
「フレーバー物理」特定領域の
初年度にあたって

昔話でもしましょう



フレーバー物理
標準模型から取り残されたもの

－フレーバーと素粒子物理の発展－

東北大理 日笠健一



フレーバーとは

素粒子物理の発展に数多くの寄与をし

標準模型の確立にも重要な役割を果たし

そしていまだに理解されていないもの



My 1st Encounter

素粒子 第二版

（湯川・片山・福留）

1969年3月











Beginning of flavor physics

Muon and strange particles were
totally unexpected and unwanted.

“Who ordered the muon?” (I. Rabi)



My 2nd Encounter

学部３年後期「物理学ゼミナール」

「現代物理学における中性粒子」

担当： 小柴昌俊

(1976年秋)



What we did

テーマ：

中性粒子： γ, n, π0, Λ, K0, ψ

各自１つの粒子を担当し，

自分で調べて発表する。

で，本にまとめる。







Role played by Kaons in history

• First strange particle to be observed
(Leprince-Ringuet and Lheritier,  1944)

• Particle-Antiparticle mixing 
(Gell-Mann and Pais, 1955)

• τ – θ Puzzle, leading to parity violation
(many people, Lee and Yang, 1956)

• CP violation in KL → 2π
(Christensen et al., 1964)







Concept of strangeness

• Unjustified belief at that time
– Fermions have half-integal isospin (like nucleons)

– Bosons have integral isospin (like pions)

• Most important point of Gell-Mann, 
Nakano & Nishijima
– V1’s (Λ, Σ) have isospin 0, 1
– θ’s (K) have isospin 1/2



Gell-Mann            Nakano-Nishijima





Concept of strangeness

• With these assignments, strangeness 
conservation is automatic when we 
assume conservation of Q, B, I3

Q = I3 + ½ (B + S)
• Notable corollary: K0 and K0 are different

–





K – K mixing

• Neutral Kaons
– Are produced as a K or K (by strong int.)
– Decay as a KS or KL (by weak int.)

• Totally quantum mechanical phenomenon

• Smallness of the mixing  GIM

–

–







Building the Standard Model

• Structure of the charged-current weak 
interactions (current-current form, flavor  
universality) suggested that a charged 
gauge boson (W) is responsible for CC

• Parity violation in W interactions leads to 
the introduction of neutral-current weak 
interactions (Glashow 1961), later 
confirmed in neutrino experiments (1973)



Building the Standard Model

• Absence of flavor-changing neutral current 
(FCNC) interactions posed theoretical 
problem, solved by the introduction of a 
fourth (charm) quark (Glashow, Iliopoulos, 
Maiani, 1970)

• Leptons and three colors of quarks are just 
right in canceling chiral anomaly, which 
could have destroyed the renormalizability
(Bouchiat, Iliopoulos, Meyer, 1972) 



Building the Standard Model

• CP violation can be successfully 
incorporated in the Standard Model by 
assuming six flavors of quarks (Kobayashi 
and Maskawa, 1972)



Wealth of new particles in 1970’s

• Weak neutral current (1973)
• November revolution (J/ψ) (1974)
• Third generation (τ lepton) (1975)
• Charmed particles (1976)
• Upsilons (1977)



bottom lifetime
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Naïve expectation before 1983:

Too short to be easily observable



Pioneering experiment

JADE Collab.,  Phys. Lett. 114B, 71 (1982)

muon impact parameter distrib.
in b enriched sample

τb < 1.4 x 10-12 sec  (95%CL)





Surprise from PEP

MAC Collab.,  Phys. Rev. Lett. 51, 1022 (1983)
Mark II Collab., Phys. Rev. Lett. 51, 1316 (1983)

τb = (1.8 ± 0.6 ± 0.4) x 10-12 sec (MAC)
τb = (1.2 ± 0.45

0.36 ± 0.3) x 10-12 sec (MKII)

|Vcb| unexpectedly small 
blossom of B physics possible

Importance of vertex detectors recognized



B – B mixing

• 1984: 35 GeV top “discovered” by UA1
• 1986: TRISTAN started operation, in the 

hope of producing the top quark
• With the mass in this range, B – B mixing 

expected to be tiny
• 1987: ARGUS at DESY announced large 

mixing in the neutral B system   Then
• Top quark should be unexpectedly heavy

–

–



ARGUS shock





The last quark flavor

• In agreement with the indirect information 
from B mixing and electroweak precision 
measurements, the top quark was finally 
discovered by CDF in 1994 at the mass of 
175 GeV, more than twice as large as the 
W mass



Neutrino masses and mixings

• Solar neutrino problem (Davies)
• Atmospheric neutrino anomaly 

(Kamiokande & others)

• Neutrino flavor oscillations predicted by 
Maki, Nakagawa, Sakata (1962) may 
explain these measurements



Neutrino masses and mixings

• Atmospheric neutrino anomaly suggested 
before 1980

• Nucleon-decay experiments gave 
conflicting results for muons (1980’s)

• Kamiokande gave rather good indication 
of anomaly (1988, 1992)

• Everybody accepted after beautiful 
SuperK results in 1998 









Neutrino masses and mixings

• It took so long partly because theorists did 
not believe large mixing, but now we know

• Neutrino mixings are nearly maximal, 
totally different from quark mixings



Yukawa sector in SM

• Most # of parameters in SM
– gauge: 3
– Higgs: 2
– Yukawa: 13 (+ ν sector)

• No guiding principles
– Sharp contrast with gauge int.
– No understanding of its origin



Flavor sector with SUSY

• New sources of flavor mixing
– Squark, slepton masses (left and right)
– Sfermion-higgs int. (A terms)

• New sources of CP violation
– Gaugino mass, A, B terms

• Possible lepton flavor violation
– from GUT effect/sneutrino mixing



Outlook

• Experiments should take lead in 
investigation of flavor physics

• Theorists should be more inventive and try 
to get enlightenment

• A lot to be done in coming 5 years and 
more!


