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Standard Model



A Long Hist or y

Since Fer mi and  Yukawa t o the ÒStandard 
Model,Ó it t ook almost 40 y ears t o build

Since deep inelast ic scat t er ing and J/ !  t o 
precision measurements, it t ook almost 30 
years t o t est

See Michael PeskinÕs lectu res f or i ts 
beaut ifu l exper imental t ests

Yet n ot c ompletely established



Renor malizable Quantu m 
Field Theory

SU(3)CxSU(2)LxU(1)Y gauge theo ry

Q d u L e B W g H G
SU(3)C 3 3 3 1 1 1 1 8 1 1
SU(2)L 2 1 1 2 1 1 3 1 2 1
U(1)Y +1/6 -1/ 3 +2/ 3 -1/ 2 +1 0 0 0 -1/ 2 0

spin -1/ 2 +1/ 2 +1/ 2 -1/ 2 +1/ 2 1 1 1 0 2

ßavor 3 3 3 3 3 1 1 1 1 1
seen? Y Y Y Y Y Y Y Y N N
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General

The most g eneral r enor malizable Lagrangian 
with the g iven par t icle content
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Parameters

3 gauge coupling constants + " QCD

2 parameters in the Hig gs potent ial ( GF, mH)

gÕ�d0.36, g�d0.65, gs�d1.2

GF�d(300 GeV)-2, mH unknown, " QCD<10-10
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Parameters

3x3 c omplex Yu
ij , Yd

ij , Yl
ij : 54 r eal params

reparameter izat ion U(3)Q,d,u,L,e
5/ U(1)B,e,#,$

4=41

54-41=13=3u+3d+3l+(3+1)CKM
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Masses and Mix ings

Choose masses and mixings as obser ved

VCK M !
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Standard Model is 
extr eeemely successful

Take Part icle Data Group ÒReviews of 
Part icle PhysicsÓ w ith 40 0+ pages

With o nly a f ew except ions, all n umbers in 
the bo ok are consistent w ith the St andard 
Model w ith sui tably chosen 19 parameters

Some of them t ested at 10-9 Ð10-12 l evel

Many at 10 -3 l evel



Standard Model is 
extr eeemely successful

baryon and lept on number c onser ved (apart 
fr om anomaly <•e-8" 2/ g2)

ßavor a pproximately conser ved (apart fr om 
small mixing in VCKM)

especially ßa vor -changing neutr al cu r rent 
small ( e.g. s( d vanishes at tr ee-level, 
suppressed by mc

2/ mW
2 at o ne-l oop)

! (t ! e+ ø" µø" ! ) " 10150years



So, 
whatÕs the p roblem?



empirically incomplete

neutr ino mass

dark mat ter

dark energy

near ly scale-invar iant a pparentl y acausal 
density ßuc tuat ion

baryon asymmetr y



aesthet ically 
unacceptable

str uctu re is quit e complicated

many natu ralness problems

no quantu m gravity

quest ions in f our c ategor ies



Why are the re thr ee 
generat ions?
What ph ysics 
deter mines the pa t t ern 
of masses and mixings?
Why do neutr inos have 
mass yet so light ?
What is the o r igin of 
CP violat ion?
Why " QCD<‰10-10?
What is the o r igin of 
mat t er ant i-mat t er 
asymmetr y in 
Universe? 
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( l ar ge angl e M SW )

Big Quest ions
ÐHor izontalÐ



Why are the re thr ee 
unrelated gauge forces?
Why is str ong interact ion 
str ong?
Charge quant izat ion
anomaly cancellat ion
quantu m numbers
I s the re a uniÞed 
descr ipt ion of a ll f orces?
Why is mW<‰MPl? 

(Hierarchy Problem)

Q(3, 2, +
1
6

), u(3, 1, +
2
3

), d(3, 1, !
1
3

),

L(1, 2, !
1
2

), e(1, 1, ! 1)

Big Quest ions
ÐVert icalÐ



What is Dark Mat ter ?

What is Dark Energy?

Why now? (Cosmic 
coincidence problem)

What wa s Big Bang?

Why is Universe so 
big? (ßatn ess problem, 
hor izon problem)

How were galaxies 
and stars created?

Big Quest ions
ÐFrom the HeavenÐ



What is the Hig gs 
boson?
Why does it ha ve 
negat ive mass-
squared?
Why is the re only one 
scalar pa r t icle in the 
Standard Model?
I s it elementary or 
composit e?
I s it r eally condensed 
in our Universe?

gravity

electric force

weak force

Big Quest ions
 ÐFrom the Hel lÐ



Standard Model is 
fr agile

The minute you allow f or a ddit ional Þelds 
and/or g auge groups, much of the suc cess is 
destr oyed

suppressed ßavor -changing neutr al cu r rents
no prot on decay
no neutr ino mass eithe r ( good&bad)
consistency w ith p recise electr oweak data
no excessive CP violat ion (e/n EDM)
no charge/color br eaking



Standard Model is 
fr agile

The minute you allow f or pa rameters t o vary, 
it e xhibits v ery dif f erent ph ysics
take md<mu, all p rot ons decay t o neutr ons 
and the re are no at oms
take me>4mp- m) , Sun doesnÕt b urn
if mH

2>0, EWSB st il l occurs by QCD, but the 
wor ld is t oo radioact ive t o live
If mc�dmt , no J/ !  before the en d of c old war 

and no high-energy physics fu nding by now



Dark Field =
cosmic superconduct or



What is the Hig gs 
boson?
Why does it ha ve 
negat ive mass-
squared?
Why is the re only one 
scalar pa r t icle in the 
Standard Model?
I s it elementary or 
composit e?
I s it r eally condensed 
in our Universe?

gravity

electric force

weak force

Big Quest ions
 ÐFrom the Hel lÐ



Mystery of
the wea k f orce

Gravity  pulls tw o massive 
bodies (long-r anged)
Electr ic f orce r epels tw o 
like charges (long-r anged)
Weak force pulls prot ons 
and electr ons (short -
ranged) acts o nly over 
0.000000001 nanometer   

[need it f or the Su n t o 
burn!]

We know the en ergy 
scale:  0.3 TeV



Nuclear be ta decay is due t o a yet an othe r 
force, the wea k f orce
Str angely, only l ef t -handed part icles par t icipate 
in the wea k f orce
That so unds OK as long as the y are moving
but w hen they st op???

eL

eL?eR?

Mystery deepens



We are swimming 
in Dark Field

There is quantu m liquid 
Þlling our Universe
It do esnÕt dis tu rb g ravity  
or el ectr ic f orce
It do es distu rb wea k 
force and make it sho r t -
ranged
It sl ows down all 
elementary par t icles 
fr om speed of l ight
What is i t??

Extr emely biza r re theo ry!

E&M

gravity

e

t

eL
eLeR

eR

tL
tR tL

tR

!

weak

! L! L ! L
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Cosmic Superconduct or
In a su perconduct or, magnet ic Þeld g ets r epelled 
(Mei§ner e f f ect ), and penetr ates only over the 
Òpenetr at ion lengthÓ

# <z Magnet ic Þeld is short -r anged!
Imagine a physicist l iving in a su perconduct or

She Þnally Þgured:
magnet ic Þeld must be l ong-r anged 
the re must be a m yster ious charge-tw o ÒDark FieldÓ 
in her ÒUniverseÓ
But do esnÕt kn ow what the Da rk Field is, nor w hy i t is 
the re
DoesnÕt ha ve enough energy (gap) t o break up Cooper 
pairs

 ThatÕs the s tage where we are!



Textbo ok

W and Z a re massive 
vect or bo sons
Only kn own consistent  
(renor malizable) 
quantu m Þeld theo ry 
of massive vect ors is 
gauge theo ry w ith 
Higgs mechanism
Therefore, W and Z 
bosons must be g auge 
bosons, br oken by a 
Higgs
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unitar ity
W-boson scat t er ing 
grows with en ergy 
A�dGFE

2 and violates 

unitar ity a t 1.8TeV
If y ou allow only one 
extr a par t icle beyond 
what we kn ow t o rest ore 
unitar ity , the o nly 
possibility is t o add a 
spin zero par t icle whose 
couplings are precisely 
those of the SM Hig gs

C. H. Llewellyn Smith ; D. A. Dicus and V. S. Mathu r;
J. M. Cornwall, D. N. Levin and G. Tikt opoulos
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ugly

V=%|H|4- #2|H|2

Why negat ive mass-
squred?
Why only one scalar in 
the SM?
Hierarchy problem 
because of i ts qua drat ic 
divergence
does not a ppear 
fundamental, i.e. 
Ginzburg-Landau vs BCS



Fer miÕs dream era

Fer mi f or mulated the 
Þrst theo ry of the 
weak f orce (1933)

The r equired energy 
scale t o stu dy the 
problem known since 
then: ~TeV

We are Þnally get t ing 
the re!



the t op mass is 
a cr ucial input da taWe know the 

energy scale of the 
problem:

GF! (300 GeV)Ð2

the g ap excitat ion is 
called ÒHiggs bosonÓ
Cur rent da ta 
combined with the 
Standard Model 
theory predict

mH<208GeV (95%CL)

Gap Excitat ion
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 Run II Preliminary!D

LP05

mt = (178.0± 2.7± 3.3)GeV! mh = 129+ 74
" 49GeV

mt = (174.3± 2.0± 2.8)GeV! mh = 98+ 52
" 36GeV

Top Quark Mass: SummaryTop Quark Mass: Summary

Impact on SM Higgs mass prediction

New Run II single measurements 
achieving uncertainties comparable 
to/better than current Run I world average.
BREAKING NEWS:  New preliminary 
world average combining CDF Run II and 
D¯ Run I.

CL 95% @ GeV 208  GeV;98 52
36 HH MM3/6.3/  GeV; 4.33.174 2 dofmt

CL 95% @ GeV 285  GeV;12974
49 HH MM



Kick out Da rk Field 
fr om the v acuum

We know the en ergy 
scale of the p roblem:

0.3 TeV

¥pump energy int o 
empty spa ce t o kick 
out w hatever makes 
Dark Field: ÒHiggs 
bosonÓ

¥LHC wil l Þn d it!!!!!



Higgs at ATLAS

1

10

100

100 120 140 160 180 200

 S
ig

na
l s

ig
ni

fi
ca

nc
e

Total significance

!Ldt = 30 fb" 1

(no K-factors)
ATLAS

5#

mH (GeV/c2)

H $  %%
ttH (H $  bb)
H $  ZZ(*) $  4l
H $  WW(*) $  l&l&
qqH $  qqWW(*)

qqH $  qq' '

Robust dis covery



Post-Higgs Problem

We see ÒwhatÓ is stuck in o ur u niverse

But we s t il l donÕt kn ow ÒwhyÓ

Two problems:

Why anyth ing is condensed at a ll

Why is the s cale of Da rk Field 0 .3TeV 
much much smaller than the s cale of 
gravity �d1015 TeV

Explanat ion most l ikely t o be at $TeV scale 
because th is is the r elevant en ergy scale



Hierarchy Problem
gravity

electric force

weak force



Dark Matter

neutrinos
quarks

CMB

Dark Energy
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The Main Obstacle
We look f or ph ysics beyond 
the St andard Model tha t 
answers big quest ions about 
ear ly universe
By deÞnit ion, tha t is physics 
at sho r t er distances
Then the St andard Model 
must su r vive down t o 
whatever shorter distance 
scale
Hierarchy problem is the 
main obstacle t o do so 

<z We canÕt even get started!



Once upon a t ime,
the re was a h ierarchy problem...

At the en d of 19th c entu ry: a ÒcrisisÓ about 
electr on

Like charges repel: hard t o keep electr ic 
charge in a small pack
Electr on is point -l ike
At l east smaller than 10Ð17cm

Need a l ot of en ergy t o keep it small!

Cor rect ion ! mec
2 > mec

2 f or re < 10Ð13cm

Breakdown of theo ry of el ectr omagnet ism
#<z CanÕt dis cuss physics below 10Ð13cm

! mec2 !
e2

re
! GeV

10" 17cm
re



Ant i-Mat t er Comes t o Rescue
by Doubling of #P art icles

Electr on creates a 
force t o repel i tself
Vacuum bubble of 
mat t er ant i-mat t er 
creat ion/annihilat ion
Electr on annihilat es 
the p ositr on in the 
bubble

<z only 10% of mass even 

for Planck-size re~10-33cm
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! me ! me
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Higgs repels itself , t oo

Just l ike electr on 
repelling itself 
because of i ts c harge, 
Higgs boson also 
repels itself
Requires a l ot of 
energy t o contain 
itself  in its p oint -l ike 
size!
Breakdown of theo ry 
of weak f orce
CanÕt g et s tar t ed!
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Hist or y r epeats i tself?
Double #pa rt icles 
again <z 

superpartn ers
ÒVacuum bubblesÓ of 
superpartn ers cancel 
the en ergy r equired 
t o contain Higgs boson 
in itself
Standard Model made 
consistent w ith 
whatever ph ysics at 
shor t er distances

H H

H

H H

H
~

W
~

! m2
H !

"
4#

m2
SUSY log(mHrH)



Opening the do or

Once the h ierarchy problem 
solved, we can get s tar t ed t o 
discuss physics at sho r t er 
distances and ear lier u niverse.
It o pens the door t o the n ext 
level:

Hope t o answer big que st ions
The solut ion t o the h ierarchy 
problem itself , e.g., SUSY, 
provides addit ional p robe t o 
physics at sho r t dis tances
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Supersymmetr y



Supersymmetr y

SUSY
Higgs only one of many scalars tha t 
happen t o acquire negat ive mass-squared
SUSY stabilizes the h ierarchy

easily consistent w ith the EW p recision 
obser vables because it is ÒdecouplingÓ physics
fu lly consistent, r enor malizable, calculable 
theory
can be connected t o GUT, str ing, et c



Supersymmetr y predicts bo son and 
fer mion t o have the same mass

Clear ly not tr ue in natu re

It ha s t o be br oken, par tn ers heavier 
than the SM pa rt icles

Once br oken, it is natu ral f or pa r tn ers t o 
be heavier  as their ma sses allowed by  
SU(2)" U(1), while quark, l ept on, W, Z 
masses f orbi dden

A Broken Symmetr y



Purpose of supersymmetr y is t o protect 
hierarchy

Arbitr ar y t er ms in Lagrangian tha t br eak 
supersymmetr y r eintr oduce power di vergences

ÒSoft su persymmetr y br eakingÓ classiÞed:

# m##, m2
ij$i*$j, Aijk$j$j$k, Bij$j$j, Ci$j

# gaugino mass, squark/ slept on mass-squared, et c

Dark horse t er ms (not a lways allowed):
! $j*$j$k, #%j, %i%j

Soft su persymmetr y 
breaking
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Radiat ive Symmetr y Breaking
(Inoue et a l; Alvarez-GaumŽ et a l; Ib a–ez- Ross)

In the MSSM, 
electr oweak symmetr y 
does not g et br oken
Only af t er 
supersymmetr y is 
broken, Higgs can obtain 
a VEV v�dmSUSY

EWSB is as a 
consequence of 
supersymmetr y 
breaking
EW symmetr y and 
hierarchy ÒprotectedÓ 
by supersymmetr y
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Origin of Hie rarchy
(Wit t en)

v<‰MPl because v�dmSUSY<‰MPl

Why mSUSY<‰MPl?

I dea: r unning coupling constant
SUSY broken by str ong gauge dynamics with 

ÒDynamical supersymmetr y br eakingÓ

e.g., SO(10) with o ne 16 
# # # (Afße ck, Dine, Seiberg; HM)

! = MPle! 8" 2/ g2
0b0 " MPl
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The paradigm

! 

mSUSY= " 2 / M Pl



gauge coupling 
uniÞcat ion
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R-par ity
B, L-conser vat ion not au t omat ic
W=udd+QdL+LLe+LHu
If the y exist w ith O(1) couplings:

& ' p�dmsq
4/ mp

5�d10Ð12 sec!
Product of tw o couplings < 10Ð26

Impose R-par ity = (Ð1)3B+L+2S

Forbi ds B and L number viol at ion
R-par ity is n on-anomalous; may be g auged
Stable Lightest Su persymmetr ic Part icle 

# # <z Cold Dark Mat ter
  SUSY part icles always pair -produced and 

decay int o the LSP: missing energy signal



Supersymmetr y
Tevatr on/ LHC wil l 
discover 
supersymmetr y

Can do many 
measurements a t LHC
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Prove Supersymmetr y

Discovery at Tevatr on 
Run II an d/or LHC
Test the y are r eally 
superpartn ers

Spins dif f er b y 1/2
Same SU(3)* SU(2)
* U(1) quantu m 
numbers
Supersymmetr ic 
couplings

Spin 0?
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Gaugino masses t est 
uniÞcat ion itself 
independent of 
int er mediate scales and 
extr a complete SU(5) 
mult iplets

¥# Scalar masses t est be ta 
funct ions at a ll scales, 
depend on the pa r t icle 
content

(Kawamura, HM, Yamaguchi)

Gaugino and scalars

1/Mi [GeV-1]

Q [GeV] Q [GeV]

Mj
2
 [103 GeV

2
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WIMP ( Weakly In teract ing Massive Part icle) 
str ongly f avored
Stable heavy par t icle produced in ear ly 
Universe, lef t -over fr om near -complete 
annihilat ion

TeV the c or rect en ergy scale
We hope t o produce DM dir ectl y at c olliders

Par t icle Dark Mat ter

! M =
0.756(n + 1)xn+ 1
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Producing Dark Mat ter 
in the l aborat or y

Collision of h igh-energy 
par t icles mimic Big Bang
We hope t o create Dark 
Mat ter pa r t icles in the 
laborat or y
Look f or e vents w here energy 
and momenta are unbalanced 

Òmissing energyÓ E
miss

Someth ing is e scaping the 
detect or
electr ically neutr al, weakly 
int eract ing

( Dark Matter!?
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cosmological measurement  of dark mat t er
abundance )  * ann

!1

detect ion exper iments
scat t er ing cr oss sect ion

product ion at colliders
mass, couplings 
can calculate cr oss sect ions

If the y agree with ea ch othe r:
( Wil l kn ow what Da rk Mat ter is

( Wil l u nderstand universe back t o t +10-10 

sec

mass of the Dark Matter

co
sm

ic
 a

bu
nd

an
ce

WMAP

LHC

ILC

How do we kn ow 
what Da rk Mat ter is?
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! =
nB

n"
= 4.7#0.8

+1.0( ) $10#10

5.0± 0.5( ) $10#10

(Thuan, Iza t ov)

(Bur les, Nollet t, Turner)

Big-Bang Nucleosynthe sis
Cosmic Microwave Background

WMAP (6.5+ 0.4
! 0.3) " 10! 10



Dark Matter

neutrinos
quarks

CMB

Dark Energy

10! 10 sec
1sec

300Kyr

Today

observatories 

reconstruct Big Bang

accelerators

recreate Big Bang

Big
Bang CMB B-mode

inßation

uniÞcation
string
anti-matter Dark Matter

neutrinos
quarks

CMB

Dark Energy

10! 10 sec
1sec

300Kyr

Today

observatories 

reconstruct Big Bang

accelerators

recreate Big Bang

Big
Bang CMB B-modeDark Field


