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Beginning of flavor physics

Muon and strange particles were
totally unexpected and unwanted.

“Who ordered the muon??” (I. Rabi)
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(1976 )



What we did

v, N, 70, A,@, 1
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Stable Particle Table (cont'd)
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Stable Particle Table
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Role played by Kaons in history

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

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

« 1—0 Puzzle, leading to parity violation
(many people, Lee and Yang, 1956)

 CP violation in K, —» 2n
(Christensen et al., 1964)
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EVIDENCE FOR THE EXISTENCE
OF MEWY UNSTABLE-ELEMENTARY
PARTICLES
By Dn. G. D. ROCHESTER
AND

De. C. C. BUTLER
Physical Laberatories, Universiny, Manchester

MONG  soms eounter conteolled eloud.
ohambar s of ing ahowers
whizh we have ob past FoAr & part

during
of an investigntion of the nature of
Fﬂkﬁummﬁnghmiﬂnylho‘mnnﬂr
ke &ro two containing forked traoks
of B very i characier. Theao
have boon selected from five thousand
aken in an effective time of opamtion of 1,600 b
mlﬁﬂ#ﬂp!ib&mﬂ;ﬁﬁmhﬂw“bﬂm
that ofie of the forked tracks, shown in Fig. 1 (traoks
. s o e o & e 1 “on'mh.,ﬁ”
in the ot o 0 & new
slemantary particls into lkhw;ﬂ:gudpuni:
snd that the other, shown in Fig. 2 (tracks a and B),
uulmiltg'lyt_lwwmroﬁr;umuﬁumug
charged particle into two t particks, oo
which & charged and the other uncharged.
‘The experimental data for the two forks are given
inTable 1 ; H in the valwe of the magnetic fisld, = the
betwesn the tracks, p and Ap the mossured
(momentum sl the sstimated error, The signa of
the particles are given in the last column of the
table, & plus sign indicating that the particls ia
puliti\-l'eil'mu;ingd:mlnﬂnehnubu. Mﬂﬁ“
P e abar i hotographs
|lbat'|-:'11.I.'h.l.tllm-c\lh.]:uli:r1:!'lzrln:kl'|nv|:l:llt:|I More-
aver, both tracks cocar in e middle of the chamber
i a region of uniform illumjpation, the presence of
background fog susrounding the tracks indicsting
MWﬁMMM.
Though the two forks differ in many important
reapocts, they have ot leaat two essential features in

tommon 1 first, each consists of & two.pronged fark
with the apex in the gas ; and secondly, in noither

& [

FEOTOGLLFRE AN UNCEUAL FORE
THAT & TOETIVE FARFICLE CUMING POUWNRLLES

NATURE . 855
TiELE |, FEIFERINENTAL DATA

Ep“n.u-'-:gJ wier | ™ |l | wbhs i""

el B R R

: ! ’“I’"" H f?gilﬁ 30

]
weore dus to the

ohssrved batwesn the tracks would bs =
fraction of & degres, for 0-1° for Fig. 1,
and & largs amount of slec t should

wvo socompanied the photon, ss in each case n load
plate is olose above the fork.

We , theeefors, that the two forkad Lracks
div not req t collision p bat o

b us Lranaf i Thay 3

pr!nﬂudmwhinh“mlhudyfnnlﬁuh
docay of the meson into an eleciron and an assarned

neatring, and the docay of the heavy
maon, resently diomdlm Owohialini snd
Powell!, 3
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The Masses of the Incident Parcicles
Lot us assume thai a particle of mas M and
imitlal momentum P ois trensformed asly
into two particles of masses m, and m,, momenis @,
and p; ot angles of § and & with the direction of the

VIG TP = Ve + e + Vagdotpe (1)
P = p, oo § 4 p, oo8 g ()

Fon 0 = p, sn g, 2

These genoral relations may bo used to abtain the
moEmM&htLWMuﬂ.qwﬂm of the

¥ A

Thee walue of M must bo groater thit oldained
by taking the reat massos of the secondary particles
&8 small compared with their momenta ; thus the
minimurn value Moy s given by the following
equation =

Mo’ = e VP, T BP — P4, 1)

e Applying this equation to the forked track of Fig. 1,
after caleulati

ing P from the observed valoss of py
and Py, it is found that My is (770 4+ 200)m, whero
m is the mass of the alectron. The npglmlion af
oquation (4} to the forked teack of Fi ., kowover,
after caloulating p, from the obas values of F
und p,, shows b Mpge = (1,700 + 150)m. This
value of the mass would require an jonizstion for the
imeidont particls of twice minimum, which is incon-
alstent with the chesrved fonization, W are theralons
justified in assaming that the real wvalue of F ia
greater than the observed value which, as indicated
in Tabde 1, bas & lasge error.  If larger values of P
are asumesd, then Mg i reduced in value. The
loweat valoe of My is (060 £ 150)m if P b 14-5 x
10* oV Jo. Beyond this valus of P the mass inoroases
slowly with increasing momentum. No chobos of
incident momentum will being the mass of the
incident particle below 250 m.
In the special osss whore the incident particle
i
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AN CEDHPAL FORE (o ML THE DIRECTIGN
OF T8 MASFETI0 FIZLS I8 S0 TIAY 4 FaErTTTY

TECTION
mAs m,, givi symmatrical fork, oquation
mdw:'h ml}:ﬂmng exprossion, m
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ticles, we can apply squation (1) b0 cale
this way wo find Mm 1,600, Again,

1§
e

jonization of the incident particls in 2 i
B % 0-7. from which it can be shown Ajm
1200. This last result, mmmumﬁ'
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EXISTENCE PROBABLE D'UNE PARTICULE DE MASSE (990 == 12 pour 100) m,
DANS LE RAYONNEMENT COSMIQUE

Par L. LEPRINCE-RINGUET et M. LHERITIER.

Sommalre. — La méthode de la collision élastique entre particule incidente et électron du gaz
d’une chambre de Wilson a été appliquée & un certain nombre de chocs observés sur un total d’en-
wviron 1o ooo trajectoires. Dans les cas favorables, la masse de la particule incidente peut ainsi étre
mesurée, Nous avons, en particulier, observé une collision permettant d’attribuer, si toutefois elle est
élastique, & la particule incidente, la masse (gg9o0 == 12 pour ro0), m,, soit environ quatre fois la masse
du mésoton habituel et moitié de celle du protom,

L’observation, faite en 1gfo par L. Leprince- Ringuet (*) ont permis de préciser les conditions
Ringuet, E. Nageotte, S. Gorodetzky et R. Richard- expérimentales les plus favoribles 4 une bonne
Foy (*) d’'un cliché de collision entre un mésoton détermination de la masse. A la suite de ces travaux,
du rayonnement cosmique et un électron du gaz des recherches expérimentales ont été poursuivies
d'une chambre de Wilson avait permis, en admet- au laBdratoire de Largentitre-la-Bessée “’{Eéﬁesf"
tant le caractere élastique du choc, de calculer la  Alpes) situé a 1000 m d’altitude, au moyen d’une

macea dAn mbentnn avar nna acecar® hanna nrdsicinn mranda rhamhbhra da Wilean (=5 am o da hantanr 5 Aa



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

—V,'s (A, ) have isospin 0, 1
— 0’s (K) have isospin 1/2



Gell-Mann
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The value of Az agrees with the value Az=—0.1720.01 corre-

ling to the py found with the single,
crystal sources. As to the electric quadrupole interaction emergy
the value obtained here should not be considercdd more tham a
rough estimate, due to the crude approximation for v, and alse
due to the fact that 8°F/9z* is probably not the same for the
different water-glycerine mixtures. Nuckear magnelic resopance
absorption experiments, however, show a remarkable constancy
of the details of the molecular motion for diferent water-glycerine
mixtures up tog=1 poise at least as far as the magnetic interaction
is concerned.

Further experiments, to study the validity of the assumptions
made above and to arrive at a better estimate of the quadrupole
interaction, are in progress and will be reported later,

S H. Aeppl of 2l hfiHv&FamAdn 15, iﬂ {Tﬂ';g)‘h-
(“H}in:n-ghe gwr. Novel, and Schesver, Phys. Rev. 90, 322

IR M. Steffen, Phys. Rev. 80, 1119 (1953},
ﬂ;;\il.bem&hnnhn Heer, Movel, and Rietschi, Phys. Rev, 91, 199
‘It!\-’ Pound and A. Abragam. Phys. Rev. 90, 993 (1953).
}E Bt Py Moleiies (Dover ublleations, New ¥ork 1945).
Blosmbergen, Purcell, And Poand, Pags Rev. T3, 679 (1948).

Isotopic Spin and New Unstable Particles

M. GEii-Manw
Diepartment of Physics and Institute for Nuclear Studies,
inersily of Chicago, Chicage, Iliinois
mc«lmi .mmm. 21, 1953)

EASLEE? has considered the interesting possibility that the

principle of charge independence, now believed to held for .
nucleons and pions, may extend to the new unstable particles as *

well, In order to discuss this suggestion, let us suppose that both
“ordinary particles" {nnchuu and pions) and “new unstable
particles” (Fy, ¥y, 7, ctc.) have interactions of three klndn.

(i) Interactions that rigorously conserve isotopic spin. (We
assume these to be strong.) W&

(i) Electromagnetic interactions. (Let us include mass-differ-
ence effects in this category.)

(uij Dth:rfhmgu—drpendml interactions, which we take to be
wery weak

Peaslee in whether the quasi stability of the Vi may be
accounted for ﬁ this way if we assume it has jsotopic spin 5/2.
‘With respect to (i) the decay into pion and nucleon is absalutely
forbidden, Tnteractions of type (i) are supposed to be weak
enough to account for the long observed lifetime of ~3»¢ 1071w
second. However, he concludes that effects of type (i) will cause
transitions in a very much shorter time than this, since, for ex-
ample, each clwtmmngmuc interaction can change the isotopic
spin of the system by one unit

Recently Pais® has made tbe
unstable particles differ from the ordiniry ones in possessing ane
unit of “orbital isotopic angular momentum” and a negative
isotopic parity.” If we then re-interpret (i) as referring to con-
servation of total isotopic angular momentum and isotopic parity,
we see that as far as (i) is concerned, the decay of new unstable
particles into ordinary ones is forbidden. Also, these particles will
always be produced in even numbers, as Pais had suggested
earlier.! Morcover, efects of type (i) conserve Isotopic parity, as
Pais has introduced it, and so do not contribute to instability of
the new particles.

In connection with the work of Peaslee and of Pais, the author
would like to put forward an s!u_r?twe hypothesis that he has
considered for some time, and which, Tike that of Pais, overcomes
the difficulty posed by electromagnetic interactions. I.zt us sup-
pose that the new unstable particles are fermions with integral
isotopic spin and bosons with hali-integral isotopic pin. For
example, the ¥y mrnclﬁmfummmmpwmp]m.

834 LETTERS TO

would presumably correspond an antiparticle which we shall
gz flenote by ans of square hrackets.

In this scheme, l:u] is incffective in causing :Ioc.ny because it
can change isotopic spin only by integers, nrh in Vit—sx+p,
for example, the isotopic spin is 1 on the lefi Hiwiwllw
nght Only interactions of type (iii), which :I.o not respect isotopic
spin at all, can lead to decay. Moreover, the new unstable par-
ticles ngam are produced only in even numbers.

There is no difficulty associated with stating a generalized
Pauli principle for each kind of new unstable particle. For ex-
ample, let us. that the wave Function of a collection of
l". s must be t ntisymmetric in space, spin, and isotopic
spin. If the \n\-c function of two Vs is antisymmetric in m
and spun, as it would be for particles of identical charge, then the
total isctopic spin must be 0 or 2, which includes Vi* V%, Vim Wi,
and ¥y#F:% If the total {wwpnc spin is 1, the wave function is to
be symmetric in space -nd spin, which is all right since the charges
are then not identi the tulate that the wave
function of a collection of +'s must be lul.I]ly ;ymutn: im space,
spin, and isotopic spin leads to no

It should be noted that wcmdhum? Ius scheme the conserva-
tion of the 5 component of isotopic spin is more stringent than
 conservation of charge.* To sec this, let us W that the #*

and #* have 5 components equ:l to +} lnd ? m-zly,

like the proton and neatron. gly the antiparbicles

[r*] and [+] have = oomponmls “—4 and +1, respec-

tively, like the antiproton and ananeuu—on Thus we see that the

reactions ==+ p— Vo and *~4p=VFrt are allowed,
while the reactions x~s p— V' +[#0] and ==+ p—V,*+[#*] are
forbidden, although all four are allowed by conservation of charge.

In order to produce anti-r's it would be necessary to toa

reaction like » ~4pond et 4[] or r‘+p-nl+r‘+l:v']
Ina similar fashion, all f the form nucl

VitV and all reactions of the form r+nuc1m-ot’.+fue for-

bidden, while reactions such as nucleon+nucleon— Vi+r-nu-

cleon or [*]4nucleon— ¥4 are allowed.
'A- (I;lrll:bt‘n:!-ee m-:d‘l‘“’i’i:“ ‘-i;o:tl?:’uhrm w Professor Pais for

:hsanmunm {:'Illl results prior

« Wi rinci
dmj..:-.“;";.‘?“"-’i‘.é."é.ﬁiﬁ'ﬂé, r%:?.‘.'c: ,.,.,.':‘*".M'r ity
oo o :';EI‘L.‘:..‘K.. the o7 respessively e it
b ‘may oF may ot bt bbentical with Its antIpastlcle. Among Seures

owerer
fermions, it Iy necessary tha
ety b 8 hecessary t t!I: neutron and the antineutron be distin

s in &

s a newtral which is not identical ~Iuh. |n ant]
for snch & sitaation Is provided by picturing the m:em of
& mucieon Ilul nti-¥y, whil [T carresponding
e .,‘m";'“‘:d I:m-[]: ured a8 the

e conservation of charge is absclute, while the conservation
of the s com ol isofopic spi be viclated by interactl
;uummsm-ﬁ?:‘m“ ARGULA: Boswever Blay 6 Mpariant e |n peoduc oy

Differential p-p Elastic-Scattering Cross Section
at 144, 271, and 429 Mev*
J. MumSHALL, L. Mamsimace, awp V. A, Neoges

dnslitute for Nuclear Siudies, University of Chicage, Chicago, Ilinsis
(Rieceived August 24, 1953)

TH’E differential p-p elastic-scatiering cross section at 90

barycentric angle has been determined at 144, 271,
and 429 Mev and has been found to be constant with energy
within experimental error. In addition, the differential elastic-
scattering cross scotion for 429-Mev protons en liquid hydragen
has been measured as a function of angle by a seintillation counter
teehmqu: which counts both incident and scattered protons,

of ¥i*, V8, and ¥y~ The * and V¢ may forin an isotopic doublet,
which we may call +* and- +. To each of these particles there

Aba.mqrpmtmuwusutmedfmmaberyllimuqetin
lhel?ﬂ-lnnhlymhmﬂﬂmn,wﬂﬂ;wdin&elﬁmﬁdd

Nakano-Nishijima

S
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cordial thanks to Professoe T. Magamiya for his kind
discussion on this- problem.
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Charge ladependeace for
“—particles*

Tadao MNakano and Kazuhike Nishijima
Lepardunnt of Physics, Ogada Cite University

November 16, 1953

Assuming the charge independence for 1%
particles, the qualitative fur res of these unstable
heavy particles are uuﬂjg:ll

In view of the present experimental lnq(lt-! |
there seems to be three charge states for #7:°
{1) #}®: This particle has been mast thoroughly
investigated by many workers, and known to decay
as Py =—ptm= 0 P~37 Mer.

{2) Fi*+: This paticle was discovered by the
Pasadena group® I+ o574+ (), 0—40 Mev.
{3) =: One case was found in the cosmotron
experiments® that seems to :wl“ the existence of
¥y =, although mot mncluup. Tt #s as yet not clear
whether the inotopic spin of ) & 1jZ o 1 ox
higher, We shall, however, t ly assign it as
equal to 1, since this case is of 5 interest.” Then
fram the cosmotron experiments,™ 17,% or ¥.® which
is tentatively as I should hawe a half
integral isotopic spin' in reference to the process

© ol Pt Am) (1)
If we assume that there is no I‘t_dmged counter
particle to /1%, the isctopic spin of 11 should be 12,
In such a case /T* and /1® are teated just as proton

<% After the completion of :hu wosk, the authors
knew in a private letter from Prof. Mamba to Prof.

L

and neutron so long as we are concerned with their
transformation properties in isotopic space. Hence
the J7°-pasticle should be described by a complex
wave [unction as well as the charged If-particle, and
we must distinguish between the H°-partile and
jts anti-pamicle /1*. This distinction leads to many
inceresting results as we shall see lager.

From the above isotopic spin assignment we have
the following results.

{1} The “evenodd ” rule is an inevizable
“consequence of the charge independence.  IF both
the spin and isotopic apin of a hot pacticle® are
integer or half-integer we call it an even particle,
whereas if only ope of them is integer and the other
is half-integer we call it an odd particle. The even-
odd rule holds for such an even-odd assignment of
hot particles. Hence the lage nlmnd:m and the

riking stability of the F-pasticles . aqamu - or

7 decay mie automatically gummmad Recently Pais

m-i this rule fiom his awn theory of the * e "'~

by imposing the conservation of the o parity,

vhile in the present work it is derived with less new
«

(2} In production processes, we have the follow-
ing conservation Law valid For the charge independent
and electromagnetic interactions

ae(#7) =2 (IT) = const., (2)
whete (1) is the no of #-particles minus the
no. of anti-l-particles and w7} the no. of T+
and [1° minus the no. of /T~ and % This law
is proved o5 follows.

Firom the above isotopic spin assignment for 17—
and H-partides, we have

g Lo U2 (V)40 (ITY ) (3)
where j and S5 are the total charge and the third
component of the isotopic spin of the system of hot

particles.
There & h law, the i
of baryons**
b=n (1) 0 (N)=const. . (4)
Since y, & and f, are conserved for the charge
dependent and elect g fons, we hawe

fiom (3) and (4)
w (M) —n () = 5—2{y—/3) =conat. .
* By a “hot particle ”, we mean a particle with
strong nuclesr interaczion.
** The “ baryon " is the collective name for the

Hayakawa that Dr. Gell-Mann has also developed n

bers of the nucleon family. This name is due
to Pais. See ref. (6).
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_there seems to be three charge states for 7 :
(1) 7,°: This particle has been most thoroughly

investigated by many wotkers, and known to decay

as V\°—>p+n—+Q, O~37 Mev.

(2) V,+: This particle .was discovered by the
Pasadena group.) I+ —p4+7°+(Q, 0~40 Mev.
(3) »;—: One case was found in the cosmotron

experiments?) that seems to twlre the existence of
V=, although not conc[uswe Ic is as yet not clear
"R
whether the isotopic spin of »; is 1/2 or 1 or
higher. We shall, however, tentatively ass:gn it as
AR
equal to 1, since this case is of special interest.’ Then
from the cosmotron experiments,” »7;° or ¥,° which
is tentatively denoted as IT° should have a half

integral isotopic” spi " ln reference to the process
Y \

b por VO 11, (MO mt 1) (1)

If we assume that there is no dou ly charged counter
particle to I1°, the isotopic spin o IT should be 1/2.
In such a case IT+ and II° are treated just as proton

« * After the completion of this wotk, the authors
knew in a private letter from Prof. Nambu to Prof.
Hayakawa that Dr. Gell-Mann has also developed a

similar theory.

| - L]

"and IT° minus the no. of II- and IT°.

whete 7(}7) is the no. of }j—particles minus the
no. of antl-h patticles and #(IT) the no. of I+
This law
is proved as follows. '
From the above isotopic spin assignment for -
and IT-particles, we have
1= Lk 12 (NY 4 (T)), (3)

where ¢ and 73 are the total charge and the third
component of the isotopic spin of the system of hot
particles.
There is another conservation law, the conservation
of baryons**
b=n(V)+n(NV)=const.. - (4)

Since ¢, & and /; are conserved for the charge
independent and electro-magnetic interactions, we have

fiom (3) and (4)

* By a “hot particle”, we mean a particle with
strong nuclear interaction.

** The “baryon” is the collective name for the
members of the nucleon family. This name is due

to Pgis. See ref. (6).



Concept of strangeness

o With these assignments, strangeness
conservation is automatic when we
assume conservation of Q, B, |,

Q=13+% (B +S)
« Notable corollary: K° and K° are different
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Behavior of Neutral Particles under Charge Conjugation

M. GeLL-MANN,* Depariment of Physics, Columbia University, New York, New York

AND

A. Pars, Institute for Advanced Study, Princeton, New Jersey
(Received November 1, 1954)

Some properties are discussed of the °, a heavy boson that is known to decay by the process *—xt+7".
According to certain schemes proposed for the interpretation of hyperons and K particles, the & possesses an
antiparticle @ distinct from itself. Some theoretical implications of this situation are discussed with special
reference to charge conjugation invariance. The application of such invariance in familiar instances is
surveyed in Sec. I. It is then shown in Sec. II that, within the framework of the tentative schemes under
consideration, the 8 must be considered as a “particle mixture” exhibiting two distinct lifetimes, that each
lifetime is associated with a different set of decay modes, and that no more than half of all #'s undergo the
familiar decay into two pions. Some experimental consequences of this picture are mentioned.

I

IT is generally accepted that the microscopic laws of
physics are invariant to the operation of charge
conjugation (CC); we shall take the rigorous validity
of this postulate for granted. Under CC, every particle

must not change sign can be inferred from the observed
two-photon decay of the #°. s,

We are effectively dealing here with the “charge con-
jugation qualr;’fﬁ‘m number”’ C, which is the eigenvalue of
the operator €, and which is rigorously conserved in the

L i am ol mrcbnmenn] £alda TE anmler an add .r.l'!1ﬂ'1'l"l.\| 'r'I'I'I'I"\‘IhPT



K — K mixing

* Neutral Kaons
— Are produced as a K or K (by strong int.)
— Decay as a K¢ or K, (by weak Int.)

o Totally quantum mechanical phenomenon

 Smallness of the mixing = GIM
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PART 2. FURTHER EVIDENCE FOR THE EXIST-

ENCE OF UNSTABLE CHARGED PARTICLES,

OF MASS ~ 1,000 m., AND OBSERVATIONS ON
THEIR MODE OF DECAY

NI of tho first events found in the examination

of electron-sensitive plates exposed at the Jung-
“fraujoch is represented in the mosaic of photomicro-
graphs shown in Fig, 8. There are two centres, 4 and
B, from which the tracks of charged particles diverge,
and these aro joined by a common track, ¢. Because
of the short dugption of the exposure, and the small
number of (Ii:sill?efjmtions oceurrin the plate, the
chance that the’obsdtvation corresponds to a fortuit-
ous juxtaposition of the tracks of unrelated events
is very small—of the order 1 in 107. It is therefore
reasonable to excludo it as a serious possibility.
Further observations in support of this assumption
are presented in a later paragraph.

T
&

Fig.

An inspection of the track k shows that the particle
producing it approached the centre of disintegration
A. The range of the particle in the emulsion exceeds

NATURE

OBSERVATIONS WITH ELECTRON-SENSITIVE PLATES EXPOSED TO
COSMIC RADIATION® :

By Miss R. BROWN, U. CAMERINI, P. H. FOWLER, H. MUIRHEAD

January 15, 1949 vol. 163

F. POWELL

RITSON

that it carried the elementary electronic charge ;%
and that it had reached, or was near, tho end of its |
range at the point 4. We therefore assume that the
particle k initiated the train of events represented by
the tracks Tadiating from 4 and B. It follows thar
the particle”producing track ¢ originated in star A,
and produced the disintegration B. In order to
analyse the event, we first attempted to determine
the mass of the particle k.

Mass Determinations by Grain-Counts

About a year ago, experiments were; made
in this Laboratory to determine the ratio, ma/my, of
the masses of m- and p-mesons, by the method of
grain-counting®, and by studying the small-angle -
scattering of the particles in their passage through
the emulsion®. The- values obtained by the twe
methods were. ma/my = 1:656 + 0-11, and mafmy
1-35 + 0-10*, respectively. Recent experiments !

i
J. van der Merwe
8

Berkeley® suggest that the true value is 1-33 + 0-02.
a result which throws serious doubt on the reliability
of the method based on grain-counts. Because of the
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Question of Parity Conservation in Weak Interactions*

T. D. LeE, Columbia University, New York, New York

AND

C. N. Yaxe,t Brookhaven National Laboratory, Uplon, New York

(Received June 22, 1956)

The question of parity conservation in 8 decays and in hyperon and meson decays is examined. Possible
experiments are suggested which might test parity conservation in these interactions.

ECENT experimental data indicate closely iden-
tical masses! and lifetimes? of the #*(=K,s*) and
the ++(=K,s*) mesons. On the other hand, analyses’
of the decay products of 7+ strongly suggest on the
grounds of angular momentum and parity conservation
that the 7+ and 6+ are not the same particle. This poses
a rather puzzling situation that has been extensively
discussed.*
One way out of the difficulty is to assume that
~parity is not strictly conserved, so that 6+ and 7+ are
two different decay modes of the same particle, which
necessarily has a single mass value and a single lifetime.
We wish to analyze this possibility in the present paper
against the background of the existing experimental
evidence of paritv conservation. It will become clear

PRESENT EXPERIMENTAL LIMIT ON
PARITY NONCONSERVATION

If parity is not strictly conserved, all atomic and
nuclear states become mixtures consisting mainly of
the state they are usually assigned, together with small
percentages of states possessing the opposite parity. The
fractional weight of the latter will be called 3. It is a
quantity that characterizes the degree .of violation of
parity conservation.

The existence of parity selection rules which work
well in atomic and nuclear physics is a clear indication
that the degree of mixing, §%, cannot be large. From
such considerations one can impose the limit §2< (r/A)%,
which for atomic spectroscopy is, in most cases, ~107°.
In general a less accurate limit obtains for nuclear



Building the Standard Model

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

e 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, lliopoulos,
Maiani, 1970)

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



Building the Standard Model

« CP violation can be successfully
iIncorporated 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/vy) (1974)
Third generation (t lepton) (1975)
Charmed particles (1976)
Upsilons (1977)



bottom lifetime

— = —X| — ><9><CK|\/|

Naive expectation before 1983:
CKM=sin®g. = r, ~4x10""sec

Too short to be easily observable



Pioneering experiment

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

muon impact parameter distrib.
INn b enriched sample

1, < 1.4 x 10*? sec (95%CL)



UPPER LIMIT ON BEAUTY LIFETIME AND LOWER LIMIT ON WEAK MIXING ANGLES
JADE Collaboration
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Surprise from PEP

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

7, = (1.8 £ 0.6 £ 0.4) x 10-1? sec (MAC)
T, = (1.2 £ 945, 5. £ 0.3) x 1012 sec (MKII)

|V ,,| unexpectedly small =

blossom of B physics possible
Importance of vertex detectors recognized



B — B mixing

1984: 35 GeV top “discovered” by UAL

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

volume 192, number [,2 PHYSICS LETTERS B 25 June 1987
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f}ll mass Marcml . [Ebtarn'_ (ED" ,

) with D" =D%-. DVSK*n-,

{*m n*n~ and one lepton (n*, e ) with
eV/ic.

ther reconstructed in the hadronic Fig. 2. Completely reconstructed event consisting of the decay Y
]. (4S)—B°B°.

observation of B°~-B° mixing. The two B° mesons
(B} and BY) decay in the following way:



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

e Solar neutrino problem (Davies)

e 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
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EXPERIMENTAL STUDY OF THE ATMOSPHERIC NEUTRINO FLUX

K.S. HIRATA, T. KAJITA, M. KOSHIBA, M. NAKAHATA, S. OHARA, Y. OYAMA, N. SATO,
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Department of Physics, University of Pennsylvania, Philadelphia, PA 19104, USA

and
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We have observed 277 fully contained events in the KAMIOKANDE detector. The number of electron-like single-prong events
isin good agreement with the predictions of a Monte Carlo calculation based on atmospheric neutrino interactions in the detector.
On the other hand, the number of muon-like single-prong events is 59+ 7% (statistical error) of the predicted number of the
Monte Carlo calculation. We are unable to explain the data as the result of systematic detector effects or uncertainties in the
atmospheric neutrino fluxes.

Primarv cosmic ravs strikine the atmosnhere nro- We have made a detailed studv of the atmnsnheric
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Fig. 1. Momentum distributions for: {a) electron-like events and
(b) muon-like events. The last momentum bin sums all events
with their momenta larger than 1100 MeV /c. The histograms
show the distributions expected from atmospheric neutrino
interactions.

1, the observed number of single-ring events accom-
panied by decay electrons is 60, while the number
predicted by the Monte Carlo simulation is 110.3. On
the other hand, the fraction of events accompanied
by decay electrons in the observed electron-like and
muon-like events is consistent with the Monte Carlo
nredictinn as seen from tahle 1. Tt should be noted

PHYSICS LETTERS B

28 April 1988

events, where © is the zenith angle. the histograms
show the distributions expected from the atmos-
pheric neutrino interactions. One finds that the dis-
tributions for electron-like events are in good
agreement with the expectation. On the other hand,
the distributions for muon-like events deviate from
the expectation.

We have investigated a number of possible sources
of errors or uncertainties in our data analysis and
event assignments. Among them are: (i) the elec-
tron-like events are not of neutrino but of gamma-ray
or neutron origin from sources outside the detector,
while at the same time the detection efficiency and/
or the atmospheric neutrino fluxes are much lower
than estimated; however, the vertex positions for both
the electron-like and muon-like events are distrib-
uted uniformly in the detector, and show no accu-
mulation near the edges of the fiducial volume; (ii)
possible systematic effects which might produce the
deficiency in muon-like events such as trigger bias,
event reduction, event scanning, event fitting, abso-
lute energy calibration, and the Monte Carlo pro-
gram itself. We have as yet found no effect that
reproduces the deficiency of muon-like events rela-
tive to the total of electron-like events.



)lute v, ana V. I1uX values, comparison oI tne op-
ed and calculated momentum spectra in fig. 1
iests the two possible channels v <v, and v, <v,,
imed, for simplicity, to be independent and sep-
e. We emphasize the there also is the possibility
. oscillating to a sterile, 1.e., right handed, neu-
o of unknown mass and flavor, which would be
sistent with the observed small R(u/e). The con-
1ences of this oscillation channel need to be ex-
ed elsewhere.

D test neutrino oscillations the e- and p-events are
ectively mapped on (zenith angle(cos @) and
nentum (p)) planes, where the (cos®, p) is
hed into (10 11) cells. Then a 2 is defined to
v contours of allowed regions on the (Am?,
260) plane:
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same allowed regions.
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Fig. 4. The allowed neutrino oscillation parameters at 90% CL
from the Kam-I-II data, for the case of v v, (left), and v, Vs
(right). The best fit parameter sets are shown by crosses. The
two open circles in the figure for v, ++v, indicate the points which
are used in figs. 2 and 3. All the other experimental results [ 13,22-
24] show excluded regions.



Neutrino masses and mixings

e 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 (+ v 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)

e 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

e Theorists should be more inventive and try
to get enlightenment

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



