E m .
0

0 @, Accumulation in Valleys

Magnitude of Scalar Field (¢) . U7
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Convert into matter with varying density
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Galaxies = Clusters = smooth at largest scales
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| Simulation of Cold Dark Matter

§ | — - 7 xX e AT

: Initially quite homogeneous: gravity — structures form — today
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*| Simulation of present-day
Universe:
o - Filaments of dark matter,
- Clusters of galaxies at nodes
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Cold dark matter:
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No hot dark matter,
Few baryons:
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Dark energy:

Current power spectrum P(k)
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