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today,	  4	  May
input:

the	  problems.

output:
final	  exam,	  experiment	  paper,	  course	  reviews
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the	  modern	  
families
back	  to	  
“elementary”

1974:	  At	  Stanford	  and	  Brookhaven	  Na=onal	  Lab:	  new	  quark:	  “charm,”	  c.
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1978:	  At	  at	  Fermilab:	  new	  quark:	  “boIom,”	  b.

this	  lasted	  8	  years

1974:	  At	  Stanford	  and	  Brookhaven	  Na=onal	  Lab:	  new	  quark:	  “charm,”	  c.
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this	  lasted	  1	  years

1975:	  At	  Stanford	  new	  lepton:	  “tau,”	  τ.
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this	  lasted	  0	  years

1975:	  At	  Stanford	  new	  force	  carrier:	  “gluon,”	  g.

quarks
�

u
d

� �
c
s

�

force propagators γ, g

leptons
�

νe

e

� �
νµ

µ

� �

τ

�

this	  lasted	  3	  years

“leptons”

“quarks”

“Gauge	  Boson”
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the	  modern	  quark	  
families
back	  to	  
“elementary”

1974:	  At	  Stanford	  and	  Brookhaven	  Na=onal	  Lab:	  new	  quark:	  “charm,”	  c.

2000:	  At	  Fermilab,	  finally	  the	  ντ	  lepton	  was	  found
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1994:	  At	  at	  Fermilab:	  new	  quark:	  “top,”	  t.
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this	  lasted	  6	  years

1983:	  At	  CERN	  two	  new	  force	  carriers:	  W	  and	  Z	  bosons	  -‐	  precisely	  predicted
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this	  lasted	  11	  years
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Mmmm,	  Mmmm	  Good....
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so,	  keep	  the	  magnet	  in	  mind
lower	  the	  temperature,	  create:

a	  phase	  transi7on

a	  lowered	  ground	  state	  energy

a	  spin	  zero,	  coherent	  excita7on	  quantum	  state
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Standard 

Model
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e-

e-

H

Higgs	  Boson
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so,	  there	  were	  
definite	  predic=ons
of	  Weinberg’s	  
model

1.	  The	  W	  Boson	  should	  exist

2.	  The	  Z	  Boson	  should	  exist

Many	  physics	  reac@ons	  relate	  Mw	  to	  MZ

3.	  The	  Z	  Boson	  and	  the	  	  	  	  	  	  	  	  are	  
	   in@mately	  related

γ

00

+

-

0

0

+

-

a0

B0

B+

B-

+
0

-
0

! (
(

)
)!*

t = 10-12 s t = 10+18st = the beginning 0 s

+

-

0

0

+

-

a0

B0

B+

B-

+
0

-
0

! (
(

)
)!*

0

0

+

-

+
0

-
0

t = 10-12 s t = 10+18st = the beginning 0 s

4.	  The	  Higgs	  Boson	  should	  exist
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symbol:	  
charge:
mass:	  
spin:
category:

par@cle: W	  Boson
W
±1e
80.399	  ±	  0.023	  GeV/c2	  =	  80.4	  p
1
weak	  Vector	  Boson
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symbol:	  
charge:
mass:	  
spin:
category:

par@cle: Z	  Boson
Z
0	  
91.1876	  ±	  0.0021	  GeV/c2	  =	  91.2	  p
1
weak	  Vector	  Boson

11Saturday, May 21, 2011



yup.	  unify

2

HERA data show that, at Q2 values ~ 2
WM and 2

ZM , the NC and CC cross sections become comparable, 
demonstrating the unified electromagnetic and weak coupling strengths in deep inelastic scattering processes. 
The residual difference between NC and CC and between e+p and e p is understandable because of the up 
and down quark flavour asymmetry and the different helicity factors involved.

Figure 1. The Q2 dependences of the NC and CC cross sections d /dQ2 shown for the preliminary 03-05 e+p
and e p data. The inner and outer error bars represent the statistical and total errors respectively. The results 
are compared with the corresponding SM expectations determined from the CTEQ6M parameterisation [6]

The CC cross sections are measured to be much flatter than the NC cross section due to the large W boson 
mass. The CC cross sections at HERA can thus be used to determine the propagator mass of the W boson 
exchanged in the space-like regime, providing an independent measurement complimentary to other direct 
measurements performed using the real W boson produced singly at the Tevatron and in pairs at LEP-2. The 
typical precision obtained with the HERA I data, in a model independent way, is around 1.8GeV [5]. Within 
the Standard Model (SM) due to constraints between different SM parameters, the precision is increased to 
about 200MeV [5]. The analysis of the full HERA II data should significantly improve the precision. This is 
because the main sensitivity arises from the larger CC cross section measured with the e p data set, which 
has had a 10-fold increase at HERA II.

2.2.  High Q2 NC cross sections and parity violation

The NC cross section at low Q2 is dominated by pure photon exchange. One way of accessing EW effects at 
high Q2 is to measure the polarisation cross section difference. Indeed, the polarisation asymmetry measures 
a product of vector and axial-vector couplings and at HERA is sensitive to parity violation at spatial 
dimensions down to 10 18m. The first measurement of a NC polarisation asymmetry [7], performed at Q2 ~ 
1GeV2, was crucial in establishing the SM theory.

Using the preliminary NC cross sections measured with the first HERA II data set taken in 2003-2005 by 
both H1 and ZEUS, a combined polarisation asymmetry is obtained [8] and shown in Fig. 2. The asymmetry 
is well described by the SM predictions as obtained from the H1 [9] and ZEUS [10] QCD fits.
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symbol:	  
charge:
mass:	  
spin:
category:

par@cle: boIom	  quark
b
-‐1/3	  e
4.5	  GeV/c2	  =	  4.5	  p
1/2
Fermion,	  quark
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symbol:	  
charge:
mass:	  
spin:
category:

par@cle: top	  quark
t
+2/3	  e
172.0±2.2	  GeV/c2	  =	  172	  p
1/2
Fermion,	  quark
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quarks	  &	  
leptons
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It’s	  ridiculous!

15Saturday, May 21, 2011



    

this particle is 
strange
quantum numbers of the vacuum

distinguishes top, from bottom, 
from charm, from strange, etc.
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a Higgs boson would be a 
chip of the vacuum.
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So:

The Higgs Boson 
is not just another 
particle.
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there	  are	  embarrassments,	  incl.
the	  Higgs	  blows	  up

95%	  of	  the	  universe	  is	  missing

we’re	  off	  by	  10120	  in	  energy	  of	  
vacuum

otherwise,	  things	  are	  great
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problem	  #1
Where	  is	  the	  Higgs	  Boson?
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the	  Higgs	  Boson	  
has	  to	  exist
1.	  if	  we	  find	  it,	  
that’s	  great!

SM	  is	  a	  “part	  of	  the	  
truth”

2.	  if	  we	  don’t	  find	  
it,	  that’s	  great!

some	  seriously	  
interes7ng	  new	  
physics

Remember,	  the	  Higgs	  Boson	  couples	  
to	  the	  mass	  of	  Fermions

f f

∼ mf

H
0

t t
∼ mt

H
0

e e
∼ me>>>

H
0

So,	  look	  for	  Higgs	  to	  decay	  into	  the	  
heaviest	  thing	  it	  can!
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loops	  help	  to	  pin	  it	  
down
remember	  the	  
loops	  for	  
messengers	  and	  
fermions

The	  W	  actually	  spends	  part	  of	  
it’s	  @me	  as	  a	  fermion-‐
an@fermion	  pair

W W
f

f̄

So...some@mes:

W W

b̄

t

Rules	  of	  rela@vis@c	  quantum	  field	  theory	  say	  that	  

MW depends	  on	  the	  value	  of	   mt

That	  affects	  its	  mass.
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there	  are	  Higgs	  
Boson	  loops	  also

another	  loop	  for	  the	  W	  and	  now	  Higgs:	  

Rules	  of	  rela@vis@c	  quantum	  field	  theory	  say	  that	  

MW depends	  on	  the	  value	  of	   MH

H
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W W

H
0 H

0

W W

H
0

W W

24Saturday, May 21, 2011



calculate	  the	  
effects
of	  the	  loops	  on	  the	  
masses	  of:

W	  boson

top	  quark

as	  a	  func7on	  of	  the	  
mass	  of	  Higgs	  Boson

If	  MH	  -‐	  114	  GeV/c2

If	  MH	  -‐	  300	  GeV/c2

If	  MH	  -‐	  1000	  GeV/c2

W
e	  
m
ea
su
re
	  th

is
:

We	  measure	  this:

Predict	  the	  Higgs	  Boson	  Mass:

It	  looks
	  like	  the

	  Higgs	  B
oson	  w

ants	  to
	  be	  rela

@vely	  li
ght	  

~	  100is
h	  GeV/

c2
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but	  it’s	  not!
that’s	  why	  we’re	  
excited

Higgs	  Boson	  mass:
should	  be	  something	  like	  100-‐120ish	  GeV/c2

Predict	  the	  Higgs	  Boson	  Mass:

But,	  our	  direct	  searches	  for	  it	  mean	  that	  it’s	  not:	  

in	  region	  1	  nor	  in	  region	  2.

1

2
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so,	  the	  Higgs	  Boson	  
is	  starZng	  to	  be	  nearly	  missing-‐in-‐acZon

it	  will	  be	  found	  within	  2	  years	  at	  either	  Fermilab	  or	  LHC

period.

or	  not.
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problem	  #2
infiniZes:	  The	  Standard	  Model	  is	  sick.
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win-‐win?
or	  lose-‐lose?

Suppose	  it	  is	  found...
that’s	  great!

But,	  now	  our	  troubles	  really	  begin.

loops	  again.

H
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here’s	  how	  loops	  
work

H
0

H
0

f

f̄

the	  calcula@ons	  require	  that	  you	  add	  up	  all	  possible	  
energies	  of	  the	  par@cle	  in	  the	  loop

MH + δMH loop	  calcula@on	  contribu@ons

that	  could	  be	  big!

E(loop) ∼
E=maximum amount�

E=0

(energies of f − f̄)
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what	  is	  the	  highest	  
energy	  
conceivable?
go^a	  mix	  gravity	  
with	  quantum	  
mechanics.

Take	  the	  most	  violent	  gravita=onal	  bound:

the	  Schwarzchild	  radius

Take	  the	  most	  violent	  quantum	  mechanical	  bound:

the	  Compton	  wavelength

Relate	  them!

This	  would	  be	  the	  about	  the	  distance	  at	  which	  gravity	  
needs	  to	  become	  quantum	  mechanical.

Said	  another	  way:	  

any	  length	  smaller	  and	  there	  is	  no	  theory	  that	  will	  work.	  
None	  un@l	  there	  is	  a	  quantum	  mechanics	  of	  General	  
Rela@vity.
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there	  are	  limits
fundamental.

limits.

to	  our	  theories

RS =
2Gm

c2

Called	  the	  “Planck	  Mass”...has	  all	  of	  the	  fundamental	  
constants	  of	  our	  theories:	  

λC =
h

mc

2Gm

c2
=

h

mc

MP =
�

hc

2G

MP ∼ 1019 GeV/c2 EP ∼ 1019GeV

h:	  	   quantum	  mechanics
c:	  	   special	  rela@vity
G:	  	   gravity
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an	  aside
this	  corresponds	  to	  
the	  shortest	  length	  
possible

�P =
�

2hG

c3

The	  Planck	  Length...we	  cannot	  know	  anything	  smaller	  
than	  that	  with	  current	  theories.

�P ∼ 10−35 m
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the	  Planck	  scale

H
0

H
0

f

f̄

MH + δMH

EP ∼ 1019GeV not	  infinite...but	  
enormous

H
0

H
0

W

MH + δMH ∼MH + E(all fermions) − E(all bosons)

could	  cancel!	  but	  more	  fermions	  
than	  bosons

E(loop) ∼
E=maximum amount�

E=0

(energies of f − f̄)

same	  thing	  as
...but	  contributes	  with	  opposite	  sign
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desperately	  
seeking	  SUSY
there’s	  a	  
theoreZcal	  dream

which	  may	  turn	  out	  
to	  be	  true!

A	  new	  space=me	  symmetry	  was	  theore=cally	  
“discovered”	  in	  the	  1970’s

“Supersymmetry”...	  “SUSY”	  –	  spin	  is	  the	  key	  parameter.

SUSY:

all	  fermions

all	  bosons

a	  boson	  partner

a	  fermion	  partner

So:	  #	  fermions	  =	  #	  bosons

∼MH + E(all fermions) − E(all bosons)

would	  cancel!
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well	  mo=vated
supersymmetry	  
must	  be	  “broken”	  
at	  our	  epoch

since	  we	  don’t	  see	  
any	  supersymmetric	  
par7cles	  

YET

Whole	  new	  set	  of	  par=cles	  to	  study:

(add	  an	  “s”	  to	  get	  their	  names...)

known	  fermion	   	   	   hypothesized	  boson

electron	  	   	   	   	   selectron
quark	   	   	   	   	   squark
top	   	   	   	   	   	   stop

known	  boson	   	   	   hypothesized	  fermion

W	   	   	   	   	   	   Wino
Z	   	   	   	   	   	   Zino
photon	   	   	   	   	   pho@no
gluon	   	   	   	   	   gluino
Higgs	   	   	   	   	   Higgsino
graviton	  	   	   	   	   gravi@no
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SUSY
IF	  TRUE:

leads	  to	  a	  whole	  new	  set	  of	  par7cles	  to	  be	  found

SUSY	  is	  a	  broken	  symmetry,	  

so	  the	  masses	  of	  spar@cles	  must	  be	  higher	  than	  par@cles

Object	  of	  intense	  study	  by	  all	  experiments
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SUSY	  offers	  a	  
solu=on
to	  unificaZon	  of	  
forces
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electromagne@c	  
force	  changes	  as	  
we	  probe	  deeper
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force	  changes	  as	  we	  
probe	  deeper...the	  
opposite	  way!
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taken	  very	  seriously,	  otherwise	  the	  SM	  has	  serious	  problems
it’s	  sick	  and	  in	  need	  of	  a	  theoreZcal	  and	  experimental	  cure

is	  it	  SUSY?	  

we	  don’t	  know...but	  we’re	  searching

If	  Higgs	  Boson	  is	  composite	  -‐	  made	  of	  other	  things...that	  helps

we	  don’t	  know...but	  we’re	  searching	  
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problem	  #3
where	  is	  the	  anZma^er?
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a number:
1/2

the antimatter is missing.
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either:
the universe created with only matter

or:
the antimatter disappeared
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a number:
1 out of 

10,000,000,000

to match what we see: 

proportional excess of 
matter over antimatter
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I mean, 
what are the 

odds?
this is what we 

observe
anti-matter:

10,000,000,000

.........................

.........................

.........................

.........................

.........................

.........................

matter:
10,000,000,001

.........................

.........................

.........................

.........................

.........................

.........................

matter: 1

us.

.

anti-matter: 0

right after the big bang:

the “Great Annihilation”

now
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why? Dunno.
best explanation?

new particles that behave 
asymmetrically?
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l

theories 
abound

normal 
matter

NEW 
particles

new physics

normal 
matter

NEW 
particlesnew physics

NEW 
particles

relics
theories are cheap.

testing them is not!
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ideas for
particles that:
fix the Standard Model

require the Higgs Boson

fix the antimatter problem

account for “dark matter

unify the 4 forces of nature

lead to extra  dimensions

H0
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Remember? 
We’re in the particle 
business

just 
matter

NEW 
particlesnew physics
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problem	  #4
what	  is	  dark	  ma^er?
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There	  are	  two	  
kinds	  of	  solu=ons
astrophysical

parZcles

Astrophysical	  solu=ons	  involve:

neutron	  stars
black	  holes
black	  dwarf	  stars
brown	  dwarf	  stars
planets
rocks

universe	  is	  too	  young	  to	  enough
universe	  is	  too	  young	  to	  enough
universe	  is	  too	  young	  to	  enough
not	  seen	  near	  us
not	  seen	  near	  us
not	  seen	  near	  us

par=cle	  physics	  solu=ons	  involve:

massive	  neutrinos
WIMPs
cosmic	  strings
some	  different	  GR

no	  evidence	  -‐	  mass	  is	  @ny
no	  evidence	  yet
zero	  evidence,	  nor	  idea	  of	  how	  to	  find
huh?
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problem	  #5
the	  flatness	  problem.	  the	  horizon	  problem.
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but	  wait...how	  come

the	  sky	  looks	  uniform?	  (“isotropic”)

that	  
patch

that	  patch	  of	  sky	  looks	  
prely	  much	  like

Now

then

they	  would	  not	  have	  known	  
about	  one	  another...neither	  
would	  be	  in	  the	  other’s	  Past

light	  cone
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another	  phase	  
transi=on
the	  mother	  of	  all	  
phase	  transiZons

energy	  of	  the	  pre-‐
par@cle	  universe	  
ground	  state:	  the	  
primordial	  vacuum

Yup...there	  is	  a	  spin	  0	  par@cle	  associated	  with	  this	  	  	  phase	  
transi@on...the	  “inflaton”

hypo
the=

cal!

Energy	  libera@on	  is	  so	  enormous	  –	  it	  exponen@ally	  increases	  
the	  radius	  of	  the	  universe	  by	  50	  orders	  of	  magnitude!
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“Infla=on”
not	  an	  overheated	  
economy...

another	  phase	  
transi7on

Now

light	  cone

then

10-‐38s	  

10-‐36s	  

10-‐25	  m	  

10+25	  m	  
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Infla=on
the	  phase	  transi@on	  that	  was	  responsible	  for	  separa@ng	  the	  strong	  from	  the	  electroweak,	  
fueled	  the	  infla@onary	  phase?
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lost	  rela=ves?

our	  causal	  
horizon

beginning

infla@onary	  
phase

everything	  within	  
causal	  contact

other	  “universes”	  might	  have	  different	  physics

the	  “mul=verse”	  idea

another	  
“universes’”	  	  
causal	  horizon
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infla=on	  is	  a	  quantum	  mechanical	  theory

our	  causal	  
horizon

beginning

infla@onary	  
phase

everything	  within	  
causal	  contact

a	  blessing	  and	  a	  curse.... Infla@on	  should	  s@ll	  be	  happening....
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inflated	  so	  fast,	  as	  to	  make	  our	  neighborhood	  locally	  flat?
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problem	  #6
what’s	  the	  geometry	  of	  the	  universe?
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remember	  the	  
CMB	  
measurements?
COBE?

WMAP?

BOOMERANG
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BOOMERanG	  
(Balloon	  
Observa7ons	  of	  
Millimetric	  
Extragalac7c	  
Radia7on	  and	  
Geomagne7cs)
Launched	  from	  the	  
South	  Pole	  in	  1998	  
has	  done	  even	  
more	  precise	  
measurements	  of	  
the	  CMB

That’s	  the	  moon’s	  disk	  size	  
for	  comparison

61Saturday, May 21, 2011



what	  is	  the	  fate	  of	  
the	  universe?
That	  depends:

Two	  general	  ways	  to	  determine	  that:

Count	  the	  stuff...how	  much	  stuff/light	  can	  we	  see	  and	  
account	  for?

Measure	  space@me...what	  clues	  do	  we	  have	  to	  the	  
geometry	  of	  the	  universe?

...on	  the	  balance	  between	  expansion	  
and	  gravita=on

how	  much	  mass/energy	  there	  is

BOOMERANG	  did	  that	  convincingly,	  first.
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remember:

geometry	  	  ↔	  	  energy/mass
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the	  geometry	  of	  
space=me	  can	  be	  
of	  3	  sorts
“curvature”

will	  con@nue	  to	  expand	  forever

will	  expand	  and	  then	  collapse

will	  expand	  and	  then	  collapse

at	  a	  cri@cal	  point:	  flat
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characterize	  the	  
density	  (	  ρ	  )	  of	  
maIer	  per	  unit	  
volume
“Omega”

Ω = 1

flat	  universe	  geometry
infinite

! is related to the shape of the Universe!

The meaning of ! 

There are three possibilities (remember that the pictures are two-
dimensional representations of our Universe):

spherical geometry 
(positive curvature), 
finite size.

!>1

flat geometry 
(no curvature), infinite 
in size.

!=1

saddle-shaped geometry 
(negative curvature), 
infinite in size.

!<1

cri@cal	  density

Ω� 1

closed	  universe	  geometry
finite

! is related to the shape of the Universe!

The meaning of ! 

There are three possibilities (remember that the pictures are two-
dimensional representations of our Universe):

spherical geometry 
(positive curvature), 
finite size.

!>1

flat geometry 
(no curvature), infinite 
in size.

!=1

saddle-shaped geometry 
(negative curvature), 
infinite in size.

!<1

high	  density

Ω� 1

open	  universe	  geometry
infinite

! is related to the shape of the Universe!

The meaning of ! 

There are three possibilities (remember that the pictures are two-
dimensional representations of our Universe):

spherical geometry 
(positive curvature), 
finite size.

!>1

flat geometry 
(no curvature), infinite 
in size.

!=1

saddle-shaped geometry 
(negative curvature), 
infinite in size.

!<1

low	  density

Ω =
ρ

ρcritical
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we	  can	  now	  measure	  the	  Geometry	  of	  the	  Universe

By	  comparing	  the	  anisotropy	  of	  the	  CMB	  to	  computer	  
simula=ons

From these 
measurements, 

Ωgeometry = 1


data



 But, it gets worse.
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characterize	  the	  
amount	  of	  maIer	  
per	  unit	  volume
Omega

Ω = 1

flat	  universe	  geometry
infinite

! is related to the shape of the Universe!

The meaning of ! 

There are three possibilities (remember that the pictures are two-
dimensional representations of our Universe):

spherical geometry 
(positive curvature), 
finite size.

!>1

flat geometry 
(no curvature), infinite 
in size.

!=1

saddle-shaped geometry 
(negative curvature), 
infinite in size.

!<1

cri@cal	  density

Ω� 1

closed	  universe	  geometry
finite

! is related to the shape of the Universe!

The meaning of ! 

There are three possibilities (remember that the pictures are two-
dimensional representations of our Universe):

spherical geometry 
(positive curvature), 
finite size.

!>1

flat geometry 
(no curvature), infinite 
in size.

!=1

saddle-shaped geometry 
(negative curvature), 
infinite in size.

!<1

high	  density

Ω� 1

open	  universe	  geometry
infinite

! is related to the shape of the Universe!

The meaning of ! 

There are three possibilities (remember that the pictures are two-
dimensional representations of our Universe):

spherical geometry 
(positive curvature), 
finite size.

!>1

flat geometry 
(no curvature), infinite 
in size.

!=1

saddle-shaped geometry 
(negative curvature), 
infinite in size.

!<1

low	  density

Here’s	  the	  problem:	  measurements	  show	  that

ΩB ∼ 0.044 “baryons”...stars	  and	  
stuff	  made	  from	  
protons

add	  dark	  maler:	  
ΩM ∼ 0.3 maler=	  DM	  +	  B

whoa.	  4%	  ?

BOOMERANG	  SAYS:

whoa.	  30%	  ?
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recap

Add	  up	  everything	  that’s	  visible:
Ωluminous	  maIer

Visible	  stuff	  (stars,	  dust,	  gas)	  from	  telescopes	  
Ωluminous	  maler	  	  ≈	  0.01

Other	  regular	  maler..He,	  deuterium,	  etc
Ωluminous	  maler	  ≈	  0.05

Ωdark	  maIer	  
Ωdark	  maler	  ≈	  0.25

But:	  from	  measurements	  
Ωgeometry	  =	  1	  

Meaning...that	  more	  than	  94%	  of	  the	  mass/energy	  in	  the	  
universe	  is	  unaccounted	  for	  by	  what	  we	  know	  as	  normal	  
maler/radia@on.

But,	  it	  gets	  worse.

we’re	  a	  li^le	  short	  
this	  month
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there	  is	  a	  very,	  very	  
strong	  prejudice
that	  Ω	  =	  0.3	  doesn’t	  
make	  sense

Because	  it	  evolves	  in	  =me	  so	  fast:

Ω

@me

If	  Ω	  is	  0.3	  now...it	  would	  have	  been	  
0.99999999999999999993	  when	  the	  
universe	  was	  1	  second	  old!
Too	  fine-‐tuned!

More	  saZsfying	  if	  Ω	  =	  1.0	  for	  all	  Zmes	  

But	  Ω	  =	  0.3,	  not	  1?
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1a
1a	  supernovae	  are	  
different

Typically	  stars	  not	  
massive	  enough	  by	  
themselves	  to	  nova

but:
in	  close	  proximity	  to	  another	  star	  which	  it	  siphons	  maler	  
from,	  enough	  to	  cause	  a	  supernova	  explosion	  awer	  all

Special	  events	  –	  they	  stay	  bright	  for	  a	  period	  of	  
@me	  which	  is	  directly	  related	  to	  their	  magnitude	  -‐	  
So,	  like	  Cepheids,	  measure	  the	  @me,	  deduce	  the	  
brightness

with	  brightness,	  can	  determine	  the	  distance.

 But, it gets worse.

m
ea

su
re

 o
f 

b
ri

g
h
tn
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s
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There	  are	  lots	  of	  these
–	  enough	  of	  these	  to	  have	  one	  about	  per	  second	  in	  deep	  galaxies	  

So,	  by	  searching	  one	  gets	  a	  wide	  range	  of	  distances

many,	  quite	  far	  away…at	  very	  “large	  redshiYs”
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enough	  of	  these	  to	  have	  one	  about	  per	  second	  in	  deep	  galaxies

A	  flat	  maler-‐dominated	  
universe	  would	  be	  the	  dashed	  
line	  in	  the	  middle.

A	  decelera@ng	  (slowing	  down)	  
universe	  one	  of	  the	  curves	  
below	  that.

Georg Raffelt, Max-Planck-Institut fur Physik

matter-dominated, 
decelerating universe
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The	  data	  require	  an	  interpreta=on
that	  the	  Universe’s	  expansion	  is	  

Accelera=ng
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um...accelera=ng??
There	  has	  to	  be	  
some	  “anZgravity”	  
kind	  of	  force	  at	  
work	  to	  do	  this

What’s	  more,	  there	  
has	  to	  be	  a	  lot	  of	  it

All	  observables	  (only	  some	  of	  which	  have	  
been	  menZoned)
suggest	  a	  new	  contribuZon	  to	  Ω:	  

called	  ΩΛ

Ωlum	  maler	  +	  Ωdark	  maler	  +	  ΩΛ	  	  =	  Ω(total)
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one	  of	  the	  most	  
famous	  figures	  in	  
astronomy

stant, with the goal of solving the coincidence problems.
(See the Reference Frame article by Michael Turner on
page 10 of this issue.) 

The experimental physicist’s life, however, is domi-
nated by more prosaic questions: “Where could my meas-
urement be wrong, and how can I tell?” Crucial questions
of replicability were answered by the striking agreement
between our results and those of the competing team, but
there remain the all-important questions of systematic un-
certainties. Most of the two groups’ efforts have been de-
voted to hunting down these systematics.15,16 Could the
faintness of the supernovae be due to intervening dust?
The color measurements that would show color-dependent
dimming for most types of dust indicate that dust is not a
major factor.12,13 Might the type Ia supernovae have been
intrinsically fainter in the distant past? Spectral compar-
isons have, thus far, revealed no distinction between the
exploding atmospheres of nearby and more distant super-
novae.9,12

Another test of systematics is to look for even more
distant supernovae, from the time when the universe was
so much more dense that rm dominated over the dark en-
ergy and was thus still slowing the cosmic expansion. Su-
pernovae from that decelerating epoch should not get as
faint with increasing distance as they would if dust or in-
trinsic evolutionary changes caused the dimming. The first
few supernovae studied at redshifts beyond z = 1 have al-
ready begun to constrain these systematic uncertainties.17

(See PHYSICS TODAY, June 2001, page 17.) 
By confirming the flat geometry of the cosmos, the re-

cent measurements of the cosmic microwave background
have also contributed to confidence in the accelerating-uni-
verse results. Without the extra degree of freedom provided
by possible spatial curvature, one would have to invoke im-
probably large systematic error to negate the supernova re-
sults. And if we include the low rm estimates based on in-
ventory studies of galaxy clusters, the Wm–WL parameter
plane shows a reassuring overlap for the three independ-
ent kinds of cosmological observations (see figure 5).

Pursuing the elusive dark energy
The dark energy evinced by the accelerating cosmic ex-
pansion grants us almost no clues to its identity. Its tiny
density and its feeble interactions presumably preclude
identification in the laboratory. By construction, of course,
it does affect the expansion rate of the universe, and dif-
ferent dark-energy models imply different expansion rates
in different epochs. So we must hunt for the fingerprints
of dark energy in the fine details of the history of cosmic
expansion.

The wide-ranging theories of dark energy are often

characterized by their equation-of-state parameter
w ! p/r, the ratio of the dark energy’s pressure to its 
energy density. The deceleration (or acceleration) of an 
expanding universe, given by the general relativistic
equation

R!! /R = –4/3pGr(1 + 3w),

depends on this ratio. Here R, the linear scale factor of the
expanding universe, can be thought of as the mean dis-
tance between galaxy clusters not bound to each other.
Thus the expansion accelerates whenever w is more neg-
ative than –1/3, after one includes all matter, radiation,
and dark-energy components of the cosmic energy budget.

Each of the components has its own w: negligible for
nonrelativistic matter, +1/3 for radiation and relativistic
matter, and –1 for L. That is, L exerts a peculiar negative
pressure! General relativity also tells us that each compo-
nent’s energy density falls like R–3(1 + w) as the cosmos ex-
pands. Therefore, radiation’s contribution falls away first,
so that nonrelativistic matter and dark energy now pre-
dominate. Given that the dark-energy density is now about
twice the mass density, the only constraint on dark-energy
models is that w must, at present, be more negative than
–1/2 to make the cosmic expansion accelerate. However,
most dark-energy alternatives to a cosmological constant
have a w that changes over time. If we can learn more
about the history of cosmic expansion, we can hope to dis-
criminate among theories of dark energy by better deter-
mining w and its time dependence.

Unfortunately, the differences between the expansion
histories predicted by the current crop of dark-energy mod-
els are extremely small. Distinguishing among them will
require measurements an order of magnitude more accu-
rate than those shown in figure 3, and extending twice as

58 April 2003    Physics Today http://www.physicstoday.org
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Figure 5. In the cosmological parameter space of the nor-
malized mass and vacuum energy densities Wm and WL,

three independent sets of obervations—high-redshift super-
novae, galaxy cluster inventories, and the cosmic microwave

background, converge nicely near Wm = 0.3 and WL = 0.7.
The small yellow contour in this region indicates how well

we expect the proposed SNAP satellite experiment to further
narrow down the parameters. The inflationary expectation

constraint of a flat cosmos (Wm + WL = 1) is indicated by the
black diagonal. The red curve separates an eternally 

expanding cosmos from one that ends in a “Big Crunch.” 

s

the best solution: 
ΩΛ = 0.7

ΩB + ΩDM + ΩΛ = 0.05 + 0.25 + 0.7 ∼ 1
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why	  “	  	  	  	  	  	  	  	  	  	  “

because	  it’s	  back.

ΩΛ
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problem	  #7
the	  cosmological	  constant	  may	  have	  returned
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interpreting	  dark	  
energy
as	  a	  vacuum	  energy:

ΩM
+ΛG = T
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the	  pressure	  from	  vacuum	  energy
is	  negaZve

it	  will	  cause	  a	  space7me	  expansion	  -‐	  increasing	  it	  from	  the	  BB’s	  
contribu7on

Λ acts	  like	  the	  energy	  of	  the	  vacuum
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we	  think	  the	  vacuum	  belongs	  to	  us...par=cle	  physics
THE	  biggest	  problem	  in	  physical	  science

any	  missing	  mass/energy	  is	  presumably	  quantum	  mechanical

So,	  how’s	  that	  working	  out	  for	  us?

80Saturday, May 21, 2011



    leads to virtual 
particles

borrowings and paying 
back

vacuum energy
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“It’s	  never	  hard	  to	  find	  trouble	  in	  field	  theory...[we]	  
subtract	  the	  vacuum	  expectation	  value...[giving]	  

<0|H|0>	  =	  0

...[removing]	  the	  need	  of	  discussing	  several	  
embarrassing	  divergences.”

Bjorken	  and	  Drell,	  Relativistic	  Quantum	  Fields,	  1965

generations	  
learned:

E = 0

“Only	  energy	  differences	  matter	  relative	  to	  the	  vacuum...”

Chip	  Brock,	  multiple	  PHY853	  lectures
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interpreting	  dark	  
energy
as	  a	  vacuum	  energy:

ΩM

Here,	  the	  vacuum	  energy	  absolute	  value	  matters!

|ρvac(cosmology)| < 10−9erg/cm3

+ΛG = T
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    how	  much?

the	  vacuum’s	  back
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Bj	  &	  D	  worry:
H|0 >= E0|0 >

H|0 > = δ(0)
�

d
3
p

1
2

�ωp |0 >

∴ ρ = ∞
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a	  cut-‐off:

EP =
�

�c5

G

�1/2

= 1019GeV

The	  scale	  of	  gravity:	  the	  Planck	  
scale...

ρvac(RQFT) =∞

→ ρvac(Planck) = 10114erg/cm3

87Saturday, May 21, 2011



    

cosmological	  
constant
Λ as a vacuum energy?

ΩM

vs.

ρvac(Planck) = 10114erg/cm3

|ρvac(cosmology)| < 10−9erg/cm3
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vacuum embarrassment:

“...worst prediction in the 
history of physics.”
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problem	  #8
that	  whole	  alpha	  to	  omega	  thing...the	  Big	  Issues?
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some	  worry	  about	  
the	  whole	  
Goldilocks	  thing

The	  condi=ons	  for	  our	  universe	  seem	  
to	  be	  “just	  right”

t

t̄

γ γ
e p

If	  the	  top	  quark	  mass	  were	  just	  a	  lille	  different?

or	  any	  of	  the	  fermions?

Their	  contribu@ons	  to	  loops	  would	  result	  in	  a	  slightly	  larger	  
or	  slightly	  smaller	  Bohr	  Radius

Chemistry	  would	  be	  en=rely	  different!
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any	  number	  of	  
other
“coincidences”	  that	  
make	  our	  world	  just	  
right

(Victor	  Stenger)

The	  electromagne@c	  force	  is	  39	  orders	  of	  magnitude	  stronger	  than	  the	  
gravita@onal	  force.	  If	  they	  were	  more	  comparable	  in	  strength,	  stars	  would	  
have	  collapsed	  long	  before	  life	  had	  a	  chance	  to	  evolve.

you	  get	  the	  idea?

Science	  cannot	  func@on	  with	  “coincidence”	  
as	  an	  ingredient.

Need	  to	  understand	  how	  ours	  is	  right.

The	  electron's	  mass	  is	  less	  than	  the	  difference	  in	  the	  masses	  of	  the	  neutron	  
and	  proton.	  Thus,	  neutron	  beta	  decay	  can	  happen.	  

The	  neutron	  is	  heavier	  than	  the	  proton,	  but	  not	  so	  much	  heavier	  that	  
neutrons	  cannot	  be	  bound	  in	  nuclei.

The	  carbon	  nucleus	  has	  an	  excited	  energy	  level	  at	  around	  7.65	  MeV.	  Without	  
this	  state,	  insufficient	  carbon	  would	  be	  manufactured	  in	  stars.
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“Anthropic	  
Principle”
hugely	  
controversial

skates	  on	  very	  thin	  ice	  
for	  science

associated	  with:

John	  Barrow,	  Frank	  Tipler,	  
Brandon	  Carter

“weak	  anthropic	  principle”:	  The	  observed	  values	  of	  all	  physical	  and	  
cosmological	  quan@@es	  are	  not	  equally	  probable	  but	  take	  on	  values	  
restricted	  by	  the	  requirement	  that	  there	  exist	  sites	  where	  carbon-‐based	  life	  
can	  evolve	  and	  by	  the	  requirement	  that	  the	  Universe	  be	  old	  enough	  for	  it	  to	  
have	  already	  done	  so.

“strong	  anthropic	  principle”:	  The	  Universe	  must	  have	  those	  proper@es	  which	  
allow	  life	  to	  develop	  within	  it	  at	  some	  stage	  in	  its	  history.

“extreme	  anthropic	  principle”	  =	  an	  explicit	  creator	  
as	  a	  part	  of	  the	  science.

No	  science	  can	  go	  there.

a	  line

“final	  anthropic	  principle”:	  Intelligent,	  informa@on	  processing	  must	  come	  
into	  evidence	  in	  the	  Universe,	  and,	  once	  it	  comes	  into	  existence,	  it	  will	  never	  
die	  out.

These	  bug	  most	  of	  us...but	  they	  con@nue	  to	  be	  discussed

circular

implies	  purpose
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how	  we	  deal	  with	  
it
basically	  two	  ways:

1.	  it	  could	  be	  a	  cosmic	  
accident

2.	  infla7on	  can	  
explain	  us

Of	  all	  the	  possible	  ways	  a	  universe	  could	  come	  into	  
existence...that	  are	  the	  chances	  that	  our	  nicely	  
tuned	  one	  might	  just	  occur	  as	  a	  quantum	  
mechanical	  fluctua@on?

not	  zero...but	  very	  @ny

you	  know...what’re	  the	  odds?

People	  aren’t	  very	  good	  at	  dealing	  with	  odds...

Suppose	  the	  lolery	  came	  out:

1 2 3 4 5 6 7 8

One’s	  reac@on	  might	  be:	  it’s	  rigged!

12 3456 78

same	  probability	  as:

The	  universe	  could	  be	  a	  fluke
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most	  like	  the	  
infla=on	  solu=on
where	  ours	  is	  one	  
of	  many

So,	  most	  would	  probably	  not	  sustain	  life	  and	  not	  live	  long	  or	  
not	  support	  nucleosynthesis	  or	  even	  have	  the	  phase	  
transi@ons	  that	  we’ve	  experienced.
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the	  “Planck	  era”?
what	  could	  have	  
existed?

Just	  geometry.

a	  space@me	  foam	  -‐	  space@me	  is	  so	  compressed	  and	  
distorted...that	  it	  would	  be	  folded	  on	  itself,	  crea@ng	  
wormholes	  and	  mini-‐black	  holes

causality	  might	  not	  even	  exist

eventually,	  space@me	  would	  rip	  and	  black	  holes	  would	  
produce	  par@cle-‐an@par@cle
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how	  about	  the	  
other	  end?
you	  know.

The.	  End.

1012s 1015s 1018s 1021s

!"#$%&'() *+(&'() ,)(-&'()

g a l a c t i c  e p o c h

3000 K 1, 000 K 2.726 K

!"#

1 My 13.7 By380, 000 y

p

48Monday, April 25, 2011

6	  x	  1017	  s,	  20By:	  Andromeda	  and	  Milky	  Way	  will	  collide

3	  x	  1018	  s,	  100By:	  all	  galaxies	  are	  invisible	  -‐	  beyond	  all	  horizons

3	  x	  1019	  s,	  1Ty:	  the	  BB	  deuterium,	  Lithium	  will	  be	  gone

3	  x	  1021	  s,	  100Ty:	  the	  last	  star	  in	  the	  universe	  will	  go	  black

97Saturday, May 21, 2011



be	  happy.	  it’s	  a	  long	  =me	  ‘=ll	  then.
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scratch	  any	  of	  us	  hard-‐boiled	  physicists
we	  are	  in	  awe	  of	  what	  we	  know

and	  how	  gorgeous	  it	  all	  is
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problem	  #9
maybe	  the	  most	  important:	  the	  surprise.	  The	  unknown,	  unknowns.

That’s	  where	  the	  fun	  happens.	  That’s	  what	  
makes	  science	  exci@ng!
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thanks for 
coming:

I hope you
enjoyed 
ISP220

thanks for 
coming:

I hope you
enjoyed 
ISP220

thanks for 
coming:

I hope you
enjoyed 
ISP220
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the	  Beginning
Primeval	  Atom	  -‐	  
cold,	  decayed

inspired	  an	  impish	  
Russian	  theorist

turn The Clock back:
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    Incomplete.6
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...or worse

that’s part of the game.
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By constraining SM measurements:

{MH < 182 GeV/c2 ; > 114 GeV/c2 } and: MH = 76 +36 -24 GeV/c2
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SM is a renormalizable 
theory

with issues... Higgs loops. and Gravity.
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mass corrections

m2(p2) = m2
0 + Cg2

� Λ2

p2
stuff dk2

H (bare) H H

+ +
H (physical)

= ...

m2(p2) ∝ Λ2 That same scale problem as with the               !

~ (102 GeV)2?

~ (1019 GeV)2?

H H
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2 ways out?

New physics causing a 
cancellation?

Or, the “Higgs” is not an 
elementary particle after 
all

H (bare) H H

+ +
H (physical)

= ...
H H
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prior	  to	  3	  minutes:	  balance	  between	  radia=on	  and	  par=cles.

BB

BB

short	  wavelength	  photons	  =	  high	  frequency	  photons	  =	  high	  energy	  photons
lots	  of	  mc2	  available–can	  make	  heavy	  par@cles

Early	  moments:
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prior	  to	  3	  minutes:	  balance	  between	  radia=on	  and	  par=cles.

SS

SS

Later	  moments:
space@me	  has	  stretched!
longer	  wavelength,	  	  lower	  frequency	  =	  less	  high	  energy	  photons
less	  mc2	  available–can’t	  make	  heaviest	  par@cles
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heavy	  species	  “freeze	  out”

← photon	  energy
space@me	  stretching	  →	  
@me	  →	  

rest	  energies,	  mc2

melectronc2

mheavyc2

mreally	  heavyc2

e-

B

S

below	  this	  point:	  
can’t	  make	  SS

below	  this	  point:	  
can’t	  make	  BB

2melectronc2e+

B B

γ
2mreally	  heavyc2

S S 2mheavyc2
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