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Outline
Basic stuffs for high-school kids
– Lepton Universality in the Standard Model 
– CKM matrix for quarks 

Contents for grown-ups* (“RX anomalies of B”)
– R(D(*)) 
– R(K(*)) and related stuffs 

Prospects 

* with snail-pace intro for kids on each subject
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Bosons of  the Standard Model
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Fermions of  the Standard Model
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Lepton universality
Do all leptons and quarks carry the same unit of weak 
charge?
– YES, for leptons and NO for quarks 

First, let’s consider a muon decay 
– low energy process (q2 ~ mµ  ≪ mW) 
– specified by the Fermi constant: GF  (~ g2/mW

2 ~ [energy]-2) 

– dimensional analysis

from full calculation (V−A)
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Lepton universality

Now consider the tau (τ) lepton decay
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Lepton universality

Again, from the τ decay
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Lepton universality: example for Z0

0Z
+ℓ

−ℓ

005.0999.0:004.0000.1:1      
::0

±±=

→ −+−+−+ ττµµeeZ
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Universality of  weak interactions?

Do all leptons and quarks carry the same unit of 
weak charge?
– YES, for leptons, but NO for quarks

❑ for quarks, the couplings to the weak gauge bosons 
depend on the quark flavors, due to “quark-mixing” 
➔ CKM mechanism

τ τν

−W −e

eνeg
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Universality of  W.I. for quarks?
❑ Consider the (semileptonic) weak decay

een ν++→Σ −−

( )eeus ν++→ −
eepn ν++→ −

eeud ν++→ −1=ΔS 0=ΔS
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❑ Assuming universality of weak decays of quarks,
we expect both decays would happen in similar 
rate, but...
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Universality of  W.I. for quarks?

d u

−W −e

eν

u
d

n u
d

p

udg

)1(
20
1

)(
)(

2

O
g
g

ued
ues

ud

us

e

e ≠≈≅
→Γ
→Γ

−

−

ν
ν

s u

−W −e

eν

d
d

−Σ d
d

usg
n



Experimental Review of Rx anomalies @ Snail Lecture             Jun. 30, 2017           Youngjoon Kwon (Yonsei Univ.) 13

Universality of  W.I. for quarks?

So, what are we going to do?
No universality for weak interaction?

It was also noticed that the value of the Fermi constant GF 
deduced from nuclear β-decay was slightly less than that 
obtained from muon decay.
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Cabibbo theory

Try to keep the universality, by modifying the quark 
doublet structure…
Assume that the charged current (W ±) couples the 
“rotated” quark states

where d’, s’ (weak interaction eigenstates) are linear 
combinations of mass eigenstates d, s
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Cabibbo theory

“Cabibbo-favored” vs. “-suppressed”

effective weak coupling for ΔS=0 (d→uW) is cos θc

effective weak coupling for ΔS=1 (s→uW) is sin θc
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Cabibbo theory

(Ex) What is the relationship between the weak couplings 
for muon decay (Gµ=GF) and nuclear β-decay (Gβ) ?
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Flavor-Changing Neutral Currents (FCNC)

a very stringent suppression of flavor-changing 
neutral current reactions

)%08.017.3()(
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++
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++
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(Ex) Draw the decay diagrams for the above two reactions! 
Is it easy to understand such a stringent suppression? 
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FCNC
Neutral-current reactions for (u,d’) quarks

cccc sddsssdduu θθθθ cossin)()sincos( 22 ++++

0=ΔS 1=ΔS

In this picture, FCNC is perfectly allowed by theory.
Then, why such a severe suppression ???
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GIM mechanism for FCNC suppression

In 1970, Glashow, Iliopoulos & Maiani (GIM) proposed the 
introduction of a new quark of Q=+2/3, with label c for ‘charm’.
With this new quark, a second quark doublet is also 
introduced.

Then we have additional terms for the neutral current 
reactions
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GIM mechanism
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GIM mechanism

At the price of a new quark ‘charm’ and another quark 
doublet, the (experimentally) unwanted FCNC has been 
removed!
Later, in 1974, the bound state of charm−anti-charm 
was discovered: J/ψ
Indeed, just before this discovery, it was possible to 
estimate the mass of this new quark!!

← by considering            mixing00KK
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Features of  SM interactions
■ Leptons do not undergo strong interactions
■ Quarks & Leptons do not change its flavor when 

interacting with neutral gauge bosons
– quarks do not change flavor under strong int. 
– leptons & quarks do not change flavor when interacting 

with γ or Z0 

– leptons & quarks change flavor only when interacting 
with W±, and only within its family
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Cabibbo theory for 3 generations

Then how does b decay at all?
Note:  b → W−  t  but  m(t) ≫ m(b) 

For quarks,
– mass eigenstates ≠ weak interaction eigenstates 
– flavor mixing through CKM matrix
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CKM matrix
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■ CKM is 3x3 and unitary

– only 3 generations in the SM 
■ CKM is almost 1, but not exactly
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■ How do we determine the CKM matrix elements?



from ‘Big Bang Theory’
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Vtd  and  Vts
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Expt’l determination of  CKM elements
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CKM Unitarity Triangle
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Z. Ligeti, from plenary talk @ ICHEP 2004
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4 Conclusions

Impressive improvements have been accomplished during the last ten years in B physics. Figure
4 illustrates the progress on the measurements of the two sides of the Unitarity Triangle. Some
conclusions can be drawn. The selected region in the (ρ, η) plane, using B physics only, is very
well compatible with the measurement of CP violation in the Kaon system. sin2β is measured
with an accuracy better than 10% within the SM framework. The angle γ is smaller than 90◦

at 99.6% C.L.. This result is very slightly affected by multypling theoretical errors by a factor
two and is essentially due to the impressive improvement on the limit on ∆ms obtained during
the last 4 years.
The situation will still improve by summer 2000. Thanks to the achieved accuracy, future
measurements of CP violation in the B sector would further test the consistency of the Standard
Model by determining directly the angles of the Unitarity Triangle.
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Appendix 

Angular Distribution 101
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The end of the kids’ stuffs. 
Any questions?


