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“Big Questions”



The Origin of Matter

Cosmic Energy Budget

Dark Matter

Baryons

68 %

Dark Energy

Explaining the origin, identity, and relative fractions of the
cosmic energy budget is one of the most compelling
motivations for physics beyond the Standard Model




Elementary Fermion Masses

fermion masses

(large eﬁle MSW)
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[Something else ? ]

Partners

Partners

[Higgs Mechanism ]




EWSB: The Scalar Potential

V(¢)

- - —

Im(¢)
/_/’ m¢

Re() From Nature

How did this potential evolve with temperature ?
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Collider Physics & the Early Universe

Why does the universe contain more
matter than antimatter ?

What is the dark matter and what are its
interactions ?

What is the thermal history of
electroweak symmetry-breaking ?

What additional particles & interactions
were active in the early universe and at
what epoch in cosmic history ?



Collider Physics & the Early Universe

Lecture |
. Give an overview of particle physics in cosmic history

. Explain the time-temperature-mass connection

. Introduce the context of baryogenesis & finite-T
symmetry breaking

Lecture Il

. Explain how leptogenesis works

. Explain how collider searches and other experiments
can probe leptogenesis scenarios



Collider Physics & the Early Universe

Lecture Il
. Explain how electroweak baryogenesis works
. Discuss dynamics of the electroweak phase transition
. Discuss EWPT-dark matter connection

. Discuss LHC & future collider probes of EWPT & related
dark matter scenarios



Lecture | Goals

Introduce key concepts & framework for describing
particle interactions in the early universe

Set the context for the discussion of baryogenesis
scenarios & their connection to BSM physics

Introduce the key ideas for analyzing spontaneous
symmetry-breaking at non-zero temperature: finite-T
effective potential

Invite questions !



Il.

1.
IV.

Lecture I Outline

Cosmic Thermal History and Particle Physics

General Relativity & Thermodynamics: Relating time,
temperature, & mass

Matter-Antimatter Asymmetry

Symmetry-Breaking at Non-zero T
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. Cosmic Thermal History & Particle
Physics: Overview
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Symmetries & Cosmic History

EW Symmetry
Breaking: Higgs

BSM Physics? Standard Model Universe




Symmetries & Cos - Non-zero vacuum

expectation value of
neutral Higgs breaks
electroweak sym and
gives mass:

Me = }\‘e <H0>

e s it the Standard
Model Higgs?

* [s there more than
one?

EW Symmetry
Breaking: Higgs ?

BSM Physics ?

Large Hadron Collider &&=

=
=

R RGNSl  Puzzles the St'd Model may or
may not solve:

U(1)eum
SU(3), x SW

How is electroweak symmetry broken?
How do elementary particles get mass ?

Fartcie Data Group, LEBNL, (©) 2000 supportad by DOE and NSF




Symmetries & Cosmic History

EW Symmetry

Breaking: Higgs ?

BSM Physics ? Standard Model Universe
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Puzzles the Standard Model can’t solve

1.10rigin of matter

2. Unification & gravity

3. Weak scale stability
4. Neutrinos

Fartcie Data Group, LENL, (© 2000 SUD






Symmetries & Cosmic History

Dark Matte

W Symmetry

reaking. Higgs Baryogenesis: When?

CPV? SUSY? Neutrinos?
o e

Yg = -2 = (859 +0.11) x 1011
S




Symmetries & Cosmic History

W Symmetry
reaking: Higgs

Baryogenesis: When?
CPV? SUSY? Neutrinos?

;M 3 * C: Charge Conjugation
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Symmetries & Cosmic History

Dark Matte

W Symmetry

reaking: Higgs

?

Baryogenesis: When?
CPV? SUSY? Neutrinos?

Park Energy

qQ
m3! A

- |

nfla <3> g EW BaryogeneSIs
testable w/ EDMs +
= colliders

Leptogenesis:
look for ingred’s
w/ vs: DBD, v osc

= B

| Was the baryon asymmetry
made in conjunction w/ EW
symmetry breaking ?




Symmetrles & Cosmic History

W Symmetry
reaking: Higgs

Standard Model Universe

4 * Rotation curves
» Lensing
» Bullet clusters

k!
b
=
a
8
=
3

™ dane

5 QCD'q+g% QC: n+p J
p o o Kl p nuclei "

<) 2 MPporea by




Symmetries & Cosmic History
EW Symmetry

Breaking: Higgs ?
BSM Physics ? Standard Model Universe
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Puzzles the Standard Model can’t solve

Origin of matter
Unification & gravity

1.

2.

3.|Weak scale stability Back up slides
4. “Neutrinos




Symmetries & Cosmic History

EW Symmetry

Breaking: Higgs ?
BSM Physics ? Standard Model Universe

Puzzles the Standard Model can’t sol

1. Origin of matter
2. Unification & gravity

3. Weak scale stability
4. |7\Ieutrmos

Fartcie Data Group, LENL, (© 2000 supportad by DOE and NS



Neutrinos & the Flavor Problem

EW Symmetry

Breaking: Higgs ?
BSM Physics ? Standard Model Universe

“Seesaw
Mechanism”

Unobserved
heavy v s

fermion masses

\!1 b L 3 .‘\!2 .\!3

Observed
~ 10" GeV light v s

(large angle MSW)

Fartcie Data Group, LEBNL, (© 2000 supported by DOE and NSF



Symmetries & Cosmic History

EW Symmetry
Breaking: Higgs ?

BSM Physics ? Standard Model Universe
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SUSY ? T 4

GUTS ? s ‘ a' Terascale?
Extra Dims ? ‘

&
’

S &
S 22

A
Puzzles the Standard Model can’t solve

1. Origin of matter What are the symmetries &
particles of the early universe

2. Unification & gravity beyond those of the SM?

4 Weak_ scale stability What is the associated mass
4. Neutrinos scale?




Relating Time, Temperature, & Mass
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Abundance
1 Lo el

Dark Matter example
xx <+ fforVV

Increasing <o,v>

I L A S S ———

-
Rl e —

- -

Kolb, Tumer

10 100 1000

x=m/T (time =)

Boltzmann Eqs:

1) N~ Ngg

2) N starts to depart
from Ngq

3) N “freezes out” at x;
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Freeze Out

Dark Matter example olzmann Eqs

x x> ffor VvV

1) N ~ Ngq
Increasing <o,v> 2) N starts to depart

4/ from Ngq
v 3) N “freezes out” at x;

U S

i (3) X ~ O (10) —

Niq } I ~m/10
¢ Abundance ! Kolb, Tumer
1 ‘l lll“110 - l;oo ll ll“llOOO

x=m/T (time =)
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Il. General Relativity &
Thermodynamics

How do we relate time & temperature
in the early universe ?
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Expanding, Isotropic, Flat Universe

Einstein
G, =8rG1,
//' \
Einstein Tensor: Built Energy-Momentum
out of metric tensor guv Tensor: Built out of energy
density & pressure

| |

Dependence on time Dependence on temperature
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Expanding, Isotropic, Flat Universe

Friedman-Robertson-Walker

g, = diag (1, —a*, —a?, —a2)

« [sotropic
 Expanding: a = a(t)

 Flat



Expanding, Isotropic, Flat Universe

Friedman-Robertson-Walker

g, = diag (1, —a*, —a?, —a2)

(0,0) (1,0) (0,0) (1.0) (0,0) (1,0)
[ 4 -

I:I Physical Physical
C . Distance Distance

omoving _ ‘. !
Distance aty) - 383;

. Comovin >ally
[ g g L ) 2

} Distance K
=1

S. Dodelson Time

WV




Expanding, Isotropic, Flat Universe

Einstein & Friedman-Robertson-Walker

GOO — 87TGT00 — 87TGp

Expansion rate
(time evolution)

2 2
oumi(2
a

ST
— (P <
3 P

Energy density
(temperature)

‘Friedman Equation” (flat universe)
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Expanding, Isotropic, Flat Universe

Hubble Rate Hubble Rate Today
_a 10 .71
H(t) = — Hy = h [0.98 x 10" yr]
a
Relativistic particles
( (”—0) gT*? bosons
P =9
\ (%) (g—;) gT* fermions
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Relating Time & Temperature

Friedman equation

2
H(t)? = %”G (”—) g.T*

30
/ \
/ \
Time evolution of a Reduced Planck Mass
f N 1
t1/2 radiation G = 5
a o | /3 matter smMp

| exp(Hot) ,  vacuum Mp = 2.435 x 10'° GeV
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Relating Time & Temperature

Radiation era

' 1
aoctl/Qﬂg:—
a 2
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Relating Time & Temperature

Radiation era
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Radiation, Matter, & Vacuum Epochs

Dependence of p on a

i

P O 4

\

a

a

—4

-3

)

)

radition dominated

matter dominated

Vacuum epoch: p independent of a
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Radiation, Matter, & Vacuum Epochs

1
Radiatign
density
107° -
—~107° |- Matter-radiation
" crossover point DARK
S ENERGY-
g -15 MATTER- DOMINATED
z1° " F DOMINATED
B RADIATION-
2% DOMINATED Mattgr
= 1008 density
1072°
Dark energy [density
-30
F N S N TR NN N N N N NN N N I o R
10° 10 10° 10° 01
Time since Big Bang (yr)
\ J. Brau, U. Oregon

Particle physics
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Relating Time & Temperature

Time Temperature Dynamics
s 1 03%5s 10%7 K Inflation
E ends
;c% 107" s 107 K EWSB
S
@
105 s 10?2 K Confinement
10 s 10° K BBN
g 380k Yr 2.7 K Recomb
s
©
S 38



Thermal History

INFLATION RADIATION ERA MATTER EFA

End of EWSB

| CMB (decoupl) &
inflation + Qefmad | .
reheating

PLANCK
ENERGY

BBN :
|
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Particle Decoupling & Freeze Out
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Number Density & Entropy

Comoving (a-independent) :

Y =

n
S

Relativistic species in equilibrium

VvEQ _ 45C(3)9
rel 94
T (xs

Non-relativistic species in

BT 5y ("
non—rel 4\/§7T5g*3 0k VK "



Boltzmann Equations (Classical)

/
[N\

Decay Scattering Annihilation
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Particle Abundances: t, T, & m

-

]
J
]
r
r
3
3
;r
i
]
]
1
y
Qf
J
]
J

Dark Matter example
xx <+ fforVV

Increasing <o,v>

I L A S S ———

-
Rl e —

- -

Abundance Kolb, Tumer
" Lo a el L N A

10 100 1000
x=m/T (time =)

Boltzmann Eqs:

1) N~ Ngg

2) N starts to depart
from Ngq

3) N “freezes out” at x;
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Freeze Out

Dark Matter example olzmann Eqs

x x> ffor VvV

1) N ~ Ngq
Increasing <o,v> 2) N starts to depart

4/ from Ngq
v 3) N “freezes out” at x;

U S

i (3) X ~ O (10) —

Niq } I ~m/10
¢ Abundance ! Kolb, Tumer
1 ‘l lll“110 - l;oo ll ll“llOOO

x=m/T (time =)
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lll. Matter-Antimatter Asymmetry
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Cosmic Baryon Asymmetry

n
Yp = — = (8594 0.11) x 10~
S
Cosmic Microwave Bcknd: Big Bang Nucleosynthesis:
Shape of anisotropies Light element abundances
depends on Yg depend on Yy

2
(Temperature Fluctuation)

10 100 1000
Spherical Harmonic on Sky




Cosmic Baryon Asymmetry

Park Energy

Big Bang Nucleosynthesis:

Light element abundances
depend on Ypg

>
Baryon dcnsn)' €y h=
0.0

i Yg = -2 = (8.59+0.11) x 10~
S




Cosmic Baryon Asymmetry

Park Energy

Cosmic Microwave Bcknd:

Shape of anisotropies
depends on Yy

(Temperature Fluctuation)™

Yg = -2 = (8.59+0.11) x 10~
S

10 100 1000
Spherical Harmonic on Sky



Segregated Matter & Antimatter ?

« Absence of y-rays — Must separate on scales
of > 10> M, (See, e.g., Steigman ‘08)

« N N annihilation in equilibrium down to ~ 22
MeV — ng/s~ng/s~7 X102

« AtT~38MeV ng/s~ng/s~8X107" —
New mechanism to separate N & N needed

« At T ~ 38 MeV, horizon contains ~ 10" M, —
Far too little to satisfy absence of X-rays

Observed Yz must result from early univ particle physics



Ingredients for Baryogenesis

* B violation
« C & CP violation

» Qut-of-equilibrium or
CPT violation
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Ingredients for Baryogenesis

Standard Model BSM

* B violation (sphalerons) v v
* C & CP violation 4 v
» Qut-of-equilibrium or " v

CPT violation
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Ingredients for Baryogenesis

Scenarios: leptogenesis,
EW baryogenesis, Afflek-
Dine, asymmetric DM, cold
baryogenesis, post-
Sphaleron baryogenesis...

Standard Model BSM

* B violation (sphalerons) v v
* C & CP violation 4 v
» Qut-of-equilibrium or " v

CPT violation

92



Energy Scale (GeV)

Baryogenesis Scenarios

1012
10°

102
107

ﬁ————————————————————'

I Electroweak, 'resonant lepto,

WA/I-PY-baFyO ARS lepto...

——  Post-sphaleron, cold...
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Fermion Masses & Baryon Asymmetry

fermion masses

Partners

(large gMgle MSW)

V1' L 2 .\’2.\’3

Partners

@
<
J

Ao
AW
AR

\_

[Something else ? ] [Higgs Mechanism]

/ ™

Leptogenesis: Baryon Electroweak baryogenesis:
asymmetry & m,, from Baryon asymmetry & m; from
lepton number violation EW symmetry breaking

94



IV. Symmetry Breaking at Finite T
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Symmetries & Cosmic History

. EW Symmetry
What is the Breaking: Higgs
nature of the

EW phase

Standard Model Universe
transition ?

O
o
=
N
3
—3
-
o
=
Lo
-~
m
-
a
b3
-

= B

Early Universe

The Phases of QCD
iments.




EWSB: The Scalar Potential

From Nature

What was the thermal history of EWSB ?
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Temperature Dependence of V(¢)

o N .~
Effective Potential:  , =~y + --A r<7  +
&’k - 1
Vilo.,T) = I . b= =
()] = S+5In (1= ™) 2wl
7 AN

T=0 part: Coleman-Weinberg T-dependent part
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EW Phase Transition: St’d Model

| ' 1st order ) F 2nd order

Qo
—
=)
whd
©
-
Q
Qo
5
[t

125 GeV

Increasing m, - Higgs Mass

Lattice Authors  ME (GeV) EW Phase Diagram

4D Isotropic [76] 80+7

4D Anisotropic [74] 724+1.7 . .

3D Isotropic (721 723407 How doe_s this picture

3D Isotropic [70] 7244009 change in presence of new

TeV scale physics ? What is
the phase diagram ?

SM EW: Cross over transition o



Key Concepts

Einstein + FRW: linking time & temperature

Thermal history: inflation, radiation era, matter era,
& vacuum era

Particle abundances & Boltzmann equations:
linking interaction rates, masses, & T

Baryon asymmetry & Sakharov conditions

Thermal history of spontaneous symmetry breaking
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Back Up Slides
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Symmetries & Cosmic History

EW Symmetry

Breaking: Higgs ?
New Scalars ? Standard Model Universe

* Flatness

- 0O

* |sotropy

U 4iep 9|q15508

-

* Homogeneity

3 b

]

b 4901y

Scalar Field: Inflaton

V()

Reheat

“Slow roll’

Asto: stars
galaxies, ..




Symmetries & Cosmic History

- ACDM
» Supernovae
* BAO

HyH?=2=

a

Scalar Field: Quintessence ?




Symmetries & Cosmic History

EW Symmetry
Breaking: Higgs ?

BSM Physics ? Standard Model Universe

Fa)

A yep 9|q\s od

q

T 100

o, PDley

The Standard Model of The Minimal Supersymmetric
Particle Interactions Extension of the Standard Model

a(u) !

Unification + 10

Sleptons

1018



Symmetries & Cosmic History

EW Symmetry
Breaking: Higgs ?

BSM Physics ? Standard Model Universe

T 100

a(u) !

L 10

SUSY: Canceling quantum
corrections protect G

10 18 10 2




Fraction of critical density

0.01

0.02

BBN and Yg

0.05

0.25
0.24
0.23
022 %

*He Mass fraction

=)
+

Number relative to H
L] L]
o o
® &
1

QS0 1937-1009
Z,, = 3.572

il FW“

1 1

= SRR B TR

.

/ T—
5000 6000__

—

/Z/"

10-10 L

1

Baryon density (107! g em™)

2

5560

Wavelength (&)



Expanding, Isotropic, Flat Universe

Einstein
G, =8rG1,
1
G,Lw — RMV §g,u1/R
R = ¢"" R,

R,=I*_-T* +I%I® —T2I”

J75 796! o, v Ba™ v Br+ pa



Relating Time & Temperature

Densities
p = (27{)3 /dng(@f
g
"= o) /dgpf(ﬁ)
Distribution
functions

(p)

f(p) = {exp [B(E — p)] -
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Relating Time & Temperature

Energy Momentum Conservation

™™ =0 d(pa®) = —Pda®

Equation of State —3(1+w)

p X a

P = wp 0 o 2/B+w)]




Relating Time & Temperature

—3(14w)
IO X a (1 . . .« . .
= radiation (relativistic)
w=140, matter
2/(13(1
a o t¥/BFW)] | —1, vacuum (cos. constant)
Time evolution of a
(41/2 7 radiation Dimensional analysis
a o {3 matter
L exp(Hot) , vacuum
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Number Density & Entropy

Quantities that depend on a:

n = (27{)3 /dgpf(@ = NIV

S5 _p+P
vV T

S

Relativistic D.O.F:

45
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Boltzmann Equations (Classical)

d
ﬁ(sa‘g) =0

h<
]

M
T

» | 3

n 4+ 3Hn = sY
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Boltzmann Equations (Classical)

M? B ~1
H(M) = 1.67 v dt = zH(M) "dz
: H(M) dY
i+ 3Hn — sy = SHA) -
Z <
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