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什么是高能物理？
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⾼高能物理理的研究对象
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30 1 The Story of Matter

Fig. 1.19 Murray Gell-Mann. (Image courtesy of the Santa Fe Institute)

fit together to explain the existence of other particles will be outlined in Chapter 3.
Gell-Mann was awarded the Nobel Prize for Physics in 1969 as a result of his work
relating to the identification and understanding of the fractionally charged quarks.

We have now completed our brief survey of the Standard Model. The scale
explored so far is illustrated in Fig. 1.20. Further details of the many additional
subatomic particles will be given in Chapter 3, along with a discussion of what new

Molecule: 10 –9  m

Atom: 10 –10  m

Electron: < 10 –18 m

Nucleus: 10 –15 – 10 –14 m

Neutron: 10 –15  mProton: 10 –15  m

Two up and one
down quark (uud)

Two down and
one up quark (udd)

Quark: < 10 –19  mFig. 1.20 The characteristic
sizes of the particles
(electrons, protons, neutrons,
and quarks) that constitute the
atomic world

探测更更⼩小尺度、更更⾼高能量量

厘⽶米：
流体 （经典流体⼒力力学）

10-7厘⽶米：
分⼦子 （分⼦子运动学）

10-8厘⽶米：
原⼦子 （量量⼦子⼒力力学）

10-13厘⽶米：
核⼦子 （核物理理学）

10-13-10-18厘⽶米：
夸克 （量量⼦子⾊色动⼒力力学）

10-33厘⽶米：
弦理理论
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探测更更⼩小尺度、更更⾼高能量量
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高能物理标准模型
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Standard Model 

• Quark  
– Baryon (qqq):  

• proton, neutron 

– Meson (q qbar):  
• pion, kaon 

 
 
 

 

• Lepton  
– Point particle 

What is world made of? 
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粒⼦子物理理的标准模型

• 集百年年物理理之⼤大成

• 新元素周期表

• 20世纪⾃自然科学的卓越成

就之⼀一

宇宙万物可以⽤用⼀一个“简单公式”表示出来！
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The Standard Model of Particle Physics

Wolfgang Altmannshofer The Flavor Puzzle June 26, 2014 8 / 40

粒⼦子物理理的标准模型
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The Standard Model, for students

2016/8/7 Weihai	High	Energy	School	2016 8

粒⼦子物理理的标准模型
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1 CKM
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• Three generations of quarks (and 
leptons)

• identical gauge quantum numbers

• different masses

– Flavour physics describes interactions 
that distinguish between flavours.

– Parity violation of electroweak 
interactions

• left-handed quarks :SU(2)! doublets • right-handed quarks: singlets

Flavour Physics
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Ø Flavour universality: gauge couplings are equal for all three generations

Gauge couplings of the quarks
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Yukawa couplings

• Flavour non-universality introduced by Yukawa couplings between 

the Higgs field and the quarks:

where 𝑖, 𝑗 are generation indices and $𝐻 = 𝜖𝐻∗ = 𝐻∗", −𝐻# $

• replacing 𝐻 by its vacuum expectation value 𝐻 = 0, 𝑣 $, we obtain 

the quark mass terms

with the quark mass matrices given by 𝑚% = 𝑣𝑌% (𝐴 = 𝑈,𝐷, 𝐸).
By hand！



19

Diagonalizing the fermion mass matrices

• In general, the mass matrices 𝑚& and 𝑚' do not have to be diagonal, but 

they can be diagonalized with unitary transformations

with 𝑚 denoting quarks in the mass eigenstate basis.

• in this basis

• The SM Lagrangian invariant under these field redefinitions

• Transformations of the right-handed quarks are indeed unphysical, i. e. they leave 

the rest of the Lagrangian invariant
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CKM Matrix

• In SM,   𝑢() and 𝑑() form the SU(2)* doublets 𝑄(), kinetic term gives rise 

to the interaction

• transforming to the mass eigenstate basis, we obtain

• The combination 𝑉"#$ = (𝑈%& (𝐷% is physical and is called the CKM matrix. It 

leads to flavour violating charged current interactions.
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• Unitary 3x3 matrix 𝑉 can by parameterized by 3 Euler angles 
and 6 phases

• Not all phases are observable, since under phase redefinitions 
𝑞( → 𝑒)+𝑞( of  the quark fields:

• 5 of  6 phases can be eliminated by suitable choices of  phase 
differences!

Parameter Counting
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CP violation and the complex CKM matrix
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• CP violation required to explain the different abundances of  matter 

and antimatter in the universe. 

• CP violation in quark sector requires 𝑁 ≥ 3 fermion  generations.

• Model for explanation of  CP violation led to prediction of  the 

third generation!

CP violation and the complex CKM matrix
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Parametrizations of the CKM Matrix

121323 RRRVCKM ´´= 𝑠), = sin 𝜃),
𝑐), = cos 𝜃),
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Present status
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• Hierarchy of  the quark transitions mediated through charged currents

d

s

b

u

c

t

O(1)
O(l)
O(l2)
O(l3)

2021/4/22

• This hierarchy is reflected in the standard parametrization as follows:

𝑠'( = 0.22 ≫ 𝑠() = 𝑂(10*() ≫ 𝑠') = 𝑂(10*))

• New parameters: 𝑠'( ≡ 𝜆 = 0.22 , 𝑠()= 𝐴𝜆( 𝑠') = 𝐴𝜆((𝜌 − 𝑖𝜂)

Parametrizations of the CKM Matrix
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CKM matrix is unitary
9 conditions (6 normalisation, 3 orthoganality)

The unitarity triangle

0
0
0

0
0
0

***

***

***

***

***

***

=++

=++

=++

=++

=++

=++

cbubcsuscdud

tbcbtscstdcd

tbubtsustdud

tstdcscdusud

tbtscbcsubus

tbtdcbcdubud

VVVVVV
VVVVVV
VVVVVV

VVVVVV
VVVVVV
VVVVVV (db)

(sb)

(ds)

(ut)

(ct)

(uc)
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(db)

(sb)

(ds)

(ut)

(ct)

(uc)

( ) ( ) ( ) 0333 =++ lll OOO
cdcbVV

*

udubVV
*

tdtbVV
*

tbubVV
*

tdudVV *

tsusVV
*

ubusVV
*

cbcsVV
*

tbtsVV
*

tbcbVV
*

tdcdVV *

tscsVV
*

usudVV *

tstdVV
*

cscdVV *
cbubVV

*cdudVV *

csusVV
*

( ) ( ) ( ) 0224 =++ lll OOO

( ) ( ) ( ) 05 =++ lll OOO

The unitarity triangle
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The unitarity triangle
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The unitarity triangle
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• First 2×2 sub-matrix: four |𝑉9:| are measured by nucleus, 

pion, kaon and charm hadron decays.

• It is “almost” unitary with one single parameter.

• 𝜆 (≡ sin 𝜃) = |𝑉;<| = 0.2243 ± 0.0005 [PDG2021]

Some Details on VCKM
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Some Details on VCKM

• |Vcb| and |Vub| measured by semi-leptonic Bu and Bd decays

|𝑉+,| = >(42.2± 0.8)×10*)

(41.9± 2.0)×10*)

|𝑉-,| = >(4.49± 0.16± 0.17± 0.17)×10*)

(3.70± 0.10± 0.12)×10*)
(3.67± 0.09± 0.12)×10*)

Inclusive
exclusive

Inclusive
exclusive (Lattice)
exclusive (LCQCDSR)

Exclusives systematically smaller than inclusive?
Better QCD calculations needed.
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Example-1: Semileptonic charged currents

Consider 𝑏 → 𝑢𝑙�̅�- decay that is relevant for |𝑉./| measurements

• momentum of  W boson propagator can be neglected:

Ø effective Hamiltonian with the well-known Fermi constant
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B

𝜋

• include known QCD corrections

• evaluate the form factors of  𝜋 O𝑢𝑏 0#%|𝐵 from Nonperturbative QCD 

approach.

Ø measuring the  𝐵 → 𝜋𝑙𝑣 branching ratio determines | 𝑉./|

• Note: it is a tree level transition, therefore highly unlikely affected by new physics!

Example: Semileptonic charged currents
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• |Vcb| and |Vub| measured by semi-leptonic Bu and Bd decays

Arg Vcb =0 by a phase convention 

Arg Vub= 𝛾 by CP Violation in B-->DK

Some Details on VCKM
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• |Vcb| and |Vub| measured by semi-leptonic Bu and Bd decays

Arg Vcb =0 by a phase convention 

Arg Vub= 𝛾 by CP Violation in B-->DK

Some Details on VCKM

Vtb ≈ 1 if we assume VCKM to be unitary

|Vtd|×|Vtb| by B0-B0 oscillation frequency (Δmd)

|Vts|×|Vtb| by Bs-Bs  oscillation frequency (Δms)

errors are totally theoretical.

|Vtd|=(8.1± 0.5)×10*)

|Vts|=(39.4± 2.3)×10*)
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Example-2: 𝐵𝑠 − $𝐵𝑠 mixing
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Example-2: 𝐵𝑠 − $𝐵𝑠 mixing

∆𝑚 = 1!
"2#

"

345"
𝑉6/𝑉67∗ 8𝑆" 𝑥6 𝜂9:'

3
2$%

U𝐵7"|(�̅�𝑏)0#%(�̅�𝑏)0#%) ⟩| O𝐵7"
≡ .

)
𝐵/0𝑓/0( 𝑚/0

(
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• |Vcb| and |Vub| measured by semi-leptonic Bu and Bd decays

Arg Vcb =0 by a phase convention 

Arg Vub= 𝛾 by CP Violation in B-->DK

Vtb ≈ 1 if we assume VCKM to be unitary

|Vtd|×|Vtb| by B0-B0 oscillation frequency (Δmd)

|Vts|×|Vtb| by Bs-Bs  oscillation frequency (Δms)

arg Vtd by CP violation in Bd→J/ψKS

arg Vts by CP violation in Bs→J/ψφ

Some Details on VCKM

See later!
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2 CP VIOLATION
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CP Violation
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CP Violation
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CP Violation
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Sin𝟐𝜷 𝐢𝐧 𝑩 → 𝑱/𝝍𝑲𝒔
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Sin𝟐𝜷 𝐢𝐧 𝑩 → 𝑱/𝝍𝑲𝒔

H-N Li, 2004
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Sin𝟐𝜷 𝐢𝐧 𝑩 → 𝑱/𝝍𝑲𝒔
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Sin𝟐𝜶 𝐢𝐧 𝑩 → 𝝅𝝅
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Sin𝟐𝜶 𝐢𝐧 𝑩 → 𝝅𝝅
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Sin𝟐𝜶 𝐢𝐧 𝑩 → 𝝅𝝅



50

The unitarity triangle
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3 RARE DECAYS
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Topologies & Classification
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Low-Energy Effective Hamiltonians
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Topologies & Classification
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Factorization
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Impact of New Physics
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QCD  Factorization
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QCD  Factorization
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QCD  Factorization



60

QCD  Factorization
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Perturbative QCD Approach
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Perturbative QCD Approach
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Perturbative QCD Approach

𝐴 ~X𝑑4𝑘1 𝑑4𝑘2 𝑑4𝑘3𝐶(𝑡)Φ𝐵(𝑘1)F1(𝑘2)F2(𝑘3) 𝐻(𝑘1, 𝑘2, 𝑘3, 𝑡) exp{– 𝑆(𝑡)}

• F(𝑘) is wave function in the light cone, which is universal.

• 𝐶(𝑡) : Wilson coefficients of  corresponding four quark operators

• exp{−𝑆(𝑡)} are Sudukov form factor (double log resummation)， which 

relate the long distance contribution and short one. And the long 

distance effects have been suppressed.

• 𝐻(𝑘1, 𝑘2, 𝑘3, 𝑡) is six quark interaction, and it can be calculated 

perturbatively, and it is process depended.
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4 SUMMARY
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n In my view，flavor physics remains one of the most promising windows  search for CP 

Violation and new physics.

n Many new results require better statistics and further measurements: potential for

multiple 5-sigma effects.

n Conversely if nothing is found in LHC the new colliders will significantly push up the

effective scale of flavor .

n More interplays between experimentalists and theorists are needed.
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Thanks for your attentions!


