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Outline

 Flavor physics: what/why/how 

 Quark mixing and CKM matrix

 CP violation: history, status, why B decays

 B physics: basics, examples, and status, …

 Summary
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➢ Low-energy effective Hamiltonian

➢ Calculation of Wilson coefficients

➢ Two-loop calculation of hadronic matrix elements

➢ Various B anomalies and possible explanations



Flavor physics:    

what/why/how
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What is flavor
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 The term “Flavor” was coined by Harald Fritzsch and 

Murray Gell-Mann at a Baskin-Robbins ice-cream store 

in Pasadena in 1971.

“Just as ice cream has both color and flavor so do quarks.” 

 In particle physics, flavour or flavor refers to the species of an 

elementary particle. The Standard Model counts six flavors of quarks

and six flavors of leptons. They are conventionally parameterized 

with flavor quantum numbers that are assigned to all subatomic particles. 

https://en.wikipedia.org/wiki/Flavour_(particle_physics)

https://en.wikipedia.org/wiki/Particle_physics
https://en.wikipedia.org/wiki/Elementary_particle
https://en.wikipedia.org/wiki/Standard_Model
https://en.wikipedia.org/wiki/Quark
https://en.wikipedia.org/wiki/Lepton
https://en.wikipedia.org/wiki/Quantum_number
https://en.wikipedia.org/wiki/Subatomic_particle
Heavy_Flavor_Physics.pptx


What is flavor
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Quark flavor          Lepton flavor

Heavy flavor          Light flavor

Gauge interactions make a quark a 

quark, a lepton a lepton; strengths 

are identical for the 3 generations. 



What is flavor physics
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 Interactions that distinguish among the generations:

– Neither strong nor electromagnetic interactions

– Within the SM: only weak and Yukawa interactions

 In the weak-interaction basis:

– Weak interactions are always flavor-universal

– Sources of all SM flavor physics: Yukawa interactions      

among gauge interaction eigenstates

 Flavor parameters:

– Parameters with flavor indices (𝒎𝒊, 𝑽𝒊𝒋)

Very wide topic:   • Neutrinos    • Charged leptons    • Kaon (strange) physics   

• Charm physics     • B physics       • (Some) top-quark physics



Flavor parameters in the SM quark sector 

2022/07/06 李新强 华中师大 B介子物理 7

 Question: How many independent parameters does the SM quark flavor sector contain? 
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➢ The two complex Yukawa matrices 𝒀𝒖 and 𝒀𝒅 introduce 36 free parameters

➢ The chiral quark fields 𝒒𝑳, 𝒖𝑹, 𝒅𝑹 can be chosen in arbitrary flavor basis (i.e., WBTs) 

➢ One overall 𝑼(𝟏) symmetry (baryon number conservation) accidentally remains after EWSB

➢ The # of independent physical parameters in the SM quark sector:

#𝐨𝐟 𝐞𝐧𝐭𝐫𝐢𝐞𝐬 − #𝐨𝐟 𝐛𝐫𝐨𝐤𝐞𝐧 𝐬𝐲𝐦𝐦𝐞𝐭𝐫𝐲 𝐠𝐞𝐧𝐞𝐫𝐚𝐭𝐨𝐫𝐬 = 𝟑𝟔 − 𝟐𝟕 − 𝟏 = 𝟏𝟎

9+9+9=27 symmetry generators of 𝑼(𝟑)𝒒𝑳⨂𝑼 𝟑 𝒖𝑹⨂𝑼 𝟑 𝒅𝑹

6 quark masses 

3 CKM angles 

1 CP-violating phase



Flavor dictionary 
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 Flavor universal (flavor blind):

– Couplings/parameters ∝ 𝟏𝒊𝒋 in flavor space

– Example: strong and electromagnetic interactions

 Flavor diagonal:

– Coupling/parameters diagonal, but not necessarily universal 

– Example: Yukawa interactions in mass-eigenstate basis 

 Flavor changing (FC):

– Initial flavor number ≠ final flavor number

– Flavor number = # particles – # antiparticles

 “FCCC” processes: both 𝑼 and 𝑫 involved 

 “FCNC” processes: either 𝑼 or 𝑫 but not both involved 



Why flavor physics
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 A tool for indirect discovery: flavor physics is sensitive to NP at 𝜦𝑵𝑷 ≫ 𝜦𝒆𝒙𝒑

[U. Haisch, arXiv:1510.03341]

➢ a weakly-coupled Z′ boson with generic flavor-changing tree-level quark couplings

➢ one-loop modifications of the Z-penguin diagram assuming MFV (e.g., due to triple-gauge coupling)
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 Flavor physics has a good track record:

Rare decay implies charm quark CP violation implies 3rd family Mixing implies a heavy top quark

Why flavor physics



2022/07/06 李新强 华中师大 B介子物理 11

 Historical records of indirect discoveries through flavor physics: 

Why flavor physics
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 Helpful for understanding the SM flavor puzzle:  why flavor parameters so hierarchical?

➢ Spectrum spans five orders of magnitude!

➢ Different structures between quark and 

lepton mixing matrices!

Why flavor physics
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 NP flavor puzzle:  shortcomings of the SM imply that NP at or below TeV scale must exist;

Why flavor physics

 If NP were there, new flavor- and CP-violating sources arise, then why FCNCs so small? 

what and why such a specific flavor structure?         flavor physics always plays a key role! 

[A. Buras and J. Girrbach,1306.3755]
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 Helps us to understand the origin of CPV 

➢ CPV closely related to quark flavor physics

– In the SM, CPV due to the KM mechanism

➢ All CPVs in meson systems well explained

Necessary to search for new CPVs in various different systems and processes!

Why flavor physics

➢ CPV in the SM not enough to explain BAU:  new sources of CPV must exist!
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 Helps us to understand various aspects of QCD

Why flavor physics

 For hadron decays, QCD effects always matters: in real world, quarks are confined inside 

hadrons; the simplicity of weak interactions overshadowed by the complexity of strong interactions!

multi-scale problem with highly hierarchical scales! HQET, SCET, NRQCD, …

QCDF, pQCD, LCSR, LQCD, …

SU(3), Isospin, U-spin, ... 



How to do flavor physics

2022/07/06 李新强 华中师大 B介子物理 16

 B-factories (𝒆+𝒆−):  Belle and BaBar  Hadron colliders (𝒑ഥ𝒑):  CDF and D0 @ Tevatron

BaBar & Belle confirmed the KM mechanism of CPV in the SM!

Observation of Bs mixing



How to do flavor physics
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 Super B-factories (𝒆+𝒆−): Belle II @ KEK  Hadron colliders (𝒑𝒑): LHCb @ LHC

 Other dedicated experiments: BESIII, KOTO, Mu2e, MEG II, Muon g-2, …

Belle II @ KEK and LHCb @ LHC: dedicated detectors for quark flavor physics, and can perform 

quite a wide range of measurements!  [The Belle II Physics Book, 1808.10567; LHCb Collaboration, 1808.08865]



B-factories vs Hadron colliders
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Quark mixing and CKM matrix
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SM Lagrangian
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The flavor sector is the most puzzling part of the SM!
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 The following Lagrangian describes almost everything we have ever observed

 After EWSB via Higgs mechanism, 𝑯 →
𝟎

𝒗/ 2
, fermions & 𝑾±, 𝒁𝟎 obtain their masses

 𝜽𝑸𝑪𝑫 violates CP, but constrained to be very small (<10-10), the so-called strong CP issue!

SM Lagrangian



Higgs mechanism
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 SM is a local gauge field theory

 Both problems are solved by spontaneously breaking SU(2)L ×U(1)Y → U(1)em

 Mass terms for quarks and leptons 

break the SU(2)L gauge invariance

 The SU(2) L gauge invariance requires the 

EW gauge bosons to be exactly massless



Fermion masses
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 Scalar – fermion Yukawa couplings allowed by gauge symmetry

 Fermion masses are arbitrary and non-diagonal 3 X 3 complex matrices

Weak Eigenstates:
𝜈𝑗
′

𝑙𝑗
′ ,

𝑢𝑗
′

𝑑𝑗
′

h



Fermion masses
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 Diagonalization of fermion mass matrices

 Higgs – fermion couplings: diagonal, but not universal!

Mass Eigenstates:
𝜈𝑗
𝑙𝑗

,
𝑢𝑗
𝑑𝑗

h

h

, ,L d L L u L L l Ld d u u l l       S S S

, ,R d d R R u u R R l l Rd d u u l l          S U S U S U



Quark flavor mixings
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 Replace the weak eigenstates by the mass eigenstates

➢ No tree-level FCNCs 

in the SM!

➢ FCCCs determined 

also by Vij!

➢ FCNCs arise only 
at the loop level!

𝑔

2 2

, ,L d L L u L L l Ld d u u l l       S S S

, ,R d d R R u u R R l l Rd d u u l l          S U S U S U

ҧ𝑓𝐿
′𝑓𝐿

′ = ҧ𝑓𝐿𝑓𝐿, ҧ𝑓𝑅
′𝑓𝑅

′ = ҧ𝑓𝑅𝑓𝑅, ത𝑢𝐿
′𝑑𝐿

′ = ത𝑢𝐿 ⋅ 𝑉𝐶𝐾𝑀 ⋅ 𝑑𝐿, 𝑉𝐶𝐾𝑀 = S𝑢 ⋅ S𝑑
†

 
L L L L R R R R R RL iDL Q DQ e iDe d iDd u iDu       + + + +



CKM matrix
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 FCCCs determined, in addition to g, also by CKM matrix

 Counting independent parameters contained in VCKM

(𝑑𝐿 , 𝑠𝐿, 𝑏𝐿)𝑘
𝑊−

Vik

(𝑢𝐿 , 𝑐𝐿 , 𝑡𝐿)𝑖

➢ Physical parameters in 𝑽𝑪𝑲𝑴:

𝟏

𝟐
𝑵(𝑵 − 𝟏) rotation angle 

𝟏

𝟐
(𝑵 − 𝟏)(𝑵 − 𝟐) phases



CKM matrix
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 For N=3 and six-quark case: 3 rotational angles and 1 phase LLL
b
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➢ Wolfenstein parametrization:

➢ PDG standard parametrization: 

𝜽𝟏𝟐 ≅ 𝟏𝟑𝐨, 𝜽𝟏𝟑 ≅ 𝟎. 𝟐𝟏𝐨, 𝜽𝟐𝟑 ≅ 𝟐. 𝟒𝐨, 𝜹𝟏𝟑 ≅ 𝟕𝟏𝐨

only source of CP violation

Weak eigenstates Mass eigenstates



CKM matrix
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 Hierarchical structures

among different flavors:

d s b

u

c

t
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 Direct determination of moduli of the CKM matrix elements

 𝑽𝒕𝒅 and 𝑽𝒕𝒔 from neutral B-meson mixings

PDG2022: very precise!

Determination of VCKM



GIM mechanism & Cabibbo theory
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 How to explain why 
𝚪(𝑲𝑳→𝝁

+𝝁−)

𝚪(𝑲−→𝝁−ഥ𝝂𝝁)
≃ 𝟏𝟎−𝟖?

 In 1970, Glashow, Iliopoulos & Maiani

introduce a fourth quark  (charm) 

➢ This adds an additional decay amplitude being almost identical to the original one, but 

with an opposite sign ⇒ (almost) fully destructive interference, and thus explains data!

➢ Cabibbo theory: weak interaction couples an up quark to 

an orthogonal combination of down & strange quarks

 How to explain why 𝚪∆𝑺=𝟏 𝜦 → 𝒑𝒆−ഥ𝝂 ≅ 1/20 𝚪∆𝑺=𝟎 𝒏 → 𝒑𝒆−ഥ𝝂 ? 

weak-isospin doublet

weak-isospin doublet

𝑑

𝑑

ҧ𝑠

ҧ𝑠



Generalized GIM mechanism
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3

 The GIM mechanism 

less effective in the 

down-type FCNCs 

than in the up-type

FCNCs!

𝑏 → 𝑠𝛾

𝑐 → 𝑢𝛾

 Modern GIM: unitarity 

of the CKM matrix

෍

𝒊

𝑽𝒊𝒋
∗ 𝑽𝒊𝒌 =෍

𝒊

𝑽𝒋𝒊
∗ 𝑽𝒌𝒊 =𝜹𝒋𝒌



CKM unitary triangle
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 Unitarity of VCKM implies σ𝒊𝑽𝒊𝒋𝑽𝒊𝒌
∗ =𝜹𝒋𝒌 and σ𝒊𝑽𝒋𝒊𝑽𝒌𝒊

∗ =𝜹𝒋𝒌

 Each of these 6 unitary constraints can be cast as a triangle in the complex plane

 All triangles have the same area = ½ J

➢ The Jarlskog invariant J is a measure of CPV  

within the SM

➢ Only the first two not squashed

➢ The first one most relevant in B physics



CKM unitary triangle
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 The db UT triangle: involving Bd-meson decays

 Huge improvement on the knowledge of the CKM elements in the last decades!



CKM unitary triangle
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 Determination of the CKM UT

http://ckmfitter.in2p3.fr/; frequentist

http://utfit.org/UTfit; Bayesian

 All measurements agree with the SM picture of CKM matrix within errors!

http://ckmfitter.in2p3.fr/
http://utfit.org/UTfit


CKM unitary triangle
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 Demonstrate how to constrain the CKM UT

http://ckmfitter.in2p3.fr/; frequentist

http://utfit.org/UTfit; Bayesian

and 𝐵 → 𝜋𝑙𝜈 or inclusive decays

𝑉𝑢𝑏 = 𝐴𝜆3( ҧ𝜌 − 𝑖 ҧ𝜂)

http://ckmfitter.in2p3.fr/
http://utfit.org/UTfit


CKM unitary triangle
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http://ckmfitter.in2p3.fr/; frequentist

http://utfit.org/UTfit; Bayesian
 Demonstrate how to constrain the CKM UT

⚫ Also 𝑩𝒔 → 𝑫𝒔
±𝑲∓ decays

http://ckmfitter.in2p3.fr/
http://utfit.org/UTfit


CKM unitary triangle
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http://ckmfitter.in2p3.fr/; frequentist

http://utfit.org/UTfit; Bayesian
 Demonstrate how to constrain the UT

http://ckmfitter.in2p3.fr/
http://utfit.org/UTfit


CKM unitary triangle
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http://ckmfitter.in2p3.fr/; frequentist

http://utfit.org/UTfit; Bayesian
 Demonstrate how to constrain the UT

𝑉𝑡𝑑 = 𝐴𝜆3(1 − ҧ𝜌 − 𝑖 ҧ𝜂)

http://ckmfitter.in2p3.fr/
http://utfit.org/UTfit


CKM unitary triangle
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http://ckmfitter.in2p3.fr/; frequentist

http://utfit.org/UTfit; Bayesian
 Demonstrate how to constrain the UT

𝑉𝑡𝑠 = −𝐴𝜆2 +
1

2
𝐴 1 − 2𝜌 𝜆4 − 𝑖𝜂𝐴𝜆4

𝑉𝑡𝑑 = 𝐴𝜆3 1 − ҧ𝜌 − 𝑖 ҧ𝜂

http://ckmfitter.in2p3.fr/
http://utfit.org/UTfit


CKM unitary triangle
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http://ckmfitter.in2p3.fr/; frequentist

http://utfit.org/UTfit; Bayesian
 Demonstrate how to constrain the UT

http://ckmfitter.in2p3.fr/
http://utfit.org/UTfit


CKM unitary triangle

2022/07/06 李新强 华中师大 B介子物理 41

http://ckmfitter.in2p3.fr/; frequentist

http://utfit.org/UTfit; Bayesian
 Demonstrate how to constrain the UT

http://ckmfitter.in2p3.fr/
http://utfit.org/UTfit


Evolution of the CKM UT fit
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CP violation: 

history, status, why B decays



Why symmetries
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 Symmetries: crucial for understanding the laws of Nature

 Symmetries may keep exact or be broken, and both are important! 

➢ SU(3) flavor symmetry ⟹ the quark model

➢ Continuous space-time (translational/rotational) symmetries ⟹ energy-

momentum conservation laws

➢ Gauge symmetries ⟹ electroweak and strong interactions 

➢ SU(3) flavor symmetry: broken ⟹ fertile hadron spectrum

➢ U(1) electromagnetic gauge symmetry: exact ⟹ massless photon

➢ SU(2) weak gauge symmetry: broken ⟹ massive 𝑾±, 𝒁𝟎, fermion masses

➢ SU(3) color gauge symmetry: exact ⟹ massless gluons



Discrete symmetries: P, C, T
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 Definition  P violation: a new and revolutionary idea, 

V-A theory of weak interactions

𝑒+ ⟺ 𝑒−

 CP violation: first observed in K decays in 1964

J.W. Cronin, Val L. Fitch
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CPV observed in K, B & D systems

Direct CPV

Indirect CPV

CPV due to interplay of decay & mixing

Direct CPV

Direct CPV

Indirect CPV



Three types of CP violation
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 Type I: direct CP violation, requiring that 𝑨 𝒊 → 𝒇 ≠ 𝑨(𝒊 → 𝒇)

➢ Strong phases 𝛿1,2: difficult 

to calculate reliably

➢ Weak phases 𝜙1,2: arising 

from CKM in SM or NP

 Direct CP asymmetry: needs (at least!) two interfering 

amplitudes with different strong and weak phases

𝑉𝑢𝑏𝑉𝑢𝑠
∗

𝑉𝑡𝑏𝑉𝑡𝑠
∗

Tree

Penguin



Three types of CP violation
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 Example of direct CP asymmetry: 𝑩𝒔
𝟎 → 𝑲−𝝅+

➢ Tree amplitude:

𝑉𝑢𝑏𝑉𝑢𝑑
∗ = 𝐴𝜆3( ҧ𝜌 − 𝑖 ҧ𝜂)

➢ Penguin amplitude:

𝑉𝑡𝑏𝑉𝑡𝑑
∗ = 𝐴𝜆3(1 − ҧ𝜌 + 𝑖 ҧ𝜂)

Tree

Penguin

Tree

Penguin



Three types of CP violation
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 For 𝑩𝒒
𝟎 meson, flavor eigenstates different from CP eigenstates/mass eigenstates, and 

can mix with each other via box diagrams due to weak interactions

 Type II: indirect CP violation, and arises only from neutral-meson mixings

➢ needs to be neutral and has distinct anti-particle

➢ needs to have a non-zero lifetime

Box diagram

d
s
b

b

b



Three types of CP violation
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 Two mass eigenstates and their time evolution

 Due to 𝑩𝟎 − ഥ𝑩𝟎 mixing, a given state |𝝍 𝒕 〉 at time 𝒕 is given by 𝝍 𝒕 = 𝒂 𝒕 𝑩𝟎 + 𝒃 𝒕 |ഥ𝑩𝟎〉, 

and the time evolution is determined by the Schrödinger equation

➢ Type II: indirect CP violation, also known 

as flavor-specific (semi-leptonic) CPV!


0

B
0

B −

X

mix

0
B

0
B +

X

mix

CPT invariance assumed!

requiring that |𝒒/𝒑| ≠ 𝟏

 Time-dependent decay width and then
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 Mixing observables

 Δm determined by short-distance box diagram

Difference among K, B and D mixings

- For K0, all decays 

without leptons are 

CP eigenstates

- For B0, the dominant decays 

are not CP eigenstates

- For Bs, to a somewhat lesser 

extent, the dominant decays 

are not CP eigenstates

𝜋+𝜋−

𝐷+𝜋−

𝐷𝑠
+𝜋−

𝐷𝑠
+𝐷𝑠

−

|𝑉𝑡𝑏𝑉𝑡𝑑
∗ |2 ≃ 𝜆6

|𝑉𝑡𝑏𝑉𝑡𝑠
∗ |2 ≃ 𝜆4

|𝑉𝑐𝑏𝑉𝑢𝑏
∗ |2 ≃ 𝜆10

 ΔΓ dictated by fraction of decays 

into common final states 

CKM involved



Three types of CP violation
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 Type III: CP violation arising from the interplay of decay & mixing

𝓐𝒇
2 + 𝓢𝒇

2 +𝓗𝒇
2 = 1



Three types of CP violation
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 Example of type-III CP violation: 𝑩𝟎 → 𝑱/ψ𝑲𝑺

𝑉𝑐𝑏𝑉𝑐𝑠
∗𝑞𝐾

∗

∗

∗



CP violation within the SM

2022/07/06 李新强 华中师大 B介子物理 54

 CPV observables in meson decays can be explained by the KM mechanism

d s b

u

c

t

 For charm, CP asymmetries typically of the order of 10-4-10-3 within the SM 

 For bottom, large CP asymmetries expected within the SM

 For strange, also small CP asymmetries expected within the SM



B physics:

basics, examples, and status, …
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Bottom quark
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 Predicted by KM in 1973, and discovered by Lederman in 1977 [S. Herb et al., PRL.39, 

252(1977)] 

 Massive enough to form various bound states

* Status as of February 

2017, by A. Lenz



B-hadron weak decays

2022/07/06 李新强 华中师大 B介子物理 57

 Weak decays: at the quark level, all by flavor-changing 

charged-currents mediated by W-boson in the SM.

 Classification of b-flavored weak decays:  three classes;        

purely leptonic, semi-leptonic, hadronic 

purely leptonic

semi-leptonic

hadronic

𝑏 → ൜
𝑐
𝑢
+𝑊∗−

→ ൜
𝑐
𝑢
+

ത𝑢 + 𝑑
ҧ𝑐 + 𝑠
ത𝑢 + 𝑠
ҧ𝑐 + 𝑑

𝑒− + ҧ𝜈𝑒
𝜇− + ҧ𝜈𝜇
𝜏− + ҧ𝜈𝜏

2



Tree vs rare FCNC decays
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 Hierarchical structures among CKM elements:

➢ FCNC decays: arise firstly at one-loop level in SM;

➢ Tree-level charged-current decays:

𝑉𝑢𝑠
∗ 𝑉𝑢𝑏~𝜆

4

𝑉𝑡𝑠
∗𝑉𝑡𝑏~𝜆

2

Tree decays

Rare decays

 Interference between tree & penguin:

Tree amplitude

Penguin amplitude

𝑨𝑪𝑷 ഥ𝑩𝟎 → 𝑲−𝝅+

= −𝟎. 𝟎𝟖𝟒 ± 𝟎. 𝟎𝟎𝟒



Interplay between weak & strong forces
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 QCD effect matters: in real world, quarks are always confined inside hadrons by QCD; 

the simplicity of weak interactions overshadowed by the complexity of strong interactions!

➢ Purely leptonic decays: decay constant

➢ Hadronic decays: hadronic matrix elements

➢ Semi-leptonic decays: transition form factors

𝑊−

multi-scale problem with highly hierarchical scales!

very difficult to deal with such an object!

LQCD or LCSR etc.



Strong interactions and QCD
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 QCD Lagrangian for quark and gluon interactions

 Basic interaction vertices: non-abelian



Weak effective Hamiltonian for B decays
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 For a weak decay processes: several different typical energy/length scales involved

 OPE and factorization idea: separate these different 

scales using the RG-improved perturbation theory

 Low-energy effective Hamiltonian/Lagrangian: 

- high-energy (short-distance) information contained in the Wilson coefficients (functions) 

- matrix elements of effective operators reproduce the low-energy dynamics 

𝐵 → 𝐾𝜇+𝜇−
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 RG-improved perturbation theory:    goes beyond the usual perturbation theory

 Problem: Strong interactions with multiple and vastly different scales can lead to uncontrolled 

perturbative series, thus spoiling the perturbative convergence due to large logs

ത𝐵0 → 𝐷+ 𝜋−
~80GeV

~4.2GeV

Weak effective Hamiltonian for B decays
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 Solution: The perturbative series needs to be reorganized, and thus all (𝜶𝒔ln
𝒎𝑾

𝒎𝒃
)𝒏 re-summed 

- step1: through matching to achieve a separation of 

scales, sometimes also called “factorization”

- step2a: while 𝑃(𝑀𝑊 ,𝑚𝑏) is formally 𝜇-independent, 

the factors 𝐶 and 𝐷 by themselves are not, and obey

- step2b: solve the RGEs and then evolve 

𝜇high~𝑚𝑊

𝜇low~𝑚𝑏𝜇 arbitrary

 Final result for 𝑷(𝑴𝑾,𝒎𝒃):

𝑈(𝜇high, 𝜇low) generally an exponential,

and thus re-sums large logs (𝛼𝑠ln
𝜇high

𝜇low
)𝑛

Weak effective Hamiltonian for B decays
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 Philosophy of Effective Field Theory:

 The two ingredients in the factorized physical observable P = C · D  are connected to

- key point 1: The EFT reproduces the IR physics of 

the full theory to any desired precision 

- key point 2: The couplings [Wilson coefficients Ci(µ)] 

capture the UV physics above µlow of the full theory

Weak effective Hamiltonian for B decays
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 Example of RG-improved perturbative theory  Example of OPE

QCD coupling

The solution of the RGE sums automatically

large logarithms ln
𝑴𝒁

𝝁
for 𝝁 ≪ 𝑴𝒁

By OPE, non-local interactions can be 

expanded in local operators 

More precisely, “integrating out” the 
d.o.f. of massive particles and modes

Weak effective Hamiltonian for B decays



Effective Hamiltonian for 𝒃 → 𝒄ഥ𝒖𝒅 decay
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ത𝐵0 → 𝐷+ 𝜋−

 At Born level:   |𝒒| ≤ 𝒎𝒃 ≪ 𝒎𝑾

 In full theory: described in terms of current-current 

interaction weighted by CKM elements 

 In effective theory: described in 

terms of the local four-fermion 

operators with only light fields 

and weighted by GF

𝐺𝐹

2
=

𝑔2

8𝑚𝑊
2



Effective Hamiltonian for 𝒃 → 𝒄ഥ𝒖𝒅 decay
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 One-loop QCD corrections to 𝒃 → 𝒄ഥ𝒖𝒅 decays in full theory  

 key point: compared to the Born term, the W-boson momentum |𝒒|

is an internal loop momentum that is integrated between 0 and ∞

 Factorization/OPE/RG-improved perturbative theory

- we cannot simply expand in 𝒒 /𝒎𝑾

- need a method to separate the cases |𝒒| ≥ 𝒎𝑾 and 𝒒 ≪ 𝒎𝑾



Effective Hamiltonian for 𝒃 → 𝒄ഥ𝒖𝒅 decay
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 Procedure and basic idea:

𝒒 ≪ 𝒎𝑾 |𝒒| ≥ 𝒎𝑾

න
−𝑝2

𝑀𝑊
2
𝑑𝑘2

𝑘2
= න

−𝑝2

𝜇2 𝑑𝑘2

𝑘2
+න

𝜇2

𝑀𝑊
2
𝑑𝑘2

𝑘2



Effective Hamiltonian for 𝒃 → 𝒄ഥ𝒖𝒅 decay
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 Effective Hamiltonian for               decay𝒃 → 𝒄ഥ𝒖𝒅

 Effective operators: there are two 

dim-6 local current-current operators

 Wilson coefficients Ci (µ) : contain all information

on the short-distance physics above the scale µ

➢ short-distance QCD corrections preserve chirality, so both (V − A)⨂(𝑉 − 𝐴)

➢ quark-gluon vertices induce a second color structure 



Effective Hamiltonian for 𝒃 → 𝒄ഥ𝒖𝒅 decay
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 Wilson coefficients Ci (µ) :  Reality: to compare with experiment of hadronic 

models, 𝐷+𝜋−|𝑂𝑖| ത𝐵
0 needed at scales µ∼mb

⇒ need Wilson coefficients at low scale !

 Remember: Only the combination 𝑪𝒊(µ) 𝑶𝒊 (µ)

are scale independent

 RGE of Ci (µ): can be calculated using the RG-

improved PT

NNLL

[Gorbahn and Haisch ’04]



Effective Hamiltonian for 𝒃 → 𝒔(𝒅)ഥ𝒒𝒒 decays
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 Current-current operators: two possible flavor structures

𝒒 = 𝒄, 𝒖

𝒒 = ത𝒄, ഥ𝒖

 New feature: penguin diagrams as QCD cannot distinguish between ഥ𝒒𝒒= ഥ𝒖𝒖, ഥ𝒅𝒅, ത𝒄𝒄, ത𝒔𝒔, ഥ𝒃𝒃; 

invented in 1975 by Shifman/Vainshtein/Zakharov and baptised by John Ellis in 1977 [V. Shifman, 

hep-ph/9510397]

QCD penguin operators Chromo-magnetic operator

Their Wilson coefficients numerically suppressed by 𝜶𝒔 and loop factor!



Effective Hamiltonian for 𝒃 → 𝒔(𝒅)ഥ𝒒𝒒 decays
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 Final result for the effective Hamiltonian

 Full operators

Assume mu,c=0 and the 

GIM mechanism used



Effective Hamiltonian for 𝒃 → 𝒔(𝒅)ഥ𝒒𝒒 decays
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 Wilson coefficients at low scale

➢ Matching calculation at initial scale

➢ ADM calculation and get RGE

➢ Running from the high to the low scale

EW penguin operators electro-magnetic operator



Effective Hamiltonian for 𝑩𝒒
𝟎 − ഥ𝑩𝒒

𝟎 mixings
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 𝑩𝒒
𝟎 − ഥ𝑩𝒒

𝟎 mixings occur through box diagrams

 Physical amplitude: depend on the hadronic matrix elements

The Bag parameter characterizes 

the deviation from VIA, and can be 

calculated by LQCD or HQE



Effective Hamiltonian for 𝒃 → 𝒔 𝒅 𝒍𝒍 decays
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 Representative diagrams in full theory 

 The effective Hamiltonian for 𝑩 → 𝑿𝒔𝜸, 𝑩 → 𝑿𝒔𝒍
+𝒍−, 𝑩 → 𝑲∗𝜸, 𝑩 → 𝑲∗𝒍+𝒍− and 𝑩𝒔 → 𝒍+𝒍−

 Representative diagrams in effective theory

How to calculate matrix elements of 𝑶𝒊?

EW penguin diagram Box diagram



Effective Hamiltonian for 𝒃 → 𝒔(𝒅) decays
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 Question: why the associated CKM factor of the penguin operators are 𝑽𝒕𝒃𝑽𝒕𝒔
∗ or 𝑽𝒕𝒃𝑽𝒕𝒅

∗ ?

 Setting the lighter quark masses 𝟎 = 𝒎𝒖,𝒄 ≪ 𝒎𝒕 and using the CKM unitarity σ𝒒=𝒖,𝒄,𝒕𝝀𝒒 = 𝟎

 These loop diagrams yield a function of the internal quark mass which is multiplied by 

the corresponding combination of CKM elements



Effective Hamiltonian for 𝒃 → 𝒔(𝒅) decays
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 Language used by experimentalists vs by theorists 

vs

𝐅𝐮𝐥𝐥 𝐭𝐡𝐞𝐨𝐫𝐲:

𝐄𝐟𝐟𝐞𝐜𝐭𝐢𝐯𝐞 𝐇𝐞𝐟𝐟:



Summary of WET for b-quark decays
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Step 1

Step 2

Step 3



B-hadron lifetime
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 Exp. data from HFLAV 2020:

 Theoretical framework: Heavy Quark Expansion (HQE) 

and quark-hadron duality       [A. Lenz 1405.3601]

➢ All lifetimes are of the same order of magnitude (ps) 

and differ at most by a factor of 25

➢ For hadrons containing one b-quark (and no c-quark), 

all lifetimes are equal within about 10% 

transition operator

non-local double insertion of Heff



B-hadron lifetime
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 Total decay rate of an inclusive 𝑩 → 𝑿 decay

Spectator quark not involved, thus same lifetimes for all b-hadrons

➢ Leading term (=free quark decay): universal 



B-hadron lifetime
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➢ Second term: a gluon is emitted from one of the internal quarks of the 2-loop diagram, 

and thus obtains the so-called dim-5 chromo-magnetic operator

Spectator quark now relevant 
and the decay rate reduced

 Total decay rate of an inclusive 𝑩 → 𝑿 decay



B-hadron lifetime
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➢ Third term: contract only two quark lines in the product of Heff; spectator- and b-quark 

not contracted; weak annihilation (for 𝑩𝒅,𝒔) or Pauli interference (for 𝑩𝒖) diagrams

For neutral mesons
For charged mesons

 Total decay rate of an inclusive 𝑩 → 𝑿 decay

Lifetime differences almost 
entirely due to these diagrams



B-hadron lifetime
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 Predicted lifetime ratios and compared to the exp. data    [Kirk, Lenz, Rauh 1711.02100]

➢ The HQE technique works quite well for 

bottom-hadron lifetimes, and even for 

charmed-hadron lifetimes



Inclusive radiative B decays
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 Why 𝑩 → 𝑿𝒔𝜸 decay:

➢ forbidden at tree-level, and occurs firstly at one-loop level;

➢ sensitive to new particles in the loop;

➢ one of the most suitable processes for indirect searches of 

NP in the quark flavor sector!

 Low-energy weak effective Hamiltonian:



Inclusive radiative B decays
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 Decay rate can be effectively evaluated by exploiting the HQE:

 Due to 𝒎𝒃 ≫ 𝚲𝑸𝑪𝑫, the inclusive decay rate well approximated by the partonic decay rate

describe interferences between amplitudes generated by 𝑄𝑖 and 𝑄𝑗, and known up to the NNLO



Inclusive radiative B decays
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 State-of-the-art SM prediction vs exp. data:

 Perturbative evaluation of  𝑮𝒊𝒋:

 Good agreement provides strong constraints on NP: 

2107.05650



Different types of b-quark weak decays
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 Dominant tree-level processes:

 Rare loop-level processes:

𝑏 → 𝑠 ҧ𝑠𝑠, 𝑑 ҧ𝑠𝑠, 𝑑 ҧ𝑑𝑑, 𝑑 ҧ𝑠𝑠, 𝑠𝛾, 𝑑𝛾, 𝑠𝑙+𝑙−, 𝑑𝑙+𝑙−

 Decays that proceed at both tree and loop levels:

𝑏 → ҧ𝑐𝑐𝑠, ҧ𝑐𝑐𝑑, ത𝑢𝑢𝑠, ത𝑢𝑢𝑑

𝑏 → ൜
𝑐
𝑢
+𝑊∗− → ൜

𝑐
𝑢
+

ത𝑢 + 𝑑
ҧ𝑐 + 𝑑
ത𝑢 + 𝑠
ҧ𝑐 + 𝑠

𝑒− + ҧ𝜈𝑒
𝜇− + ҧ𝜈𝜇
𝜏− + ҧ𝜈𝜏



Tree-level charged-current decays
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 Purely leptonic decay modes: only for charged B 

mesons; e.g. 𝑩+ → 𝝉+𝝂𝝉, 𝑩
+ → 𝝁+𝝂𝝁

 Semi-leptonic decay modes: both for charged and 

neutral B mesons; 

- Exclusive modes: e.g. 𝑩 → 𝑫𝜏𝜈𝜏, 𝑩 → 𝝅𝜇𝜈𝜇

- Inclusive modes: e.g. 𝑩 → 𝑿𝒄𝜏𝜈𝜏, 𝑩 → 𝑿𝒖𝜇𝜈𝜇

 Hadronic decay modes: both for charged and 

neutral B mesons; 

- hundreds of possible final states: 

e.g. 𝑩 → 𝑫𝝅,𝑫𝑲,…



Loop-level rare FCNC decays
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 Radiative decay modes: both for charged and 

neutral B mesons; 

- Exclusive modes: e.g. 𝑩 → 𝑲∗𝜸, 𝑩 → 𝝆𝜸

- Inclusive modes: e.g. 𝑩 → 𝑿𝒔𝜸

 Purely leptonic decay modes: only for neutral B 

mesons; e.g. 𝑩𝒔 → 𝝁+𝝁− , 𝑩𝒅 → 𝝉+𝝉−

 Semi-leptonic decay modes: both for charged and 

neutral B mesons; 

- Exclusive modes: e.g. 𝑩 → 𝑲𝝁+𝝁−, 𝑩𝒔 → 𝝓𝒆+𝒆−, 𝑩 → 𝑲∗𝝂ഥ𝝂

- Inclusive modes: e.g. 𝑩 → 𝑿𝒔𝝁
+𝝁−

➢ Sensitive to New Physics, and thus 

optimal for New Physics searches, 

 Hadronic decay modes: both for 

charged and neutral B mesons; 

- hundreds of possible final states: 

e.g. 𝑩 → 𝝓𝑲𝑺, 𝑩𝒔 → 𝝓𝝓,…

𝑩𝒔 → 𝝁+𝝁−



Examples of B decays
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 Purely leptonic decay modes: 𝑩+→ 𝝉+𝝂𝝉

The decay constant can be thought 

of as the “wave-function overlap” 

of the quark and anti-quark.

𝑏

𝑏



Examples of B decays
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 Purely leptonic decay modes: 𝑩𝒔 → 𝝁+𝝁−

a truly rare decay



Examples of B decays
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 Exclusive semi-leptonic decay modes: 𝑩 → 𝑫
(∗)
𝝁𝝂𝝁

Hot topic since 2012 BaBar results



Examples of B decays
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 Semi-leptonic decay modes: 𝑩 → 𝑲∗𝝁+𝝁−

factorizable

non-factorizable

Angular distribution of deay width

𝑂7

𝑂9,10 𝑂1,2



Examples of B decays
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 Hadronic matrix elements: from lattice QCD and other non-perturbative methods (e.g., LCSR) 

3 

7 

N. Gubernari et al., 2206.03797



Examples of B decays
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 Optimized variables with reduced FF uncertainties

B anomalies



Examples of B decays
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 Model-independent global fit to B anomalies

A. Angelescu et al., 

2103.12504Only vector(axial) coefficients can accommodate the data!

https://inspirehep.net/authors/1717661
https://arxiv.org/abs/2103.12504


Examples of B decays
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 Hadronic decay modes: 𝑩 → 𝑫𝝅

➢ At quark-level: mediated by 𝒃 → 𝒄ഥ𝒖𝒅(𝒔)

➢ For class-I decays: QCDF formula much simpler; 

[Beneke, Buchalla, Neubert, Sachrajda '99-'03; Bauer, Pirjol, Stewart '01]

all four flavors different from each other, no 

penguin operators & no penguin topologies!

i) only color-allowed tree amplitude 𝑎1;

ii) spectator & annihilation power-suppressed;

iii) annihilation absent in ത𝐵𝑑 𝑠
0 → 𝐷𝑑(𝑠)

+ 𝐾(𝜋)−;

iv) they are theoretically simpler and cleaner!

➢ Hard kernel 𝑻 :  both NLO and NNLO results known;  

[Beneke, Buchalla, Neubert, Sachrajda '01; Huber, Kränkl, Li '16] 

class-I

class-II

class-III
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 Hadronic decay modes: 𝑩 → 𝑫𝝅

Naïve factorization

Hard gluon

Sample diagrams of 2-loop vertex corrections



Examples of B decays
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 Hadronic decay modes: 𝑩 → 𝝅𝝅, 𝝅𝑲

Penguin corrections

Spectator corrections

+ Annihilation corrections



Examples of B decays
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 QCDF formulae for two-body hadronic B decays [BBNS 99`]

 Higher-order PT can be 

systematically calculated

 Limited by power corrections



Exclusive B decays
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 A meson | ۧ𝑴 can be written as a sum over a complete basis of Fock states

 Specific to the valence 𝒒ഥ𝒒 Fock state, the meson LCDA is defined as an integral over 

transverse momenta of the meson’s Bethe-Salpeter wave function

light-cone wave function

 Physical meaning: the probability amplitude for finding the pion as a quark-antiquark 

pair with momentum fractions 𝒙𝒒 = 𝒙 and 𝒙ഥ𝒒 = 𝟏 − 𝒙.

light-cone distribution amplitude

phase-space integration

involved in hard exclusive reactions in collinear factorization approach



Exclusive B decays
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 Leading-twist LCDAs for light mesons and B mesons: only for 𝒒ഥ𝒒 Fock state

 For light mesons, LCDAs usually expanded in Gegenbauer polynomials 

can be obtained from LQCD or other methods

defined in terms of the matrix 

elements of various non-local 

composite operators

 These hadronic inputs encode information of the non-pert. strong interaction dynamics



Exclusive B decays
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 Example: pion electromagnetic form factor with large momentum transfer 

LO quark-level Feynman diagrams

 In the standard hard-scattering picture: collinear factorization theorem



Status of the NNLO calculation of  𝑻𝑰 & 𝑻𝑰𝑰
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 For each 𝑸𝒊 insertion, both tree & penguin topologies, and contribute to both 𝑻𝑰 & 𝑻𝑰𝑰.

Bell, Beneke, Huber, Li ’20Huber, Krankl, Li ’16 



Further details to be learned, …
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 Various EFT used in heavy flavor physics, e.g. HQET, LEET, SCET, NRQCD,…

- expansion by regions, heavy mass/momentum expansion, modern loop calculations,…

 Specific decay modes: how to calculate theoretically, potential questions in different 

decay modes,…

 New physics probes with flavor physics, model-independent framework vs specific NP 

models, correlation between high-intensity and high-energy frontiers,…

Thank You for Your Attention


