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%:\5 Problems of Modern Cosmology

Why is the cosmological
constant so small?

Is cosmic acceleration a
signal of a breakdown of GR?

Origins:
* Why is the universe so flat?

* Why is the universe so
homogeneous!?

* Why did the universe begin 4% Atoms
from a low entropy state!

Why is there more
* What resolves the big bang matter than antimatter?

singularity? LECTURE |
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What is driving cosmic

acceleration?
LECTURE Il

What is the nature
of dark matter?

LECTURE Il

What laid down its
primordial perturbations?
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& The Particle Cosmology Connection

*Essentially all of these call for fundamental physics
solutions, and typically it is the interplay with
particle physics that is crucial.

*The connections between particle physics and
cosmology are vast, and certainly even the basics cannot
be covered in 3 lectures.

*Instead, I'll focus on three major problems and describe
some popular approaches to them, covering some of the
relevant particle physics along the way.

*Our discussions sessions should help fill in some gaps.
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?\5 Lecture |: Outline

* Why is the Baryon Asymmetry of the Universe
(BAU) a problem for either particle physics or
cosmology?

* The general principles behind candidate models.

* Some popular particle physics motivated examples

* Baryogenesis in Grand Unified Theories (GUTs)

* Electroweak baryogenesis

*Phase transitions, anomalies and CP-violation

* Vanilla leptogenesis

* General comments and summary
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8 g0 g0
&N A Fundamental Problem

*Can construct a ladder of evidence

*Essentially, observable universe, out to the Hubble size,

is made of matter and not antimatter (nice result from
Cohen, De Rujula and Glashow)
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%‘\5 A Quantitative Measure

*The lightest elements - D, 3He, “He and Li were produced
through fusion processes in the very early universe (~mins)

* Their abundances are well-measured.

* A theoretical calculation of the expected abundances is
extremely sensitive to the baryon to entropy ratio:

n
S

* Sometimes it is more convenient to use the known density
of photons in the universe (CMB) to convert this to Qbhz

H
(100km s Mpc™)
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107 . Baryon densit

\bundan:

Quh

Big Bang Nucleosynthesis (BBN) and precision CMB data give

How did this arise

Q,h* = 0.024 = 0.001| dynamically?
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& The Goal of Baryogenesis

To understand how well-motivated particle physics theories
in 2 cosmological setting might generate this value while
remaining consistent with all other particle physics and

cosmological data
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nayn

N The Sakharov Conditions

In order to have a hope of generating the baryon asymmetry,
a model (particle physics + cosmological evolution) must:

*Violate baryon number (B) symmetry (obviously)

*Violate both the charge (C) and charge-parity (CP)
symmetries - otherwise, although have B-violation,
on average won’t produce an asymmetry.

* Depart significantly from thermal equilibrium

(BYr = Tr (e PHB) = Tr (CPT)(CPT) e P B)]
= Tr (e P (CPT) 'B(CPT)] = —Tr (e P# B)
n(X) < m(X)

m(X) = m(X)
CPT Look at some examples of how these can be achieved
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&  Grand Unified Baryogenesis

* A single particle physics interaction at high energy (temp)

G—H— ..

* B violation: —>SUQ), xSUR), xU(D)y = U(l),,

*quarks and leptons in same representation of

the GUT gauge group

* superheavy gauge bosons mediate B-changing processes
* C and CP violation:

*Natural and easy to build into the theory
* Equilibrium:

*GUTs effective at very early times

*Cosmic expansion was much faster then (faster than

interactions of gauge bosons I'< H™'

*Decays are inherently out of equilibrium
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&  Some Problems with GUT BG

|. Requires a high reheat temperature after inflation.
Can lead to dangerous production of relics - gravitino
and moduli problems.
2. GUTs predict topological remnants (monopoles).
Extremely hard to test experimentally - can’t probe the
GUT scale directly in colliders.
4. The electroweak theory (coming soon!). This violates
baryon number and can erase a pre-existing asymmetry.

W

There are ways around most of these:

* Preheating to non-thermally produce superheavy bosons
* choosing a GUT that violates B-L and hence is

immune to EWV effects (since that theory preserves this
combination). E.g. SO(10).
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& The Electroweak Theory

The electroweak theory is a spontaneously broken quantum
field theory built on the SU(2)xU(Il) gauge groups

1 1

L= (D,p)DV¢p — ZFWFW _ 4W§VW“W + V() + Ly

F,, =98,B, —8,B, W, = 0,A% — 0, A% + ge®*° Ab A

) 7
—gT7. A, — —g’Bu

D, =d, -
M H2 2
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&  Sakharov in the EW Theory

Spontaneously broken SU(2)xU(1) gauge plus Higgs theory

Take a look in more detail at how the Sakharov criteria
are satisfied in the electroweak theory

* B is a symmetry of the classical Lagrangian

* B is not violated in any perturbative quantum process
(Feynman diagrams respect B)

* Nevertheless, B is an anomalous symmetry of the theory.

Involves beautiful nonperturbative physics connected with
the vacuum structure of chiral gauge theories.
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%i? The Electroweak Vacuum

VIA$]
o1 A The electroweak vacuum

is periodic, with vacua
related by “large” gauge
transformations

>

A

n=0 n=1 n=2

But: the coupling to fermions is anomalous - leading to

violations of baryon number when moving from one
vacuum to another

2 12
9

~ g ~
We Wk — F,, F*
3212 M 32m2" " )

aujg = aujllf = ns <
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?\5 Baryon Number Violation

In fact, can use this expression to compute the total change
in baryon number for any such transition. Can show that

AB = ANCS — nf[Ncs(tf) — Ncs(O)]

where the Chern-Simons number is given by

2 . 2
Ncs(t) = J /d333 Ezjk Tr (AZ(?JA;C + ngAzAjAk>

3272

The Chern-Simons number changes by one between
adjacent vacua.

[There is a very nice mathematical story here, involving
homotopy in the electroweak vacuum, which has the
topology of a 3-sphere. Ask me later if you're interested]
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& Rate of Baryon Number Violation

This should all start to worry you a little. You’re made of
baryons, and I've told you that we know they aren’t stable.

At zero temperature however, you can rest easy - this is
a tunneling event, with a rate governed by the smallest

possible barrier between vacua - the sphaleron.
VA1 |

8TeV < Egpp, < 14TeV

Sphaleron

T

Ao

n=0 n=1 n=2
(T = 0) ~ exp(—2Sg) ~ 10717
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?\5 B-Violation at Finite T

The finite temperature calculation is complicated. Here just
outline.

 Compute rate to cross barrier over sphaleron beginning
from a given state.

* Sum over all such paths, weighting each by appropriate
Boltzmann factor (tricky in practice).

* Take account of infinity of directions transverse to sphaleron
by calculating small fluctuation determinant around

sphaleron. a A8 -
rsp(:r):u(w/_v;) M exp (_ sp;( ))

Even better - at very high temperatures, this becomes
L(T) = k' aw (awT)* k' ~ 30
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& An Electroweak Analogy

A simple pendulum New Definitions

*Approach valid for
SRR 6 Energies << barrier height
. X = P *Periodicity lost in approximation
‘ *Only affects high-energy physics
: _8
w=—
[
ho At high temperatures, processes
a = <<l probing the multiple vacua are
! 4mgl , _
i . easily possible
/0 A
w. Schrodinger Equation
1 PR R ORENT ~ Ss
ho( d° 1 ., )
1 B —sin’ x|, GO = B, (0
L i 22 _ 1_
2 0" - mgl(l - cost) Perturbative Approach
Vacua: (expand about a minimum) [ This model is a useful
0 =2nwt n€l , .o analogy for many features
Periodic potential A of the electroweak theory
means periodic

Keep only first term:

wave-functions Harmonic Oscillator!
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& Summary of the EW Vacuum

The Electroweak Vacuum Structure

Each transition adds Transition rates I' for Y
the combination: different temperatures T. ¢ S

AZ 70
@ @ T=10 I"=e¢e °‘“'=10
-Mw
@ T<Tew1-.=eawkT \q)

N

\ +_\_+_/ §
With B = +3 .o .@ .@ .@
and L. = +3 T=T, 1"=(!\VT4 .@ .@

For T>T,,, things become very interesting - baryon number
violation is unsuppressed and copious!
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&  Standard Model CP-Violation

The standard model Lagrangian contains a charged current
which, in the weak interaction basis is

Lw = (9/vV2) Uy D W, + h.c.
Can use unitary matrices to diagonalize the quark mass
MAtrices.  giag(my, me, my, ...) = VVMUVY
diag(mgq, mg, myp,...) =V MPVEY / .
When do this, then in the mass basis, defining Uz =Vo UL
interaction becomes Dy, =V’ Dy
Lw = (g/V2)U, K4*D; W, + h.c.
Matrix K = VY (V)" is the Kobayashi-Maskawa matrix,
describing interactions.

For three generations, as in the SM, there is precisely one
independent nonzero CP-violating phase in K
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& Beyond Electroweak CP Violation

* EW theory is maximally C-violating (chiral).

* CP-violation, seen in the Kaon system and understood via
the CKM matrix, is insufficient to generate the BAU

* Must turn to extra sources.

Simple phenomenological example:

J (P'D) b

OO N
F it = Lo=b=— 5 Jy x5

M2

*Acts like a time-dependent “chemical potential” for
baryon number

* Only active when the Higgs field is changing rapidly,
otherwise a total derivative.

9
"P)—
L, =b G
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& Example: MSSM CPV

In the MSSM there are other new sources for explicit CP
violating phases (analogous to that in the SM)
* Some arise from parameters that softly break SUSY

* e.g.phases in the gaugino mass matrix
* Other possible sources.VWhen SUSY breaks, interactions of
the Higgs fields with charginos, neutralinos and stops yields
contribution to scalar potential of the form

Vop = M (H H)? + Xo|Hy |PH Hy + X\3|Hy|°H i Hy + h.c.

o . Hy = (¢1,0)"
If write Higgs fields in unitary gauge, then |
phase is CP-odd and behave similarly to ~ Hz = (0, p2e*)”
previous slide
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&  Departure from Equilibrium

Have mentioned that the standard model has interesting
behavior at nonzero temperature - explore a little further

Without doing detailed finite-T field theory, can see one of
most important phenomena in a quick and dirty way.

L= —% L, PO" P — %%Xé”“‘x —V(p, T =0) — %chxQ

2 A
V(6,1 =0) =56 + 5o

Spontaneously broken model for coupled fields

Assume second field in thermal equilibrium at temp T, and
integrate it out, replacing it by average value - T.

1

A
V(6.T) = 5 (4T — i) 6 + 5" T.= =
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%‘1\5 A Simple Phase Transition

™T.  |n this simple model, there is a
phase transition - the full

T= . .
symmetry is restored at high
enough T. Only below a
critical temperature is the

theory spontaneously broken.

But: in this example, the phase transition is continuous

(sometimes people say 2nd order). It is relatively calm, as
the field essentially rolls down its effective potential to its
nonzero value at the temperature drops.

The departure from equilibrium is insufficient
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&

Departure from Equilibrium

However, in the standard model, a careful computation of
the finite-temperature effective potential yields a more

interesting possibility

VD (6:T) = (392+A+m—2) (T2 — T2)g?

32 4 492

3 e ) my o

As we'll see, if this cubic term
is present and large enough,

then a strongly first order =

phase transition occurs, which
is very useful!
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( J {

[ T=0

¢
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%:\5 The Phase Transition |

*At high temp, EW symmetry restored: <(p>=0
*At low temp, <(p>=v=250 GeV
*At a critical temperature T a phase transition occurs
V.{9) ; o
! = 7 eOrder depends on the presence
/=0 of sufficiently light scalars
 For successful EWBG, usually
need PT to be strongly |5t order
e to get required departure from
Nl . equilibrium (and to avoid washout)
*In the minimal SM, there is only
Explain how momentarily. the Higgs to play with and it
For now, how does itall  would need to be <80 GeV!

hang together? * Obviously more is needed
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&

N The Phase Transition |l

V.le] \ T T=T

[Gleiser, Rogers,Thora'rinson, 0708.3844]
*At critical temperature bubbles of true
vacuum nucleate in the sea of false.
* Boundaries are sites of large departure from equilibrium if
phase transition is strongly enough first order.
* As they traverse the whole space, each point becomes a
site for the production of the BAU
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Particle Physics and Cosmology |:The Baryon Asymmetry Puerto Vallarta, Mexico 1/11/2011



R Washout

|
5 | AB#(
# |
v |
|
broken |  symmetric
phase : phase
e e e =

Behind the advancing wall (¢) = v(T¢)

I've mentioned washout a few times.VVhat this means is
that in this region B-violation must shut off quickly enough
so that the asymmetry produced is not erased again.

S8 1) (20 1 (D)

OéwT T
o(Te) > 1
we therefore need T =
(&
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?\5 Generation of the BAU

*A number of different ways in which generation takes place. Focus here
on a sketch of “nonlocal, thin wall ewbg”

*Applies if mean free path of fermions is >> wall thickness.

*Can neglect scatterings - fermions are free particles interacting w/ wall.
*In rest frame of wall, particles see sharp potential barrier -undergo CP
violating interactions w/ wall due to gradient in Higgs phase.

[,,T,
4
rbroken ~ eXP(_MW /T) 1—‘unbroken ~ (aWT)
Jo < -- -=>Jo False vacuum
True vacuum
(unbroken symmetry)
(broken symmetry) 1
(¢)=v (¢)=0
The Boltzmann factor needs >V,
to be big enough here!
Mark Trodden, University of Pennsylvania Cosmology on the Beach Conference
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L-Tr
1—‘broken ~ eXp(_MW /T) 1—‘unbroken ~ (aWT)4
s e Jo <& -- --> Jp False vacuum
(broken symmetry) ;..z, (unbroken symmetry)
(p)=v (¢) =0
> Vi

*Asymmetric reflection and transmission of L and R handed particles,
injected chiral current into the unbroken phase in front of bubble wall.
*Asymmetries diffuse both behind and in front of the wall left.
*Qualitative difference between the interior and exterior diffusion.

*In exterior EW symmetry is restored - sphalerons unsuppressed.
*Chiral asymmetry converted to an asymmetry in baryon number.
*BUT, particles injected into broken phase (interior) only diffuse by
baryon number conserving decays (for a strong enough PT!).

* Hence, net asymmetry is generated!
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&

At boundaries all Sakharov criteria are satisfied.
*After wall passes, if PT is strong enough, excess baryon
number is frozen in. Must avoid washout!

Lepton mass

CP phase Diffusion constants
4 2
n a 1 (m)\ m
—2 ~0.2—kA0,, ( l) S
S g. vy \T } T D,
Wall velocity

For the right values of these constant, this can easily be
the correct order of magnitude (10-'°) to explain the BAU

Since the standard model is insufficient, can we test if
simple extensions can do the job with the same structure?
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?\5 Connection to Upcoming Data

* Popularity of this idea is tightly bound to its testability.

* Physics involved is all testable in principle at (physically,
not necessarily financially) realistic colliders.

e Small extensions needed can all be found in SUSY,
which is an independently attractive

* However, the testability of electroweak scenarios also
leads to tight constraints.
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L )

N Bounds and Tests

* In supersymmetry, sufficient asymmetry is generated for
light Higgs, light top squark, large CP phases

* Promising for the LHC (and future colliders).

* Severe upper bound on lightest Higgs boson mass,

m, <120 - 130 GeV (in the MSSM)

* Lightest right-handed stop mass may be close to
experimental bound and must be < top quark mass.

160
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%‘\5 Direct Tests

* Search for the lightest Higgs at Tevatron or LHC.
explore its properties there and at future facilities.

* Search for the lightest stop at the Tevatron or LHC.

* Crucial test may come from B-physics - CP-violating
effects (but not guaranteed to be accessible)

* Essential to have new measurements of
CP-violation, particularly in the B-sector
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& CP-Violation

* In allowed parameter space - BR(b—sY) different from
the Standard Model case.

* For typical spectrum (light charged Higgs) BR (b—sY)
somewhat higher than in the SM case, but not always

* BUT :exact value depends strongly on, for example,
value of the J-parameter

* Typical difference with respect to SM is of order present
experimental sensitivity

* |In principle testable in the near future.
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%“5 Other Connections

* Important to remember that BG may be due to
different and entirely new TeV scale physics (e.g.
_Langacker et al. Z’ model)

* It is also important to ask what can colliders and other
Earticle and nuclear physics experiments tell us about
SM physics, particularly CP-violating phases!?

e.g through EDM
measurements]
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& Leptogenesis (a quick summary)

* SM sphalerons violate both B & L, but preserve B-L

* If can generate lepton asymmetry above EWV scale,
can be converted to a B asymmetry by EW
processes

*Can violate L by decays of right-handed Majorana

neutrinos.

* Attractive because same particles yield light
left-handed mass through MSWV effect. (scalar
neutrinos also important in SUSY case)

_ 1 —
L=1/(®h N, + ENEMNE + hec.

Cosmology on the Beach Conference
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& Leptogenesis |

Nz —= (T) + / Interference between tree-level
) — & absorptive part of |-loop vertex
N, =@+ L gives asymmetry.

 Usually requires right-handed mass ~ 10'° GeV
* Decays are out of equilibrium because of
expansion of universe

e Attractive because such massive RH neutrinos
needed to get now-observed neutrino masses.
* |ess attractive because hard to test in colliders.

 Some low-scale versions exist.
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%z%q This is More Popular than Ever

Neutrinos, by John Updike :
: * We now know neutrinos do have

Neutrinos: they are very small maSS!
They have no charge; they have no mass;
They do not interact at all e In fact, as much of the mass of

The Earth is just a silly ball .
To them, through which they simply pass the U niverse comes from

Like dustmaids down a drafty hall .

Or photons through a sheet of glass. neutrinos as from stars and
They snub the most exquisite gas, 1

Ignore the most substantial wall, galaXIeS

Cold shoulder steel and sounding brass,
Insult the stallion in his stall,

And, scorning barriers of class,
Infiltrate you and me. Like tall

And painless guilltines they fall *Most popular way to explain this

Down through our heads into the grass. . .

At night, they enter at Nepal (the seesaw mechanism) requires a

And pierce the lover and his lass . .

From underneath the bed. You call heavy rlght-handed neutrino Of

It wonderful; I call it crass. .
about the right scale for
leptogenesis

@@@o&%“ﬁﬁﬁ@r itonHangylvgn%o ’ WGng) Cosmology on the Beach Conference
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%2\5 Final Comments

*The origin of the baryon asymmetry of the universe is one
of the central issues of particle cosmology.

*It is an important part of the puzzle of the energy budget
of the universe.

*There are many ways to achieve this - I've just covered
the most well-developed ones here.

*In my opinion, the most promising models are both
testable and use physics that is already there for a
good particle physics reason

*For such models, if one is correct, there may be important
evidence in upcoming data from the Tevatron, the LHC and
future colliders.
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%2\5 Some General References

* Recent Progress in Baryogenesis, Antonio Riotto and Mark Trodden
Ann. Rev. Nucl. Part. Sci. 49, 35 (1999).

* |ICTP Summer School Lectures,Antonio Riotto,

More  hep-ph/9807454, (1998).
general ¢ NonGUT Baryogenesis, A. Dolgov,

Physics Reports, 222, 309 (1992).

* The Early Universe, E.W. Kolb and M.S. Turner,
Addison-Wesley (1990).

*Electroweak Baryogenesis, Mark Trodden
Rev. Mod. Phys. 71, 1463 (1999).
*V.A. Rubakov and M. E. Shaposhnikoyv,
Mostly ~ Phys.Usp. 39,461 (1996).
EWRBG ° Electroweak Baryogenesis, Neil Turok,
in Perspectives on Higgs Physics, edited by G.L. Kane, p. 300 (1992).
* A.G. Cohen, D.B. Kaplan and A.E. Nelson,
Ann.~Rev.~Nucl.~Part.~Sci. 43, 27 (1993).

Thank You!
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