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•  Welcome	
  <USERNAME>	
  to	
  your	
  quantum	
  
ground	
  state	
  known	
  affec:onately	
  as	
  “The	
  
Vacuum”	
  
– Your	
  par:cipa:on	
  as	
  a	
  sen:ent	
  excita:on	
  of	
  The	
  
Vacuum	
  surely	
  must	
  give	
  you	
  and	
  your	
  family	
  
great	
  pride	
  

–  If	
  properly	
  cared	
  for	
  and	
  understood,	
  you	
  may	
  
experience	
  many	
  decades	
  of	
  enjoyment	
  from	
  it	
  



My	
  goal	
  	
  in	
  ≈23	
  minutes	
  
•  Introduce	
  the	
  Standard	
  Model	
  of	
  par:cle	
  physics	
  
•  Develop	
  an	
  intui:on	
  for	
  mass,	
  fields,	
  and	
  par:cles	
  
•  Introduce	
  the	
  Higgs	
  mechanism	
  
•  Provide	
  a	
  segue	
  into	
  Prof.	
  Klay’s	
  experimental	
  Higgs	
  talk	
  
•  Shameless	
  adver:sement	
  for	
  403	
  in	
  the	
  winter	
  



The	
  Big	
  Picture	
  

•  Can	
  the	
  laws	
  of	
  physics	
  we	
  observe	
  locally	
  be	
  
organized	
  into	
  a	
  single	
  framework?	
  
– Yes*.	
  	
  The	
  Standard	
  Model.	
  
– But,	
  paraphrasing	
  Deep	
  Thought,	
  “There	
  is	
  an	
  
answer,	
  but	
  I	
  really	
  don’t	
  think	
  you	
  are	
  going	
  to	
  
like	
  it.”	
  

	
  

*Well,	
  mostly	
  “yes.”	
  Piss	
  off	
  gravity,	
  ever	
  the	
  “work	
  in	
  progress.”	
  



The	
  Problem	
  

•  We	
  are	
  living	
  near	
  a	
  ground	
  state	
  that	
  make	
  
the	
  laws	
  we	
  observe	
  appear	
  complicated	
  

•  Hypothesis:	
  The	
  global	
  proper:es	
  of	
  the	
  laws	
  
of	
  physics	
  are	
  very	
  straighdorward	
  

•  Through	
  phase	
  transi:ons,	
  the	
  character	
  of	
  
the	
  law	
  changes,	
  hiding	
  the	
  simplicity	
  



Front	
  Mafer	
  

Why	
  are	
  these	
  masses	
  so	
  different?	
  



Gegng	
  Started:	
  Bosons	
  

Expect	
  all	
  masses	
  to	
  be	
  zero?!	
  



Hello	
  World:	
  Pushes	
  and	
  Pulls	
  

Why	
  are	
  their	
  strengths	
  so	
  different?	
  

VW = �k
e�Mr

r
VS � �

a

r
+ br



The	
  Last	
  Bit:	
  Higgs	
  

•  All	
  fundamental	
  par:cles	
  started	
  off	
  in	
  a	
  
highly	
  degenerate	
  zero-­‐mass	
  state	
  

•  An	
  extra	
  field	
  (Higgs)	
  turned	
  on	
  spontaneously	
  
and	
  split	
  all	
  the	
  mass	
  states	
  into	
  what	
  we	
  now	
  
observe	
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ē�(�@+m�
e )e��⌫̄��@⌫��ū�
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ig

2M
p

2
�+[�m

d(ū�
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What’s	
  Up	
  With	
  Mass?	
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Different	
  mass	
  states	
  of	
  Hydrogen	
  a.k.a.	
  “energy	
  levels”;	
  
Mass	
  IS	
  energy;	
  energy	
  levels	
  are	
  mass	
  levels!	
  

	
  



Fundamental	
  par:cles:	
  
Quarks,	
  Leptons,	
  	
  
and	
  Gauge	
  Bosons	
  

Top	
  
quark=Point	
  
par:cle	
  

With	
  mass	
  
~Tungsten	
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Chemistry:	
  Bound	
  states	
  from	
  ~1	
  to	
  ~222	
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Zeeman	
  Effect:	
  A	
  Field	
  Impar:ng	
  Mass	
  

E1	
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  0	
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  0	
  
Symmetric	
   Broken	
  

(Non	
  Spontaneous)	
  Symmetry	
  Breaking	
  
An	
  applied	
  external	
  field	
  breaks	
  the	
  

symmetry	
  of	
  lab	
  	
  
by	
  selec:ng	
  a	
  preferred	
  direc:on	
  in	
  space;	
  
the	
  previously	
  symmetric	
  states	
  respond	
  	
  
Differently	
  to	
  B	
  and	
  iden:fy	
  themselves	
  as	
  

unique;	
  
A	
  separa:on	
  in	
  energy	
  is	
  also	
  a	
  separa:on	
  

in	
  mass	
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UL = �µL · �Bext =
e�

2me
mlBext � aBext



Probe	
  

-6 -4 -2 2 4 6 f

20

40

60

80

100

VHfL

-4

-2

0

2

4

f
-1.0

-0.5

0.0

0.5

1.0

x
0

50

100

VHfL

H	
  

Probe	
  one	
  point	
  in	
  space	
  

|�|⇥ 10

Early	
  Universe	
  
“Ground”	
  

h�i = 0

	
  

	
  

	
  



-2 -1 1 2 f

-0.4

-0.2

0.2

0.4

0.6

0.8

1.0
VHfL

-2

-1

0

1

2

f

-1.0

-0.5

0.0
0.5

1.0x

-0.5

0.0

0.5

1.0

VHfL

Probe	
  Early	
  Universe	
  
“Ground”	
  

Probe	
  one	
  point	
  

h�i = 0
|�|⇥ 10

	
  

	
  

	
  



-2 -1 1 2 f

-0.4

-0.2

0.2

0.4

0.6

0.8

1.0
VHfL

-2

-1

0

1

2

f

-1.0

-0.5

0.0
0.5

1.0x

-0.5

0.0

0.5

1.0

VHfL

Probe	
  

|�|⇥ 10

Early	
  Universe	
  
“Ground”	
  

h�i = 0

h�i

	
  

	
  

	
  

M � g���



Mass	
  Genera:on	
  
M � g���

-2 -1 1 2 f

-0.4

-0.2

0.2

0.4

0.6

0.8

1.0
VHfL

H	
  

h�i
UL = �µL · �Bext

��� = 246 GeV



Fundamental	
  par:cles:	
  
Quarks,	
  Leptons,	
  	
  
and	
  Gauge	
  Bosons	
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Physical	
  Higgs	
  Par:cle	
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Now:	
  Consult	
  CERN	
  Wizards	
  


