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Lamb’s Nobel Lecture
W I L L I S   E . L A M B, JR . 

Fine structure of the hydrogen atom 
Nobel Lecture, December 12, 1955 

 
When the Nobel Prizes were first awarded in 1901, physicists knew 
something of just two objects which are now called « elementary particles »: 
the electron and the proton. A deluge of other « elementary » particles 
appeared after 1930; neutron, neutrino, P meson, S�meson, heavier mesons, 
and various hyperons. I have heard it said that « the finder of a new 
elementary particle used to be rewarded by a Nobel Prize, but such a 
discovery now ought to be punished by a $10,000 fine ». 
   In order to determine the properties of elementary particles experimentally 
it is necessary to subject them to external forces or to allow them to interact 
with each other. The hydrogen atom which is the union of the first known 
elementary particles: electron and proton, has been studied for many years 
and its spectrum has taught us much about the electron. 
   In 1885, Balmer found that the wavelengths of fourteen lines of the 
hydrogen spectrum were given by a simple equation. In 1887, Michelson 
and Morley discovered a fine structure of some of these lines. The quantum 
theory was founded by Planck in 1900, and in 1913 Bohr gave rules of 
quantization which permitted a derivation of Balmer’s formula. Sommerfeld 
showed in 1916 that the fine structure of Bohr’s energy levels was caused 
by relativistic corrections. In 1924, De Broglie attributed wave properties to 
the electron and soon a quantum mechanics of the hydrogen atom emerged 
from the hands of Heisenberg, Born, and Schroedinger. Spin and magnetic 
moment of the electron were suggested by Uhlenbeck and Goudsmit in1925, 
and their dynamical equations were worked out by Thomas a year later. In 
1928, Dirac discovered an equation which described an electron with wave 
properties, charge, spin, magnetic moment and a mass depending on 
velocity as required by relativity theory. The energy levels of hydrogen 
were given by Dirac’s theory with high precision. 
   Of special interest to us are his predictions, as shown in Fig. 1, of the n = 2 
group of energy levels which are 10.2 electron volts above the n = 1 ground 
state. The fine structure splitting 22P3/2 – 22P1/2, which according to Dirac’s 
theory arises from spin-orbit interaction, agrees exactly with the sep- 



Tears of Joy

‣ W and Z boson discovery (1983)
Theory 1973

10 years

• History of particle hunting

48 years‣ Higgs-like scalar discovery (2012)
Theory 1964

18 years
bb̄

‣ Top-quark discovery (1995)
Existence:      FB asymmetry (1977)



History is not just a thing of the past!
July 4th , 2012



July 4th 2012 
The discovery of a 

new particle 

From J. Ellis’s talk at 7th workshop of TeV scale physics at Tsinghua University, 11-11-2012



Tears of Joy

‣ W and Z boson discovery (1983)
Theory 1973

10 years

?years‣ New Physics beyond the SM
Extra dim (KK, 1921)
SUSY (1966)

• History of particle hunting

48 years‣ Higgs-like scalar discovery (2012)
Theory 1967

18 years
bb̄

‣ Top-quark discovery (1995)
Existence:      FB asymmetry (1977)



粒子物理的标准模型
已知基本粒子谱
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标准模型的两大疑难
电弱对称性破缺起源  和  味对称性破缺起源
（W 和 Z 质量） （费米子质量）
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Electroweak triangle
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W-boson, Top-quark and Higgs boson
•   Highly correlated at the quantum level



Outline
• LEP

Precision machine

• Tevatron

Precision machine + discovery machine

• LHC

Discovery machine + Precision machine

Higgs boson and others

• SLHC, VLHC, Higgs Factory, ILC, ...



Rutherford scattering 
1909-1911 :  The begin of the collider experiments

TargetIncoming
Particles

Detector
Outgoing

Particles



Large Electron-Positron Collider
(1989-2001)

A Precision machine of EW interaction



Z-pole

Electroweak theory tests: tree level
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Why a Higgs Boson must exist?
• Gauge cancellation
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Each of the J=1 partial-wave amplitudes
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Electroweak theory tests at tree level



Higgs searches at LEP

• No evidence for Higgs 

  6

SM Higgs Searches at LEPSM Higgs Searches at LEP

• No evidence for HiggsNo evidence for Higgs
→ mH > 114 GeV @ 95% C.L.

Quantum corrections suggest the Higgs-boson mass . . .
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Tevatron
(1983-2011)

A precision machine built to test QCD
A precision machine of EW

A discovery machine of Top-quark



Triumph of W-boson Precision



Top Quark Discovery
Such a Long Journey 



March 2, 1995

High energy physicists had 
Champaign

to celebrate the discovery of 
the Top Quark at FNAL Tevatron by D0 & 

CDF groups.

Recently,

mt = (173.1± 1.0)GeV



 Forward-Backward Asymmetry of        
        bottom quark  (       ) in
 
    

        
        confirmed weak isospin of b

e+e� ! bb̄

Ab

Top Exists
(induced from data)

                state must exist,

       which is called

                TOP.

  But it was such a long journey to find the TOP 
quark.  
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Year

1980 1984 1988 1990 1992 1994 1996 1998
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ARGUS
> 50 GeV

         UA1
~ (30 – 50) GeV

SUSY GUT
30 -130 GeV

GUT
135 GeV

Petra
> 20.3 GeV

TRISTAN
>30.2 GeV

Glashow
  ~ 38 GeV

Observation of              mixing
ARGUS Collaboration
Received 9 April 1987

Using the ARGUS detector at the DORIS II storage ring we have searched in 
three different ways for              mixing in    (4S) decays. One explicitly mixed 
event, a decay                  , has been completely reconstructed. Furthermore, we 
observe a 4.0 standard deviation signal of 24.8 events with like-sign lepton pairs 
and a 3.0 standard deviation signal of 4.1 events containing one reconstructed  
             and an additional fast          . This leads to the conclusion that             
mixing is substantial. For the mixing parameter we obtain r=0.21±0.08. 

To explain the large mixing parameter,
 ARGUS had to assume the top mass

 to be large, mtop > 50 GeV

Chronology of Top Hunting
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Chronology of Top Hunting



Electroweak theory tests: loop level
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Large Hadron Collider
(2007-?)

A discovery machine of EW interaction
A top-quark factory



Sample event rates in p

±
p collisions
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LHC: perfect for SM and NP

L = 1033cm�2s�1
 Rate at 8TeV LHC 

★  Inelastic p-p reactions: 

W ! `⌫

Z ! ``

★  Gluino, Squarks : 0.003/s

0.02/s★  Higgs boson  

★             : 1.5/s

15/s★             :

★  top quark pairs: 1/s

★  bottom quark pairs:5⇥ 105/s

108/s

with

(1TeV)



A new boson found  ~125GeV
• The evidence is strong that the new particle decays to       and        

       with rates roughly consistent with those predicted for the 
SM Higgs boson.   

      The LHC experiments have discovered a new particle

•  Τhere are also indications that the new particle decays to W+W−

• The observed decay modes indicate that the new particle is a boson.

• The evidence is strong that the new particle decays to γγ and ZZ with rates 
roughly consistent with those predicted for the SM Higgs boson.

Wednesday, July 18, 2012

      The LHC experiments have discovered a new particle

•  Τhere are also indications that the new particle decays to W+W−

• The observed decay modes indicate that the new particle is a boson.

• The evidence is strong that the new particle decays to γγ and ZZ with rates 
roughly consistent with those predicted for the SM Higgs boson.

Wednesday, July 18, 2012

��

ZZ

The observed decay modes indicate that the new particle is a boson. 



Higgs mechanism in the SM
• Higgs mechanism: the most economical and simple 

choice to achieve the spontaneous symmetry breaking

The Higgs mechanism, namely the introduction of an elementary SU(2)L 

scalar doublet, with ϕ4 potential, is the most  economical & simple choice    

to achieve the spontaneous symmetry breaking [ SU(2)L × U(1)Y → U(1)Q ]. 

that we observe in nature.

Introduction

ℒ
higgs 

(ϕ, Aa, ψi ) = Dϕ+ Dϕ - V(ϕ)

       V(ϕ) = - μ2 ϕ+ϕ +λ(ϕ+ϕ)2  + Yij ψ
L

i  ψ
R

j  ϕ 

Till very recently only the ground state determined by this potential (and the 
corresponding Goldstone boson structure) was tested with good accuracy: 

v = 〈ϕ+ϕ〉1/2  ~ 246 GeV    [ mW = ½ g v  ]

G. Isidori –  Theoretical constraints on the Higgs boson mass                                Orsay,  18th July  2012

The ground state determined was tested with good accuracy 
(thanks to Tevatron)
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The situation has substantially changed a few weeks ago, with the observation of 

the 4th degree of freedom of the Higgs field (or its massive excitation):

λ(tree)  =  ½ mh
2 / v2  ~  0.13   
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On July 4th, the 4th d.o.f. of the Higgs field is observed.  

The Higgs mechanism, namely the introduction of an elementary SU(2)L 
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Higgs boson production
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Higgs boson decayDecay of Higgs Boson in SMDecay of Higgs Boson in SM

bb dominant

mH < 120 GeV

WW dominant

mH > 130 GeV

(gauge coupling is 

much larger than yb)

*(hoWW )
*(ho ZZ )

� 2

Longitudinally polarized gauge boson modes dominate for mH>2MV .

gg large

mH<130 GeV

JJ reaches maximal

mH~130 GeV

(Important at LHC)

Br(H oVV ) ! Br(H o tt)



Questions of the top priority 

H
scalar #:

one or two
or more?

Spin: 
0 or 2?

CP:
even or odd?

Mass (accuracy)
Width (?)

125GeV



1. What can we learn 
from 125GeV?



Theoretical problems
Still, the SM Higgs potential is “ugly” and hides the most serious theoretical 
problems of this highly successful theory:

Quadratic sensitivity to the cut-off

vacuum instability 
possible internal inconsistency of 
the model (λ < 0) at large energies

[ key dependence on mh ]

(indication of new physics 
close to the electroweak scale ?)

SM flavour problem
(unexplained span over 5 orders 

of magnitude and strongly 
hierarchical structure 
of the Yukawa coupl.)

Δμ2 ~ Δmh
2 ~  Λ2

V(ϕ) = - μ2 ϕ+ϕ +λ (ϕ+ϕ)2  + Yij ψL
i  ψR

j  ϕ 

Introduction
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Vacuum stability
• At large field values the shape of the Higgs potential is 

determined by the RGE evolution of the Higgs self coupling

Theoretical Bounds : Running couplingTheoretical Bounds : Running coupling
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Vacuum stability bound at NNLO

Might we live in a 
metastable vacuum?

     v

At large field values:

Veff

    log(Λ/1 GeV)

Veff(|ϕ|)  ≈ λ(|ϕ|) × |ϕ|4  

|ϕ|

 mh = 150 GeV

Stability and metastability bounds

λ(Λ)

G. Isidori –  Theoretical constraints on the Higgs boson mass                                Orsay,  18th July  2012

Cabibbo et al.  '79; Hung '79;
Lindner 86; Sher '89; ....

Conservative th. error given the size 
of the shifts from NLO to NNLO: 

With the NNLO calculation we are able to derive a very precise relation between 
Higgs and top masses from vacuum stability:

Absolute stability:

G. Isidori –  Theoretical constraints on the Higgs boson mass                                Orsay,  18th July  2012

2.0
1.0Given the fast running of λ close to the e.w. scale, the dominant uncertainty comes 

from threshold (non-log enhanced) corrections at the electroweak scale (or in the 
precise evaluation of the initial condition).

Degrassi et al. '12
While the smallness of λ 
(and the other couplings) 
at high energies imply that the 
3-loop terms in the beta 
functions play a very minor 
role (useful to control the 
error).

G. Isidori –  Theoretical constraints on the Higgs boson mass                                Orsay,  18th July  2012



Top quark and 125GeV Higgs boson
Degrassi et al. '12

With the NNLO calculation we are able to derive a very precise relation between 
Higgs and top masses from vacuum stability:

G. Isidori –  Theoretical constraints on the Higgs boson mass                                Orsay,  18th July  2012



2. What about spin?



Spin-0 or Spin-2 
• It is very likely to be spin-0, but we have to check it. 

d�

d cos ✓
⇠ 1

4

+

3

2

cos

2 ✓ +
1

4

cos

4 ✓Spin-2:

d�

d cos ✓
⇠ 1Spin-0:

and vector bosons, in the same proportions as in the case of a conventional Higgs boson 2.

The events are then matched using the MLM scheme in PYTHIAv6.4 [18], and passed through

the Delphes [19] simulation code.

Figure 1 displays the cos ✓ (left) and cos ✓⇤ (right) distributions after implementing the

baseline cuts p�
T

> 20 GeV and |⌘|
�

< 2.5. We see that the theoretical di↵erence between

the scalar Higgs and graviton-like 2+ decay distributions in the rest frame of X
0,2

survives

these basic cuts.
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Figure 1: Simulation of the X
0,2

! �� polar angle distributions obtained using MadGraph5,
PYTHIAv6.4 and Delphes, after implementing the baseline cuts p�

T

> 20 GeV and |⌘
�

| <
2.5. The left panel show distributions in the laboratory frame, and the right panel show
distributions in the diphoton centre-of-mass frame.

We have studied whether the higher-level selection cuts could a↵ect the distributions and

the discriminating power between the spin-zero and -two hypotheses. As shown in Fig. 2, we

find that the distinction is quite stable under changes in the photon momentum cuts, e.g.,

to p
�

1,2

T

> 40, 25 GeV, or in the p
Tt

cut separating the glue-glue and vector-boson-fusion-

enhanced processes 3.

3.1 Toys and Statistical Procedure

As a first step in our analysis, we use a simple angular asymmetry variable as in [20] to

quantify the separation significance between spin 0+ and 2+ as a function of the number of

2

To the extent that these other production mechanisms are suppressed relative to gg ! X, their inclu-

sion or omission is not important. We have checked that their inclusion in our simulation does not a↵ect

significantly the angular distributions from gg ! X alone.

3

We define pTt ⌘ |~p��T ⇥ ~t|, where the thrust vector is defined as

~t ⌘ (~p�1

T � ~p�1

T )/|~p�1

T + ~p�1

T |.

6

x
✓

�

~pX�

Ellis et al, 1210.5229



3. CP Property



CP-even or CP-odd
• It is very likely to be CP-even, but we also need check it.

Z Z

• In the SM the couplings of the Higgs boson to pair of Ws and 
Zs are fixed by gauge structure 

(D�)2 ! (1 +
h

v
)2m2

V VµV
µ

ghV V = �2i
m2

V

v
gµ⌫

• A field without vacuum expectation value can couple to Ws 
and Zs through dimension-5 operators. In a weak-coupling 
theory the operators come from loops. 

A

M
hFµ⌫F

µ⌫ +
B

M
h✏µ⌫⇢�F

µ⌫F ⇢�



Spin and coupling structure of Higgs (imposters)

•                   final state is unique because full kinematics 
distributions can be reconstructed. 
ZZ ! 4`

• A general analysis of a scalar decaying into ZZ: 

Spin and coupling structure of the Higgs (imposters)

• ZZ ->4 leptons final state is unique because full kinematic

distributions can be reconstructed.

• a general analysis of a scalar decaying into ZZ:

higgs mechanism predicts only this term!

the other two terms are higgs imposters!!

QHC,  Jackson, Keung, Low, Shu, 
PRD81 (2010) 015010, 0911.3398



Decay plane correlation
• One particular angle is very useful: the azimuthal angle 

between the decay plane 

• Four decay angles can be defined for ZZ -> 4 leptons. (An

additional production angle can also be defined in the zero-jet

bin.)



Decay plane correlation
• One particular angle is very useful: the azimuthal angle between the

decay planes. we computed the azimuthal angular distribution:

• previous studies (eg, CMS TDR) only focus on c
1
 and c

3
 without

including c
2 

!

Negligible (~0.06) in the SM!

ZZ through loop-induced effects should be much smaller than that of a Higgs-like scalar,

if the loop-induced decays should be observed at the LHC in the early running. Therefore

measurements on the total width alone is a smoking gun signal for the Higgs nature of the

scalar resonance.

This paper is organized as follows: in the next section we compute the differential distri-

bution of the decay of a scalar into ZZ → 4! using the helicity amplitudes method, followed

by a discussion on the possible new physics giving rise to loop-induced couplings. In Section

IV we perform simulations on the total decay width measurements as well as azimuthal

angular distributions between the two decay planes of the Z boson. Then we conclude in

Section V. We also provide two appendices, one on a toy model in which the loop-induced

coupling is mediated by the heavy W ′-boson loop and the other on the Lorentz-invariant

construction of the aforementioned azimuthal angle.

II. HELICITY AMPLITUDES FOR S → Z(λ1, k1)Z(λ2, k2) → ("1"̄1)("2"̄2)

We use the notation (λi, ki), i = 1, 2, to denote the helicity state and momentum of the

two Z bosons in the laboratory frame. Assuming all three particles are on-shell, the possible

helicity states Ψλ1λ2 of the Z pair are determined by conservation of angular momentum

to be Ψ++,Ψ−−, and Ψ00, from which we see the parity-even combinations are Ψ++ + Ψ−−

and Ψ00 while the parity-odd one is Ψ++ −Ψ−−. In terms of effective Lagrangian, the three

helicity amplitudes are described by the following three operators

Leff =
1

2
mS S

(

c1Z
νZν +

1

2

c2
m2

S

ZµνZµν +
1

4

c3
m2

S

εµνρσZ
µνZρσ

)

, (6)

where Zµν = ∂µZν−∂νZµ is the field strength, and ci, i = 1, 2, 3, are dimensionless constants.

A fourth operator, Zµν(Zµ∂νS−Zν∂µS), is related to the c1 and c2 terms upon the equation

of motion. The tensor structure of the decay amplitude of S → Z1(kα
1 ) + Z2(k

β
2 ) is

εα1 ε
β
2Mαβ = mS εα1 ε

β
2

{

c1 gαβ −
c2
m2

S

[gαβ(k1 · k2)− (k1)α(k2)β] +
c3
m2

S

εαβγδk
γ
1k

δ
2

}

, (7)

where εα1 and εβ2 are the polarization tensors of Z1 and Z2, respectively. Terms in Eq. (7)

proportional to c2 and c3 are the so-called anomalous Higgs couplings.

Following the method and convention in Ref. [4], we calculate the helicity amplitudes

4

� = 0

� = ⇡/2 c1 c2

c3for vanishing

for vanishing     and

( CP-even scalar! )

( CP-odd scalar! )

Focus on the spin-0 case for the φ distribution:



4. Is it just the SM Higgs?



Higgs boson couplings
• New set of reference SM parameters

mH ⇠ 126 GeV �H = 4.2 MeV � = (mH/v)2/2 = 0.131

Br(H ! WW ⇤) = 23%

Br(H ! ZZ⇤) = 2.9%

Br(H ! bb) = 56%

Br(H ! cc) = 2.8%

Br(H ! ⌧⌧) = 6.2%
Br(H ! µµ) = 0.021%

Br(H ! gg) = 8.5%
Br(H ! ��) = 0.23%
Br(H ! �Z) = 0.16%

 



Higgs boson couplings

Figure 3: Estimates of the accuracy that can be achieved in Higgs coupling measurements
using a model-independent fit to LHC measurements with a 300 fb�1 data set, from [43].
The estimates are given as a fraction of the predicted Standard Model value for the Higgs
coupling constants. The indicated horizontal lines represent 5% deviations. For the invisible
Higgs decay, the quantity plotted is the square root of the branching fraction.

11

14TeV 300fb-1
Peskin, 1208.5152



Higgs boson couplings at LC

Figure 4: Estimates of the accuracy that can be achieved in Higgs coupling measurements
using a model-independent fit to LHC and ILC measurements, from [43]. The estimates are
shown as a fraction of the predicted Standard Model value for the Higgs coupling constants.
The indicated horizontal lines represent 5% deviations. For the invisible Higgs decay, the
quantity plotted is the square root of the branching fraction. The programs shown include
(left to right for each entry) LHC at 14 TeV and 300 fb�1, ILC at 250 GeV and 250 fb�1,
ILC at 500 GeV and 500 fb�1, ILC at 1000 GeV and 1000 fb�1.
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LHC: 
  14TeV
  300fb-1

ILC1: 
   250GeV
   250fb-1

ILC: 
   500GeV
   500fb-1

ILC TeV: 
   1000GeV
   1000fb-1



Higgs boson couplings at LC
• If the simple scalar Higgs model is correct, the Higgs 

couplings to each particle is proportional to its mass. 

Mass [GeV]
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Full ILC Program
 @ 250GeV-1250fb
 @ 500GeV-1500fb
 @ 1000GeV-11000fb

Figure 5: Expected precision from the full ILC program of tests of the Standard Model
relation that the Higgs couplings to each particle are proportional to its mass, from [65].
The measurements of the Higgs couplings to µ and t and the Higgs self-coupling require
high energies; the other measurements depend mainly on total integrated luminosity.
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2002
ACFA

LC study

We can test this 
hypothesis to 
high accuracy. 



5. Only one scalar?



Charged Higgs boson
• In the MSSM:   5 physical Higgs fields

2 CP-even Higgs boson
1 CP-odd Higgs boson
2 Charged Higgs boson

h and H
A
H±

• A very promising channel pp ! W± ! AH±

m2
H+ = m2

A +m2
W

q

q̄0

W±
A

H±

g

2
(pA � pH+)µ

     depends only
on g and mA 

�
prod

QHC, Kanemura, Yuan
PRD69 (2004) 075008



Light Higgs scenario

• No-decoupling regime 

Belyaev, QHC,  Nomura, Tobe, Yuan, 
PRL100 (2008) 061801

mA ⇠ mH < mh

(recently 
rediscovered by 
many groups)

Qing-Hong Cao (UCR) DOE   ANNUAL   REPORT

Projecting the LHS on to tan - mA plane

hH+

AH+

Entire Yellow 
shaded region can 
be covered by 
production

AH±



Direct searches of New Physics



New Physics Models

Supersymmetry Extra Dimension

Little Higgs Higgsless

uMSSM
Flat (ADD, UED)

Warped (RS1)

Simple Little Higgs
Little Higgs 

Three-site

Technicolor
Top quark condensate

R-violating

Little Higgs with T-parity 

MSSM, NMSSM, 
nMSSM, 



Dark Matter Dark Matter
R-parity conserved SUSY
( MSSM, NMSSM, nMSSM )

Universal Extra Dim
  ( KK parity)

RS with KK parity

Little Higgs Model

R-violation SUSY

Technicolor

Top quark condensate
Little Higgs with T-parity 

ADD, RS1

New Physics Models



Conclusion



Questions raised by Quigg
• What is the agent of EWSB? Higgs? One or more?

• Is the Higgs elementary or composite? Self-interaction?

• Does the Higgs give mass to fermions, or only to weak bosons? Quark mass 
and mixing angle? Yukawa hierarchy?

• What stabilizes the Higgs mass below 1 TeV?

• What will be the next symmetry? Extra heavy gauge bosons? Grand 
unification?

• Are there 4th generation? Or new exotic (vector-like) fermions?

• Strong CP problem?

• What are dark matters? Might DM have a flavor structure? Or is DM really 
related to fundamental particle?

• ............





Electroweak theory tests: loop level
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Experiments versus Theories
•  Physics is associated with many scales

TeV GUT PLANCKWEAK

Unification,
Neutrino See-Saw

EWSB
Dark Matter SUSY

Hierarchy

Quantum 
Gravity

Higgs 
Factory
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