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t. Introduction 

The work on the subject of ureal interactions spans the hurt half a century. 
In araeasiBg where we are today and when we might be going in the near future 
it is useful to look at the historical development of this field. Furthermore, we 
can say that the task of the high energy physicists is to understand the basic 
constituents of matter and of the forces that govern their behavior. Thus, in 
the spirit of the title of this talk, I start out by outlining the development11 of 
our present picture of the constituents and the present picture of the weak force 
which determines at least a part of their mutual interactions. 

Figure 1 attempts schematically to outline the major milestones in the de
velopment of the picture we shall b<i dismissing. There is undoubtedly certain 
arbitrariness in the choice of these milestones but hopefully they do represent 
reasonably fairly the logical development of the subject. In the "constituent-
sector" I take the discovery of the muott as the logical starting point aire* that 
was the first indication that the ipaetrum one is dealing with is richer than initial 
observations might have Indicated. The unexpected discovery of strange parti
cles followed by observation of the electron neutrino &nd the famous 'i neutrino 
experiment were other key steps ir the initial elucidation of the quark-lepton 
picture. 

The decade of the 60's saw the birth of the quark concept and its subsequent 
growth to maturity. The initial spectroscopic: measurimrniR led to the quark 
postulate and culminated in the discovery of the predicted fi particle. The 
dynamical reality of the quarks was demonstrated beautifully in a series of deep 
inelastic scattering experiments, first with electrons wring the SLAC accelerator 
and subsequently with the neutrinos and muons, main I; al Ftrmilab and CKRN 
The decadr of the Ws brought us an enlargement of both the quark and lepion 
sectors with the observation of the postulated charm quark and the totally un
expected r lepton. The subsequent measurements of t \e properties of these tux-
new constituents confirmed tbr initial belief thai lln?y represent an addition t» 
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Figure 1 A rough outline of the historical development of our present pic

ture of quarks and leptons and their weak interactions. 



the family of the fundamental building blocks. 

Finally the late 70's and early 80's provided us with evidence for and prop

erties of the fifth quark. Just now we may be in the process of completing the 

quark sextet with the recent observations at CERN. 

One should not neglect the important contributions to this pic' 'irr from the 

many beautiful QED experiments demonstrating the point nature of the leptons, 

ranging from the ultra high precision static experiments to the highest energy 

e+e~ QED processes. 

Thus we have arrived at our present picture of the three doublet families 

of quarks and th.-ee doublet families of leptons. In addition we have learned 

that the mass eigenstates and weak interaction eigenstatcs are different in the 

quark sector. The reasons for the similarities and differences in this quark-lepton 

picture are one of the key puzzles in high energy physics today. 

We turn wjw to the evolution of our present understanding of the weak in

teractions. I find it natural to distinguish between two different topics * .sociated 

with two different eras in the study of this field - the charged current sector with 

its golden age in the 1950's and the neutral current sector with the height of its 

development in the 1970'9. The key nuclear physics experiments in the 1950's 

on the nature of the WREJC interaction, parity nonconservation, and neutrino he-

!irityv coupled with Uie seminal theoretical ideas about parity violation and the 

conserved vector current hypothesis led to the establishment of the presently ac

cepted V-A picture of charged current interactions. The expeilinents on decays 

of elementary particles and the program on neutrino interactions reinforced this 

picture and developed further the phenomenology of weak interactions. 

Our understanding of neutral currents progressed also very rapidly with the 

height of activity in the late 70's. Few years after the formulation of the Glashow-

Weinberg-Salam model, neutral currents were discovered aT CERN and their ex

istence confirmed soon afterwards at Fermilab. There followed seveic! important 

experiments culimuating in the key polamed electron deuteron scattering aaym-
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metry measurement at SLAC. The subsequent experimental work provided even 

more stringent tests, all of tfwro reinforcing OUT belief in the validity of the GWS 

pirture. 

Both of those rather separate lines of investigation have culminated in the 

recent discoveries at CERN of the W and Z gauge bosons. This key experiment 

can be viewed as bringing to a successful end the previous 50 years of work on 

weak interactions. We can justifiably ask where do we go from here. 

It is my opinion that the next decade will emphasize the weak interactions of 

higher mass scales. Thus we shall try to answer the questions that will address 

tUe existence and th<* properties of the postulated (as wel' as the unexpected) 

h ighc mass particles and their role as mediators of the weak interactions. This 

physics will span a range of investigations including detailed tests of the standard 

model with the hope of discovery of small discrepancies as well as searches for to

tally new phenomena, whether these be violations of existing laws, new particles, 

or something totally unexpected. The techniques employed will undoubtedly be 

numerous, ranging from atomic and nuclear experiments, through proton decay, 

v decay and oscillation searches and cosmic ray studies, to the experiments at 

the highest energies which will hopefully become opened up by the next gener

ation of accelerators. Finally, it may also be hoped that these "high mas3 scale 

investigations" will at the same time shed light on the puzzles that are present 

today in the constituent sector. 

The choice of topics adopted for these lectures can be understood in the 

context of the above discussion. Our emphasis will be less on how we got here 

rather than on where we are and where we are going from here. Hence, I will 

discuss the present experimental status of weak interactions, with the emphasis 

on the problems and questions and on the possible lines of future investigations. 
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2. The Quark Mixing Matrix 

In our present picture of the quark sector, w e have three left-handed doublets: 

©.• ©.•-©. ' 
R is furthermore known experimentally that the quark mass eigcnetates (denoted 
by the unprixned symbob) are not the same as the quark gauge group eutenstates 
(denoted by primed symbob) . T h e n b -v certain arbitrariness in parametrizing 
this fact. The convention is t o define the phases in such a way that the two sets 
of dgenstates ate identical for the q = 2 / 3 quark states i.e., e = «*.<; ~ / , and 
t = t\ We can then define & unitary matrix U which is totally specified by four 
real parameters conventionally taken to be three angles and one phase. This 
matrix can then be thought of as giving us the relationship between the , ? , a', b') 
states and the (d,a,b) itates i.e., schematically 

<t' - Uq (2.1) 

Alternatively, the matrix U can be said to specify the quark couplings in the 
charge-changing weak interaction current, i.e. 

J ' , - « r V ( l - ' » i ) C / r '2.2] 

with the t}^{g~) symbols standing for the positive (negative) churn* quark states. 

The matrix U is similar to the Euler matrix representing K rotation in the 
three-dimensional space. There are several paramelrizatians of this matrix. The 
original one, due to Kobayashi and Maskawa1*, is 

C>. -S1C3 -Si$» \ 
SXC7 CiC3Ca - SiSatf* CiCSa + &€*<?* ] 
SiSt CiStCt + CiStfP CiSiSa - CtCae* I 

where C< = ««$V,Sj s sinft\ ; 1 = 1,2,3 and 6i,$z,0^ ar* thr** angles equivalent 
to Euler angles and & is the phase mentioned above. It was th? rontribiitkm of 
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Kofaymhi and Maskawa to point out tha- tin CP violation can be introduced 
naturally if one has 6 quarks (rather Unit \ known at that time) and provided 
that the phase 6 # 0 or T 

The other representation that finds frequent use is due to Maiani3) and is 
given fey 

CffCt CfSt Sfi \ 

where C# = «w0, St s sine1 , etc. 

Even within the framework of each representation there are several different 
phase conventions that are used in the literature. These do not present a problem 
For ua since the experiments that we shall discuw determine only the absolute 
magnitude of each particular matrix element. Finally, we should remark that one 
can define each angle to be in the first quadrant. Tho phase 6 can than range 
from 0 to 2v and must be determined by experiment. 

There art certain advantages to each representation. In the original K-M 
representation all the ana,lea, 0i,0j,0a are relatively small and thus tho form of 
the matrix explicitly shows that the Via elemant, for example, Is second order In 
these small quantities, In the Maiuii representation, 0,/3, and 1 are a*"] small, 
and iu that approximation the matrix becomes simply 

/ I 9 0\ 

Thus the angles ff.fl.i are approximately related to the slaw of the ampRtode 
describing the couplings u -• r.u -» e . and c -• o respectively. 

A third pararnetrucatioR of the mixing matrix has been recently introduced 
by WaHenstein4*. That particular parameLrisalion b convenient for the analysis 
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the family of the funclaim-nta.1 building blocks. 

Finally the late 70's avid early 8Q'a provided us with evidence for and prop

erties of the fifth quark. Just now wc may be in the process of completing the 

quark sextet with the recent observations at CERN. 

One should not neglect the important contributions to this picture from the 

many beautiful QEI) experiments demonstrating the point nature of the Ieptons, 

j-anging from the ultra high precision static experiments to the highest energy 

e+e~ QED processes. 

Thus we have arrived at OUT piesent picture of the three doublet families 

of quarks and three doublet families of leptona. In addition wc have learned 

that the mass eigenstates and weak interaction cigenstates are different in the 

quark sector. The reasons for the similarities and differ, ices in this quark-lepton 

picture are one of the key puzzles in high energy physics today. 

We turn now to the evolution of our present understanding of the weak in

teractions. I find it natural to distinguish between two different topics associated 

with two different eras in the study of this field - the charged current sector with 

its golden age in tint lflSO's and the neutral current sector with the height of its 

development in the I970's. The key nuclear physics experiments in the 1950's 

on the nature or the weak interaction, parity nonconservalion, an J neutrino he-

Ikity, coupled with the seminal theoretical ideas about parity violation and the 

conserved vector current hypothesis led to the establishment of the presently ac

cepted V-A picture of charged current interactions. The experiments on decays 

of elementary particles und the program on neutrino interactions reinforced Lhia 

picture and developed further the phenomenology of weak interactions. 

Our understanding of neutral currents progressed also very rapidly with the 

height of activity in the Late TO's. Few years after the formulation of the Glashow-

Wcinherg-Salam model, neutral currents were discovered at CERN and their •ex

istence confirmed soon afterwards at Fermilah. There followed several important 

experiments culminating in the key polarized electron deuteron scattering asym-
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mctry measurement at SLAC. The subsequent experimental -work provided even 

moir stringcil tests, all of liiem reinforcing OUT belief in the validity of the GWS 

if t lire. 

lloth or t'nose rather separate lines of investigation have culminated in the 

recent discoveries at CERN of the W and. 1 gauge bosons. This key experiment 

can be viewed as bringing to a successful end the previous 50 years of woric on 

weak interactions. We can justifiably ask where do we go from heie. 

It is mi opinion that the next decade will emphasize the weak interactions of 

higher mass scales. Thus we shall try to answer the questions that will address 

the existence and the prcperties of the postulated (as well as the unexpected) 

higher mass particles and their role as mediators of the weak interactions. This 

physics will span a range of investigations including detailed tests of the standard 

model with the hope of discovery of smalt discrepancies as well as searches for to

tally new phen jmena, whether these be violations of existing laws, new particles, 

"r something totally unexpected. The techniques employed will undoubtedly he 

numerous, ranging from atomic and nuclear experiments, through proton decay, 

v decay and oscillation searches and cosmic ray studies, to the experiments at 

the, highest energies which wiii hopefully become opened up by the next gener

ation of accelerators. Finally, it may also be hoped that these "high mass scale 

investigations" will a t the same titue shed light on the puzzles that are present 

today in the constituent sector. 

The choice of topics adopted TOT these lectures can be mdcrstood in the 

context of the above discussion. Our emphasis will be less on how wc got here 

rather than on where we are and where w . are going from here. Hence, I will 

discuss the present experimental status of weak interactions!, with the emphaaia 

on the problems and questions and on the possible linua of future investigation!!. 
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• 1 

2. The Quark Mixing Matrix 

In our present picture of thfc quart sector, we have three left-handed doublets: 

It is furthermore known experimentally that the quark mass eigenstates (denoted 

by the unprimed symbols) are not the same as the quark gauge group eigenstates 

(denoted by primed symbols). There ia a certain arbitrariness in parametrizing 

this fact. The convention is to define the phases in such a way that the two sets 

of eigenstates are identical for the q = 2/3 quark states i.e., u = u',c = c \ and 

t — t'. We can then define a unitary matrix. U which is totally specified by four 

real parameters conventionally taken to be three angles and one phase. This 

matrix can then be thought of as giving us the relationship between the [<F, a', b') 
states and the (d,^,6) states i.e., schematically 

?' = Uq (2.1) 

Alternatively, the matrix U can be said to specify the quark couplings in the 

charge-changing weak interaction current, i.e. 

J " = « +-»'»(l-1s)U9-- (2.2) 

with the <z+(v~) symbols standing for the positive (negative) charge quarV states. 

The matrix U is similar to the Euler matrix representing a rotation in the 

three-dimensional spate. There are several parametrizations of this matrix. The 

original one, due to Kobayashi and Maskawa1' , is 

/ C, -SiCz -S,S3 \ 
SiC2 C iC jC 3 StSzttS CiCtS3 + S?C3e>6 

\SiSi CiSiC3 + C2S2elS C i 5 s S 3 • C i C j e ' V 

where C,- = costf,,.?, = sinfl, ; t = 1,2,3 and 01,0;,0 3 are three angles equivalent 

to Euler angles and 6 is the phase mentioned above. It was the contribution of 

7 

file:///SiSi


Kobayashi and Maskawa to point out that the CP violation can be introduced 
naturally if one haj 6 quarks (rather than 4 known at that time) and provided 
that the phase 6 i= 0 or JT . 

The other repn sentation that finds frequent use is due to Maiani') and is 
given by 

f CgCs CpSg Sp \ 

-SnCsSeei6 - 5 ( C 7 C 7 Q S^SpS<,tis SnCeeil 

\ SpC^e + S^See* -C^SpSg - 5 7 C , e - * 5 C^Cp j 

where Ce = ccsfl, S$ = sin0 , etc. 

Even within the framework of each representation there are several different 

phase conventions that are used in the literature. These do not present a problem 

for us Bince the experiments that we shall discuss determine only the absolute 

magnitude of each particular matrix element. Finally, -we should remark that one 

can define each angle to be in the first quadrant. The phase 6 can then range 

from 0 to 2TT and must be determined by experiment. 

There are certain advantages to each representation. In the original K-M 

representation all the angles, 0i,03,ff3 are relatively small and thus the form of 

the matrix explicitly shows that the I / l 3 element, for example, is second order in 

these small quantities. In the Maiani representation, 9,fi, and f are also small, 

and in that approximation the matrix becomes simply 

/ i « ox 
- . . , , 

V - 0 - 7 1 / 

Thus the angles 0,/5,7 are approximately related to the size of the amplitude 

describing the couplings u —>.<:, u -* b , and c —* b respectively. 

A third parametrization of the mixing matrix has been recently introduced 

!>y Wolfenstein4'- That particular parametrization is convenient for the analysts 
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the family of the fundamental building blocks. 

Finally the late 70's and early SO's provided us with evidence for and prop
erties of the 6fth q«>rk. 3«st now ws may be in the process or completing the 
quark sc:tet with the recent observations at CERN. 

One should not neglect the important contributions to this picture from the 
many beautiful QED experiments demonstrating the point nature of the leptons, 
ranging from the ultra high precision static experiments to the highest energy 
e+«~ QED processes. 

Thus we have arrived at our present picture of the three doublet lamilies 
of quarks and three doublet families of leptons. In addition we have learned 
that the mass eigenstatcs &nd weak interaction eigenstatcs are different in the 
quark sector. The reiuinns for the similarities and differences in this quark-lepton 
picture are one of the key puzzles in high energy physics today. 

We turn now to the evolution of our present understanding of the weak in
teractions. I find It natural to distinguish between i w o different topics associated 
with two different eras in the study of this field - the charged current sector with 
its golden age in the 1950's and the neutral current sector with the height of its 
development in the i07D's. The key nuclear physics experiments in the 1950's 
on the nature of the w.ak interaction, parity noncarmervation, and neutrino he-
Hnty, coupled with the seminal theoretical ideas about purity violation and the 
conserved vector current hypothesis led to thn establishment of the presently ac
cepted V-A picture of charged current interactions. The experiments on decays 
of elementary particle? and the program on neutrino interactions reinforced this 
picture and developed further the phenomenology of wi>ak interactions. 

Our understanding of neutral currents progressed nlBo very rapidly with the 
height of activity in th«! Wte 70's. Vew years after the formulation of the Glaahow-
Weinberg-Salam model, neutral currents v*eie discovered at CERN and their ex
istence confirmed soon afterwards at Fennilab. There followed several important 
experiments culminating in the key polarized electron deuteron scattering asym-
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metry iriruuiurement at SLAC. The suboeqtmit experimental work provided even 
more Ktriiiguni tests, all of them reinforcing our belief in the validity of the GWS 
picture. 

Both of those rather separate linen of investigation have culminated in the 
recent discoveries at CERN of the W and Z gauge borons. This key experiment 
can be viewed as bringing to a successful end the previous 50 years of work on 
weak interaction:). We tan justifiably ask where do we go from here. 

it is my opinion that the next decade will emphasize the wetOc interactions of 
higher mass scale. ^Vius wc shall try to answer the questions that will address 
the existence and the- properties of the postulated (as well as thb unexpected) 
higher mass particles and their role as mediators of the weak interactions. This 
physics will span a range of investigations including detailed tests of the standard 
mode! with the hope of discovery of small discrepancies as well as searches for to
tally new phenomena, whether these be violations of existing laws, new particles, 
or something totally unexpected. The techniques employed will undoubtedly be 
numerous, ranging from atomic and nuclear experiments, through proton decay, 
u decay and oscillation searches and cosmic ray studies, to the experiments at 
the highest energies which will hopefully become opened up by the next gener
ation of accelerators. Finally, it may also be hoped that these "high mass scale 
investigations" will at the same time shed light on the puzzles that are present 
today m the constituent BEctor. 

The choice of topics adopted for these lectures can be understood in the 
context of the above discussion. Our emphasis will be less on hcv we got here 
rather than on where we are and where we are going from here. Hence, I will 
discuss the present experimental status of weak interactions, with the emphasis 
on the problems and questions and on the possible lines of future investigations. 
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2. The Quark Mixing Matrix 

In our present picture of the quark sector, we have three left-handed doublets: 

&•(;).•-©, • 
It ia furthermore known experimentally that the quark mass eigenstates (denoted 
by the unprlmed symbols) are not the same as the quark gauge group cigenstates 
(denoted by primed symbols). There is a certain arbitrariness in parametrizing 
fhia fact. The convention is to define the phases ia such a way lhat the two sets 
oT elgenataftea are identical for the q - 2/3 quars elates i.e., » - «',c = c', and 
t — t'. Wo can then define a unitary matrix U which is totally specified by four 
Kai parameters conventionally taken to be three angles and one phase. This 
matrix can then be thought of as giving us tl.j relationship between the (d',s',t') 
states and thu (^,«,t) dates i.e., schematically 

Alternatively, the matlix U can he said to specify me quark couplings in the 
charge-changing -veak interaction current, i.e. 

J*-1+T*tl-Ti)Uq- (2.a) 

with the ff+(tf") uymbola tiiandir.g for the positive (negative) charge quark states. 

The matrix U is similar to the Euler matrix representing a rotation in the 
three-dimensional space. There are several parametrizations of this matrix. The 
original one, due to Kobayashi and Maskawa*) , is 

Cj -SiCa SiS, \ 
S\C, CiCiCa &&*•' C,C,i53 + 5 2 C 3 e H 

S\St <7, S7C3 + CiA'ae1* C\StS3 - C2Cztu J 

where C, s cosfl,,Si = sinf,' ; * — 1,2,5 and 61,61,63 ar ' -w angles equivalent 
to Euler angles and S is the phase mentioned above. It was the contribution of 
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Kobayaahi and Maskawa to point out that the CP violation can be introduced 
naturally if one has 6 quarks (rather than 4 known at that time) and provided 
that the phase S ̂  0 or n . 

The other representation that finds Frequent use is due to Maiani3' and is 
given by 

CfiCt CpSt Sfi \ 
-S^CtSiJ* - SeC, CnCt - SiSpSif 5 ^ * " | 

where Cj s costi, St = sin* , etc. 

Even within the framework of each representation there are several different 
phase conventions that are used in the literature. These do not present a problem 
for us since the experiments that we shall discuss determine only the absolute 
magnitude of each particular matrix element. Finally, we should remark that one 
car. define each angle to be in the first quadrant. The phase e* can then range 
from 0 to 2ir and musl )>e determined by experiment. 

There a'e certain advantages to each representation. In the original K-M 
representation all the angles, 0i,0j,0 3 are relatively small and thus the form of 
the matrix explicitly allows that the Uu element, for example, Is second order In 
these small quantities. In the Maiani representation, 9,0, and i are also small, 
and in that approximation the matrix becomes simply 

Thus Lhe angles 6,0,i are approximately related to the sige of the amplitude 
describing ihe couplings tt-is.s-J, and e -» b respectively. 

A thiru par&metrization of the muting matrix has been recently introduced 
by WoKen'tein*1. That particular parametrfaation is convenient for the analysis 
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of the CP problem insofar that it explicitly shows that the CP violation enters 

only multiplied by a third power of a small parameter A. 

Our procedure in this discussion will be to describe the expartmenta] input 

that allows us to measure the general matrix elements, i.e., 

Ved U„ Uc„ 

. Uid Utl Ua, J 

At the end we shall try to relate that experimental input to the values of the 

K-M representation parameters 0\ , 0% , 8% and 6 . 

Before embiriting on this task, it might be worthwhile to eummar'ze the 

phenomenological ne-^d for the top quark that would complete the third doublet. 

In other words, the question that one asks is whether the experimental dat». is 

compatible with the ft quark being a singlet. This question might be moot in 

light of the recL.it evidence 5 ' for a possible new quark state from CEItN, but 

until these data are shown to b* completely conclusive, it is worthwhile to Veep 

an open mind on this point. 

A rather general argument o« this point has been recently presented by Kane 

and Peskin 6 ' and we reproduce here its general qualitative features. The authors 

show that in any model in which the 6 quark is an SU(2) singlet with conventional 

W± and Z° couplings the following inequality iavolvlng semileptonic decays has 

to be satisfied: 

W * a l ? (2-3) 

where £* is the generic symbol for charged leptone. Furthermore, th? alternative 

models, which do not make thi1; standard coupling assumption, are either already 

ruled out by the data or extremely unattractive. 

The essence of the argument is as follows. The 6 quark ia known to demy 

and thus must decay by virtue of mixing. The 2 weak cigenstates representing 

ft .. . 
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Figure 2 Diagrams contributing to semiieptonic b decay. 



q = —1/3 quark states ca*L then ue written as: 

3 

o'= £>'?< 

where a,- , ,3j are mixing <-aemcieiit3 and 9,- = d , s , or b . In Fig. 2 we show 

the diagrams that must be responsible for leptonic decays of the 6 quark. As can 

be seen from these diagrams the decay rates are given solely by the couplings of 

the gauge bosons to the leptons a.nd to the quwks. The former are determined 

entirely in the framework >f the Glashow-Weinberg-Salam model 7); the latter are 

given by the model if the mixing coefficients (ot's and (J's) are known. Accordingly, 

the problem reduces to finding these coefficients which minimise the ratio given 

in 2.3 and at the same time are compatible with the other exptiimentat data. 

To put it in other words the Glashow-Veinberg.8' theorem which shows that the 

GIM mechanism for suppression of neutral currents if applicable for any number 

of weak doublets, ia no longer relevant if b quark is a weak singlet. Hence, the 

mixing coefficients have to be adjusted "by hand" so as to minimize the flavor 

changing neutral current amplitude in 4 decay and to make those amplitudes in 

other decays compatible with the very stringent experimental limits. 

One makes now the observation that the mixing angles are rather well con

strained already by the existing data. Specifically if the first equation in 2.4 is 

rewritten as 

d' = Ci(C" cd+ Scs) + Sib 

—*1 is constrained to be very close to 1 by Cabibbo universality and J?,, is the sine 

of the Cabibbo angle that ia well measured in K and hypp.roa decays, r'.dd'aioiial 

constraints ar<? imposed by the requirements of orthogonality of ,s' and d' and the 

requirement that the strangeness changing d •>—> s neutral current amplitude be 

small enough to be compatible with the Kjd - K§ mass difference. The. net effect 
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of these constraints is that the mixing parameters are strongly constrained and 

the lower bound stated in 2.3 is obtained. 

The best experimental limit comes from the data taken by th<; CLEO collab

oration which obtains 9 ' 

B^TMT K O Z % ( 9 0 % C-L) ( 2 " 5 > 

Coupled with the world average 9 ) for each (i.e. electron and muon) semilep-

tonit, branching ratio of the B meson of 11.6 ± 0.5% , this yields 

r(B - xt+v) < 1 % f 2 - 6 ) 

Thus the experimental value is clearly in contradiction with the Kane-Peskin 

bounds and excludes the b singlet possibilities. We next proceed to the discussion 

of the experimental determination of six out of the nine total elements Ui/ . 1 0 ' 

a) Uyd rerponsib'e for u —> d and d —* w transitions. 

We determine this matrix element by comparing the strength of nuclear vector 

beta decays to muon decay rate. To assure pure vector, i.e., Fermi transitions 

we have to limit ourselves to 0 + —> 0 + decays. In addition, it is important that 

the nuclear matrix element be perfectly understood, which in turn implies use of 

superallowed transitions. 

Sevorai transitions satisfying thest" requirements exist in nature an J have 

Wen studied experimentally. They generally are decays within the same T = 1 

multiple! and tin1 two that >rovidti the most accurate information are 1'0 and 
M Alm decays, The data on those and other decays, satisfying the criteria outlined 

above, s.re presented in Tible 1 below (reproduced from Paschos and Turke 1 ") 
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Tabic I 
ft'VaJttOf correctut.w and correspon-ung results for more accurate decays. 

Nucleus ft(s) 6&(%) 6c{%) S*>{%) \UJ\ 

M o 3047.6 ± 3.6 1.57 0.18 2.10 0L9T2Z3 
7AAtm 3037,0 ± 2.& 1.61 0.24 2.10 0.97377 
**Ct 3052 ± 12 1.68 0.S1 2.10 0.97255 
Stftm 3063 ± 10 1.M 0.44 2.10 0.97015 
«Se 3052 ± 13 1.81 0,44 2.10 0.97154 
« y 3039 ± 16 1.37 0,40 2.10 0.97311 

"Mn 303R.1 ± 7.1 1.95 0,47 2.10 0.97322 
"Co 3041.4 ± 5,0 2.01 0.56 2.in 0.97289 

The relevant corrections are: 6/t, the "outer" elflctromagnotie correction, 6c 
- tho nuclear ieospln correction to correct for isospin 'impurity m the transitions 
in question, and Sw • the difforonco in "inner" electiowcak correction between 
the nuclear f t values and tho muon decay rate. 

Pasehos and Turks obtain from their analysis 

Uai = 0.9730 ± 0.0004 ± 0.0020 

where tho first error it statlHticnl and tho second represents theoretical uncer
tainties. An independent analysis by Shrocjc and Wang i S } using compilations by 
Towner and Hardy and by Wilkinson131 as the basic input yields 

V%4 • 0.9737 ^ 0.002$ 

Clearly these number* we compatible with each other. As the !«jst value I shall 
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taie theavcrageofthe two, obtaining 

Vtf = 0.9733 ± 0.0024 (2.7) 

b) 1>"W responsible for tf -> * a»d s-*u transitions. 

There are two alternative approaches to measuring tltfat matrix element and 
we stall discuss each one in l«m. 

i - Analysis of the Kej decays, i.e., of the processes 

J f - » i r V * 

Ther« are several theoretical difficulty ihat have to be kept In mln^ when dis
cussing these decay modes, Firstly, we night expect some SUa *• caking ef
fects, «ven though they should be small hen by virtue of the Ademallo-Gatto 
theorem.11) Secondly, the momentum transfer involved Is no longer negligible u 
in the case of the nuclear beta decoy; hence tho form factor behavior must be 
understood insofar that it la the rate at o' «• 0 that is directly related to U$,. 

Experimentally, the input consist* of the lifetimes of the two K mesons, the 
branching ratio into the irev mode and tho form factor dependence allowing too 
extrapolation to obtain /+(0)> 

Shrock and Wang13' applv radiative and SUz breaking corrections to the data 
to obtain 

I/U J « 0.221 i 0 003 from K + decays 

r;„ « 0.212 ± 0.005 from KJ, decays 

Combining these w« obtain 

Uu* - 0.219 ± OJOOS (2.8) 

"» - The other method consists of analysis of the combined hyperoit and neu
tron decay rates. We first briefly describe qualitatively the formalism that is used 

M 



in this analysis. The general matrix dement for hyperon (or neutron) do-ay can 

be expressed in t*rms of 6 fonn factors, three of which: f\ , / j , / j are vector 

form factois and the other three, ?i , (ft , & axial form factors. Only / i and 91 , 

and to much lessee' TXtent h , give significant contribution to the experimentally 

observable quantities. 

The amplitude of the strangeness conserving decays ia proportional to 'J^j 

(n ••& in the old 4 quark formalism): of the strangeness changing decays 10 Uu, 

•s « in the 4 quark formalism). Furthermore, both A and / j are determined 

entirely by the CVC hypothesis. The yi form factor for each decay is expressible 

as a linear combination of 2 parameters, t and D, which represent the strength of 

the symmetric and anti-symmetric 6 ® 8 couplings. The exact paramettization 

of these S form factors is specified in Table II. 

Table II 
Parameters of the baryon weal; matrix 

Decay Amplitude /l(0) A(0)' ffl(O) 

n —• pel//. COS0 1 Mp-/Jn K + D 
£ * - • Aet-v COS0 0 -\/372Mn V^73£» 
ST ~* E 0 **, COB0 V5 v%„ + 0W2)J V^F 
k^pttfe ainO - ^ 3 / 2 -V372/X, V372(F+D/3) 
K- -*ntitt sin? - 1 -((*P + 2A») - ( F - D ) 
"ST -» At>t sinfl V372 -/372(/tp + p f t) )/3j2(F-Df3) 
S- — Y?t»t ainff 1/^5 UVHii,-iin) (F+D)/v£ 
3 6 — E + 6 / ( ainff 1 th~ **n F+D 
~- — ^tvt coaP 1 f»p + 2^„ F- D 

0 The values of the anomalous magretic moments are: /1, 
l.TO3,n„ = -1.913. 
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Every measurable in these decay processes (decay rates, asymmetry parame
ters, angular correlation coefficients) can be expressed in terms of the form factors 
discussed above. Thus once ainfi (and hence caa6) is known, each independent 
piece pf data determines a straight line in the D , F space. Hence the analysis 
can be thought of as consisting of finding that value of staff which results in 
all of those straight lines intersecting in a common point, or more specifically, 
minimizing the "circle of least confusion*. 

The latest experimental results from the hyneron decay experiment at CEWf u l 
are displayed in Fig. 3. In addition, dnta on neutron lifetime and neutron decay 
angular correlations are also shown on the same figure. There is some contro
versy and inconsistency in the neutron lifetime data. For the purpose of this plot 
a value of r, =s 925.3 ± 11.1 sec has been used by the authors of ref. IS. The 
lines labeled (gi/h) represent the angular correlation measurements; the other 
lines come from the partial rate measurements. The shaded area represents the 
extent of the experimental errors. Clnarly the duta are quite consistent and a 
least squares St yields for the best values of the parameters: 

0.477 ± 0.012 

0.756 ± 0.011 

0.231 ± 0.003 

This vaH'e of Uat is somewhat different from the K decay value [~ Zv). This 
probably reflects the theoretical uncertainties in both analyses. Accordingly, it 
is probably best to tatce the average value and increase the error somewhat to 
lake into account these uncertainties. Thus we quote 

Uvt = 0.22S ± o.OOE. (2A) 

Before leaving this topic, one should mention that there exists one set of data 
that is inconsistent with the above picture, namely the measurements oF the a. 

D = 

sinO s U m = 
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Figure 3 Summary of the hyperoD decay data (from GERN experiment) 
and the neutron decay rate. 
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Figure 4 Ttie four measuremcatB of the E" asymmetry parameter (a e) 
compared with the prediction of the overall fit. The curve shows 
the dependence of the at on tbe ratio of form factors (ji/A). 
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, the decay asymmetry parameter for £~ . These date axe ffiustrated in Fig. 4, 
togelJierwUh&eprediclionfiromthewrerallfitto the CERN data. The present 
consensus is to discount this disagreement somewhat, since all these data points 
come from low statistics experiments, done la less than optimum conditions 
Then is an experiment10) at Fenxtilab, which, just completed its data-taking 
phase, which uses a polarized E~ beam and attempts to reconstruct the full E ' 
decay by measuring both the decay neutron and the decay electron. The results 
from that experiment should definitely settle this particular question. 

c) Ud responsible for c -» d and d -* e transitions. 

In principle, there are two ways of extracting this parameter out of the data 

and we shall discuss each one In turn. 

1 - We can study the c -* d transitions in the charm decays. The ideal 

processes would be the decays 

D-t fitu 
since these axe unencumbered by the effects of strong interactions in the finaJ 
state. 

In practice neither of these decay modes has been observed as yet. Even 
when some data on these channel;i will be accumulated, there will still be certain 
conceptual difficulties with the proper analysis e.g. SUt breaking effects, mass 
of the charm quark to be used and form factor dependance. The pure hadronic 
decays D ~* 2n and D -* K*K~ have been observed but the extraction of 
Ved out of these data does not appear to be possible at the present time. The 
fundamental difficulty lies in the fact that the Hadronic effects simply are not 
understood well enough theoretically to be able to extract quantitative results. 
To illustrate this fact we remind the reader that experimentally17' 

F(D' -• jr+ir*) 

whereas the phase space effects would tend to favor the *-+ir~ mode. To my 
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knowledge, no satisfactory explanation of this discrepancy has been given. 

In addition there is the experimental fact that the lifetimes of D" and D* do 
not appear to be equal. Specifically using HitVw'a compilation1*) we have 

' -0.60 - 0.42 

This can be understood at least qualitatively on the basis of the fact that the 
exchange diagrams that contribute to the D" decay are absent in the case of 
the D+ decay (see Fig. 5). However, I am not aware of any reliable theoretical 
calculations that are able to reproduce accurately this number. 

Thus at best we can conclude from the non-leptonic decay modes that the 
e -* d transition is suppressed with respect to the c~* a rate. Extraction of any 
quantitative information out of the charm Csbibbo forbidden decays, however, 
will have to await beU«r experimental data or better theoretical understanding 
or both. 

2 - quantitative information ol\ the Ue& matrix element can be obtained from 
the charm production by neutrinos. More specifically, one studies a ft+ft~ final 
state that is dominated by the sequence 

v -f p (or n) -» charm + *»" 

which on the quark level can be written as 

v + 4 -* pT +* 

^— A + II* + 1/ 

or 
u •{ a ~* yT •¥< 

and comparable reaction for the incident i/'s. 
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Figure 5 The standard diagramB that contribute to D" (a) and D* (b) 
decay (Cabibbo aUowed). 
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To obtain the value of t/ cj we must separate the two quark contributions. 
The expressions for differential charm production cross sections by neutrinos 
and anti-neutrinos on isoscalar target (a good approximation for heavy target 
experiments) arc given by: 

g j = ̂ M {HU> lu(x) + <£(*)] + |I/„|> •&<*}} (2.10) 

%, ~ ^ ~ ^ { l ^ | * [ f l W + ^ ) ] + |tr e ir2a(«)} (2.11) 

where u(x) and d(.r) arc the u and rf quark distributions in the proton and we 
have utiliied the fact that u(i) in proton n the same as d[x] in neutron. 

Experimentally, th.2 best measurement is of the 2/i/l^t ratios i.e. of a\^\at. 
and of the o%_ja^.. Wc note that for single muon production wo have 

£ £ «*(*) + {!-»)'*(»> (2.12) 

T- j -K^ i J + U- r tS lx ) (2.13) (Pa0 

dxdjf 

where g(as) stands for u(x) , d[x) , and s{x) and .similarly for i}(x). We can now 
define 

R = <7j/ffH (2.14) 

and integrate the expressions 2.10 - 2.13. Using the fact that <(*) = 3[x), after 
some algebra wc obtain 

WM> = K-/^)-(M-K)^ ( 2 . 1 5 ) 

with B being the weighted average semileptonic branching ratio of the charmed 
particles, the weighting being determined by the relative production cross section 
of various charm particles in v[p) interactions and the relative muon detection 
efficiency for those decay modes. 
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The detailed analysis of this reaction has been performed 1 9) by the CDHS 

group who used R = 0.48 ± 0.02 and B = 7.1 ± 1.396, the latter value obtained 

by studying relative charmed particle production in emulsions. The dimuen to 

Bingle-muon cross section ratios used came from the CDHS experiment. For the 

value of \Vcd\ the authon abtain 

\Uei\= 0.24 ± 0 . 0 3 (2.16) 

The CCFRIt collaboration at Fermilab obtains a similar value* 0 ' (0.25 ± 0.07) 
from the analysis of their ft+(t~ data. 

d) Vet responsible for the c - > < and s —* c transitions. 

Again, information here can be obtained both from the charm decays and 

from the charm production by neutrinos. 

1 - The optimum charm decay channel tc use is the process 

since this decay combines the best experimental input and fewest theoretical 

untertaiirties. Nevertheless some problems remain and they tend to limit the 

accuracy with which we can measure this matrix element. 

On the theoretical side we need to cope now with the potential SUA breaking 

effects which could be larger here than in the case of K decays. The tana factor 

dependas.ee could also be more important here since j ' involved can be quite 

large. At present, there is no information on the Dalitz plot density for this 

decay. Finally the relationship of the decay rate to the value of \Uet]2 depends 

on the masses of the c and s quarks used. 

Experimentally, for a specific decay, for example-. 

D+ - Kce+ut 

we need to know the £>+ lifetime, exclusive branching ratio D + -• t* X , and the 

fraction of that exclusive mode that goes to K°e+uc . The difficulty in extracting 

23 
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the rate of interest lies in the feet that rjj and rjr, appear to he different tuid thus 

their leptonic branching ratios will not be equal. Most of thu cxclunive D - • tX 

branching ratio measurements came Irorn high energy e + e _ innihilfitioiia, where 

the precise D^/D* production rate is not known very well experimentally. 

The numbera we shall use are: 

r+/T_ ^ 2.78 

fj5 = (8.3 ±1.0) x 10~"ccc 

B(D -+ eX) = (8.4 ± 0.6)% 

O(D°)/<J{D+) = 2.3 ± 1 . 2 

T(D -> Kev)/T{D -* tX) = 0.55 ± 0.14 

These values give 

B ( D + - + e f X ) - ( 1 5 + a)% 

B[D+ -+ K V > C ) = (8 ± 3 ) % 

and T{D+ -» J f V i v ) = (1.0 ±0.3) x lD n see~ ' 

Finally, to relate the last value to \Vt,\ we use 1 4 ' 

r(Z?* - ffVi*) = l , 5 x W " a « - 1 x \f^K(0)\2 * |C« | 3 

where the numerical coefficient was derived by using the F' dominance of the 

form factor. Assuming perfect SU* symmetry, i.e., f?"K(Q) = 1 , vie obtain 

[ l / „ | - .82 ± .13 

where tfin uncertainty quoted represents merely a propagation of the errors In 

the input quantities &nd does not reflect any additional theoretical uncertainties. 
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2 - independent information on this matrix element can be obtained from the 
cham prododoan by neutrinos, Le. from the aiuriysfeoTp+jr'events in the final 
state. The differentia] crass section has ban given la equation 2.10 end thus on« 
most separate the two contributions. This can be done because *h* valence and 
sea quart distributions hare quite different x dependence. 

la more detail the procedure is as follows. •(«) distribution assumed to be 
the same as «(x) can be obtained directly from the p+pr events produced by the 
e interactions. Because Utd is small, &f» and 4(x) contribute very little to this 
process, and in addition they are very similar to *{x) as can be ascertained from 
stogie ft production by 0a at high y. This fact is illustrated in Fig. 6a whore 
the actual j»+f*~ * distribution is compared with the prediction from the single 
p. data analysis. Finally, the u and d quark distributions can be obtained from 
the structure functions using the relation 

i[u(s) + d[x)} = l\Ft{x) + xF,(a) - 2xa{*)\ (2.17) 

where Fj and .F3 are derived from the analysis of single muon data.95) As can 
be seen from Fig. 6b the data can be St quite well18) by a linear combination of 
these two distributions with the result 

where S = fBxs{x)dx and similarly for U and D. Again, using the results of the 
single ft experiment, this result caa be converted to 

IffsiAff+A)*"* 1 * 

l b go any further we have to make some assumptions. We expect that 25 < 
(&+£>) twcauaeorihe heavier sqnarlc mass. If we take the extreme case of SV3 

is 
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svmmctxjr, Lav 2S * & +D then we obtain 

|rjtt|a>(k3±Lfi)|rs<<|* 

Clearly, this assumption gives * k&*8L umh for */«* We can plug in the previously 
derived value of U^t t» obtain the inequality 

[f/„| > 049 at 00% CX. 

This value is obviously consistent with th» result obtained from the ch»r««:d 
meson decay analysis. 

u) Uut responsible for the u -» 6 or 6 -* u transitions. 

By far the beat limit on this parameter comes from the new information on the 
6 quark lifetimes and I ho upper limit on 6 -> u b. inching ratio. Before discussing 
those data, for historical reasons we mention briefly the information that can be 
extracted from the like sign dlmuon data resulting from 0 inleractinns. These 
events could originate (in the quark picture) from: 

C-+ u -* /i'+e 

Uc + Jf 

!-• s + p* + y# 

In the actual calculation30), It is convenient to comparo thr> redes for JI*V" and 
i*±M± aince some of the uncertainties catirei out m that procedure. Threshold 
factors due to finite e and e quark masaei haw to b* included. The OUHI stringent 
limit can be obtained by amusing thai at (east a part of the /* V ~ rate is dor 
to some background process tlwt atso contributes wilt- the same strength to v 
Interactions, and is responsible there for all of the IL~P~ events (the cross section 
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for i/u ~* in" would be much enuJler). Under those amniptfoir' one obtain the 
limit 

|0^l < 0.19 (2.16) 

A audi better value is obtained by study tag the ft decay* directly. The 
iir^oi'Mit uiput here wthe letio T(b -* vlf)/T{l> ~* ttv) which can be obtained 
'.mm the study of the tepton momentum spectre, resulting from the semtteptonk 
6 decay*. Tfoe 4S T region is the ideal point to study this Question since the B 
mesons produced axe almost sit rest end Doppier broadening is relatively smell, 

This problem was studied by the two collaborations working at CESR end 
they have obtained the following limit* at the 90% C.L. 

r(4 -> uh*),V(h -* cto) < 5.598 CUSB collaboration") 

r(6 - u*v)/r(6 -• tto) < A% CLEO .jollaboratlon"1 

There is Eoroe model dependance In the extraction of these limits from the data 
since one his to IDaie some assumptions that affect the exact functional depen
dence of the curve that is fitted: i.e., spectator quark model or wall defined final 
state niasE, Fermi momentum of the a quark, mass of the spectator quark. The 
end result, however, is only mildly sensitive to these assumptions provided that 
.-e&wn&Mc values of relevant parameters are taken, The relevant lepton spectra 
and the fits to different hypotheses are shown in Fig. 7 f c the CUSB data and 
Fig. 8 Tor the CLEO data. 

Taking '.he more stringent CLEO limit end correcting fcr phase space effects 
due to lUffmnt masses of the u and t quarks we obtum en upper bound 

WMW<i\ < 0.14 with 90fo CX. (2,20) 

I) V^r responsible for c — b and 6 - - c transitions. 
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The lifetime of the b quark can be related to the linear combination of |Cej,|3 

and !^«e|s. The exact values of the coefficients depend on the quark masses used 
find on the magnitude of the dynamical enhancement for the non-leptoaic modes. 
We follow the treatment of GaiLlard and Maiani29' who derived the relationship: 

TB = 0:93 x KT 1 VCZ.75|tTd|2 + l.lp^2) sec (2.21) 

Note that the ratio of the 2 coefficients, i.e., 0.36 is somewhat different than the 
ratio of 0.45 used by the CLEO collaboration18' in relating their 4% experimental 
limit to 0.14 limit on matrix elements previously quoted (using 0.36 would reduce 
the limit to 0.125). 

The 6 Quark lifetime has been shown about a. year ago to be surprisingly 
long80' and the present situation has been summarized by Jaros3^ at this Insti
tute. The results are tabulated in Table III below. 

Table m 
Summary of b lifetime results. 

Collaboration Value (ps) Reference 

Mark II 0.85 ± 0.17 ± 0.21 31 
MAC 1.6 ± 0.4 ±0.4 31 

DELCO l - io t j l + 23 32 
JADE I 8 ^ ±.35 33 

TASSO 1.3 ±.4 ± .6 33 

All of these experiments use the impact parameter method 3 0 , 3 1' K> cxt.-aci 
the lifetime value. Thus the systematic errors could be similar and it is probably 
Incorrect to take a weighted average of all the values. For the purpose of the 
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following discussions we shall take 

Tb = (1.0 ± 0.3) x 1 0 _ i a sec 

Tnis val'^j yields 

\Ua | = 0.058 ± 0.009 (2,22) 

sin je Uui contribution can be neglected here in light of equation 2.20. 

Furthermore, combining this with the equation 2.20 we also obtain 

IC/^I < 0.01 90% C.L. (2.23) 

Clearly this limit is much more stringent than the one obtained in 2.19, 

g) Other 3 matrix elements. 

Clearly no direct experimental information exists at the present time on the 
other 3 matrix elements that link the t quark to d , a , and b quarks. For 
completeness, it might be worthwhile to end this discussion by discussing the 
eventual prospects for measuring these elements. 

As will be apparent from the discussion below, we expect the inequality 
l£/jii » \Ut,\ » \Uti\ based on the extracted values of $ltfo , and 03, IE the 
mass of the t quark is in the vicinity of 40 GeV, we would expect an appreciable 
decay rate 3 4* of the toponnmt state into tbtrv and Tbt*v. Since T[tl -» «*«") 
can be measured from the height of the toponium peak, the relative branching 
ratio of (It) -> eJ- e" vs. titv can give us the value of \Uttf. We expect hen 
the usual difficulties associated with measuring an angle by measuring its cosine 
when cos0 ss 1. 

In principle the values, or more likely, the limits on the other t quark matrix 
elements can be obtained by looking at the lepton energy spectra in toponium 
decays, or bare top decays, in a manner similar to the CESR work on 6 quarks 
discussed above. However, because of the high ( quark mass, this technique will 
be rather difficult. 
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Again, in principle, the top production by neutrinos can yield information on 

Ut, and Uti. This method, however, will have to await v beams o{ much higheT 

energy than are currently available. 

Calculations of ».he 4 basic parameters: flt, 0?, fl3, S, 

We can proceed now to the extraction of the 4 basic parameters from the ex

perimental input. We shall use the original Kobayashi-Maskawa parametrization 

foT this purpose. We proceed in several steps: 

1 - Since U^ = C\ in K-M parametrization, we obtain directly from equation 2.5 

that 

Si = 0.230 ± 0.0L1 (2.24) 

2 - We can perform a consistency check using the elements of the first row, which 

also gives us a va!ue of S3. Since 

by substituting the experimental values for the expressions on the left hand side 

of the equation, we obtain 

H-,05 
* * - - ° 4 5 -.045 

Clearly, the unitarity condition is satisfied but the information on S$ is limited. 

Dividing hy S\ we obtain 

+.21 
ft = 0 . 2 0 _ > 2 o (2.25) 

This method of obtaining S3 is much less sensitive than the more direct evaluation 

discussed below. 
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Figure 9 The relationship between S2 and St values and the value of 6. The 
allowed Sj and Sz values irust lie within the triangle bounded by 
the three solid lines. 
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3 - Using eq. 2.23 and definition of V^ we obtain 

5 , 5 3 < 0.01 90% C.L. 

and dividing by S t wc have 

Ss < 0.043 90% CX. (2-26) 

4 - From the expression for U^ and eq. 2.22 wc ottain 

\Va\ = \CiC3Ss + SaCat'"! = 0.0S8 i 0.009 

which gives us the inequality 

\Si + SttiS\ > O.058 ± 0.009 (2.27) 

The above expression gives us correlated limits on 5z and 5j which will occur 
when 6 = C nd 6 = ff. *4ore precisely, the allowed space for Sj and S3 will be a 
triangular region boom* id by the three lines i.e 

Sj = 0.058 + S a J = jr case | 

5 a = 0.058 - S3 S =Q case > (1.1%) 

S3 = 0.043 5 a limit J 

The intermediate values of S give well denned contours inside this triangle. These 
limitB as well as contours for other values of 6 are displayed in Fig. 9 (adapted 
from L.-L. Chau and W.-Y. KeungJ5>) 

5 - As is apparent from, the discussion in the preceding section 6 can be deter
mined tf both S2 and 5a are known. The functional form of the 6 matrix elements 
discussed above demonstrates that even if the experimental errors were consid
erably reduced, a unique determination of these two angles is impossible without 
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additional input. Hence we might discuss briefly which other experiments can 
provide auxiliary information on these parameters. A Full discussion of these 
questions would take us too far into the theoretical domain; in addition it would 
unnecessarily duplicate a much more erudite treatment given in the parallel lec
tures by 11. Harari. For completeness, however, we should mention briefly some 
of the relevant points. 

The basic idea is thaL the off diagonal K° - K° mass matrix element is 
related to several experimentally measurable quantities and that a major (?) 
contribution to this element is expressible in terms of the K-M matrix elements 
and hence 0,, 0%, 03, and 6. Some of the quantities related to this matrix clement 
are Am,K\ - K<i mass difference, CP violation parameter In K° — ft" ajatem 
and pari of the amplitude Tor fC° -» p+l*~. We shall have occasion to return 
U> this point in several instances late on in these lectures. Below we elaborate 
briefly on the second point. 

Ti.•• off-diagonal K* - /f° matrix clement can be expressed as 3 B): 

" MX — En 

when' the first part, involving a local AS a 2 Hamiltonian can he related to 
the box diagram shown in Fig. 10, and the second, dispersive part represents a 
time ordered product of two local dS •= L Ha'niltoniana. It has been customary 
to neglect the second part on the grounds thai the different contributions enter 
with bath positive and negative signs and hence will cancel out. The contribution 
of the box diagram 3 7 ', M | j* v which in this approximation equals Myt, can be 
written as 

u.ct 
M\T oi^XiXjAijKn (2.30) 

v 
where A, - t/,*(/ij and i - «, r, t . and .4,, are well defined functions of the quark 
masses, generally calculated under the assumption that mq < m\y. Kn is the 
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Figure 10 Tie box diagram used to calculate the short range approximation 
of X6 - 8° transition amplitude. 
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matrix element of the AS = 2 Hamiltoman. Thus it follows from the above that 

if 

a) masses of all the quarks are known 

b) one knows how to calculate K-a and 

c) the neglect of the long distance contribution* is valid, 

then the measurement of the quantities expressible in terms of Af» will give 
us information about elements of matrix U. It is important to emphasize these 
limitations and approximations inherent in these analyses. In practice the ap
proximation (c) is considered to be better for calculations of some parameters 
then for the others38) (e.g. better for £ than for Am) ; the uncertainty in JTJJ 
has been traditionally parametrized by 3 9' 

Ufa = fl(*u)«t 

where (Ki3)vu is the vacuum saturation approximation of the matrix element, 
first used successfully by Gaillard and Lee40) in predicting the value of the 
charmed quark mass and B is usually called "bag Factor" that can be tabu
lated theoretically with a certain degree of reliability41); the mass of the top 
quark has been either used as a parameter lr. calculating other quantities or been 
predicted from other measurements43). 

It should be clear from the above that when the top quark mass is known 
and the value of B is well understood, quite accurate determination of the basic 
parameters should be possible. Furthermore, different pieces of the experimental 
input can then be required to be self-consistent. Any discrepancy would be an 
indication of the new physics that is not contained in the K-M matrix parameters. 

Summary. 

It is useful to put together all the results on the matrix elements of TJ. We 
first compile together the raw experimental data (we quote here magnitudes of 
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the matrix elements): 

( .9733 ±.0024 .225 ±.005 < 0.01 
.24 ± .03 .82 ± .13 .058 ± .009 

We can obtain more precise values by assuming the unitartty of the U matrix 
and utilizing the values of $i, 0%, and 6$ derived above to calculate the eleme its 
of D, This proce *ure then yields (again magnitudes only): 

U = 
/ .9733 ± .002* .225 ±.005 0 -0 .01 ^ 

.225 ± .006 .971 ± .002 .058 ± .009 
k, .013 ±.009 .058 ±.009 .998 ± .001 / 

3. CP Violation 

It has been 20 years almost to the day since the initial observation43) of 
the CP violation through the decay K£ — ,T+ir~. The subsequent decade has 
witnessed a great flurry of activity which established the validity or CP violation 
interpretation as the explanation of the K"L —t 2JT decay, uncovered no evidence 
of CP violation in any other process, and led to quite accurate measurement of 
the fundamental CP violation parameters in the K" - Ra system**'. 

The last few years have seen a revival of th- interest in the CP violation 
question. Part of the stimulation came from the discovery of the heavi. quark 
systems, which could provide a new laboratory for studying these phenomena.. 
More important, however, hay teen the realization that more precise measirc-
ments of the CI' violation parameters could shed tight on any potential n -v. 
physics since the prediction of these parameters from the K-M matrix phase 6 
appears possible."15' 
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In this chapter we shall discuss tfce most recent work an the K —• 2sr decays, 
the prospects for improvement during the next few years, other CP violation 
experiments planned, and possibilities for observation of CP violation 1B the 
heavy quark systems. We shall begin by a brief summary of the formallum needed 
to describe the Jf* - R° system phenomena. 

We define \K° > and jffj > as CP cigenstates, i.e. 

|KJ > - -jg{|JP > +\R° >} and \iq > = -L{|K° > -{R* >} (3a) 

and the actual states observed, [A'| > and |Jf|, > as 

\x% >= yj^jjdXi > +<l*« >} ™d i n >- 7 T T ^ { i r i 3 > + t | K J > } 

(3.2) 
From tht above U is clear that s represents the amount of the "wrong1' CF Btate 
admixture and thus is a measure of the amount of CF violation in the K" — R° 
system. 

One can also have CP violation directly in the K ~* 2TT decay. This would be 
the result of a non-zero phase difference between /lo and Aj, amplitudes leading 
to T=0 and T=2 2w states respectively. The standard convention is to define 
phases in sLch a way that AQ is real. Then the direct CP violation parameter £* 
can be expressed as 

where S2 and So are T =2 and T=0 irn flattering phase shifts that can be measured 
in independent experiments. 

It is also customary to dtfine 2 other amplitudes that ore linear combinations 
or ( and <*. These ore 
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Finally, one should mention the types of experiments that can provide infor
mation on these parameters: 

a) The rate of if£ -» ff+jr" gives us | 7 + _ | 3 

6) The rate of K\ -> w°jr0 gives us |^ee.|a 

e) The charge asymmetry in scrnilcptonic modes is proportional to Re i, 

d) Interference between coherent K\ and K\ beams decaying into JT ' JT" yields 
phase of n+-

<) Interference between coherent K\ and KJj beams decaying into n"*0 yields 
phase of J7« 

The first 4 experiments provide by far the most precise information on the CP vi
olation parameters. One should also mention an important relation that provides 
a constraint on arg t, which fallows from unitary arguments 

2(mL - ms) , , 
tan arg e - - i—^ ^ (3.6) 

The experiments mentioned above arc all consistent^' with the superweak model 
of CP violation48' whieh demands that 4 be zero to a very high level of precision. 
For «they yield the value 

t - (2.27 ±0.08) x io-y<«'T»-*>° 

In the last few years there has been a renewed interest in precision measurements 
of <*/«, Experimentally, this measurement is attractive since due to the relation 

|*..| ,/to+-.r = 1 - «*•/« (3.7) 

* lilah followB immediately from 3.4 and 3.5 a measurement of l ^ p / W+-I* gives 
an amplified precision for t'/t by a factoi of 6. Furthermore, tKis measurement 
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represents a ratio of two ratios, namely 

|n+_|» r(jrj-*»+^)/r(jifi-»+»-) l 8- 8' 
and one can propose experimental arrangements where at least a part of the 
systematic enois w»U cancel out by virtue of this fact. 

On the theoretical front, theoretical advances and improved experimental In* 
put on the K-M parameters albw one to predict the value of ^ft within the 
standard model.47) The spirit of these calculations involve basically the assump
tions that the < parameter is dominated by the box diagram in Fig. 10, the «* by 
the quark diagram illustrated in Fig. 11. Experimental results at variance with 
tliij theoretical prediction woutf have to imply additional sources of CP violation 
(for example more complicated Higgs structure or right handed currents). 

There have heen recently two new experiments that try to extend our knowl
edge of e'/e ratio. The first one of these, Fermitab E617, is a Chieago-Saelay 
collaboration and its final results have been presented by Winstein at the 1984 
neutrino confeience in Dortmund48' and by Cronin at this Institute.*9' The 'iee-
ond one, BNL experiment 749, by a BNL-Yale collaboration, is still in the analysis 
stage and only preliminary results are available at this time.*0) 

Because the new results are discussed In much mora detail by Cronin4'' we 
limit ourselves here only to several brief comments. One could first moke some 
gene/al statements that apply to both of these experimental 

a) The goat is to measure e*/e to better than 1 % , Since t itself is small, good 
control of backgrounds is mandatory. 

6) By measuring cither 2TT° and *•+*•" modes simultaneously, or A£ and Kg 
decoys simultaneously, some of the uncertainties drop out (e,g. dependence 
OR flux measurement). 

c) Since in cither procedure one tries to utilize as much of the same apparatus 
as possible, lot of experimental uncertainties do cancel out and reliance on 
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Figure 11 The diagram which glvea a major contribution to the e* parameter 
In the standard picture. 
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Monte Carlo to lessened. 

The basic idea of the Chicogo-Saclay experiment Is bidicated schematically4*) 
in Fig. 12. The modes 2w* and ***~ arc ofeerved at different times, biit one don 
look onraltaneousty at 2 separate beams, a direct K | beam and a regenerated .Kg 
beam. The regenerator is moved from one beam to another on a puke to pwse 
basis to average out any possible variations in the fimc or differences hi efficiencies 
in different areas of the apparatus. Identical regenerator is used for both *+*" 
and n°ir" running. In the 2TT° mode, one of the 7 rays Is teqaired to convert tn a 
thin converter which also defines the end of the decay volume. Finally, the tate 
of cfĉ Lya in both beams is maintained roughly constant by another absorber in 
the regenerated beam that is located far upstream and moved from one beam to 
another in phase with the regenerator. 

One has to be careful about several potential sources of trouble: 

a) The 2 beams {jf£ and Kg) have to be well separated so that alter recon
struction one can identify unambiguously the source of each 2ff event, 

b) The resolutions for the JT'TT' and n+ir~ modes are Inherently different, both 
in mass and also in direction. This has the effect bhat the background that 
has to be subtracted, both under the K* mass peak and under the 0' 
regenerated beam (due to incoherent regeneration) is larger for the 2ir" 
mode. 

c) Because of lifetime differences, the longitudinal decay distribution of KJ 
and Kg will be different. This does introduce some dependence on Monte 
Carlo calculation of efficiency. 

The extent of these potential difficulties and/or the level at which they have 
been taken care of by the experimenters Is illustrated In Figs. 13 • 16. Fig. 19 
shows that the decays from the two beams are well separated la both the 2** 
and *+ir~ modes. Figs. 14 and 15 illustrate for 2 typical energies the effects 
of different resolution for the 2 decay modes. The background Is essentially 
negligible for the n+x~ mode; for 2*"s U is at the level of few percent both 
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Figure 12 Schematic drawing of the bask idea of the Cbicag»»S&clay experi
ment. The amplitudes being measured is each beam are indicated 
at right. 

45 

ft. 



1000 -

1 — I 1 1— 
Neutral Mode 

7r°7r° nil 

Charged Mode 

A "V 

Mk 1 

n 

HO 0 10 HO O 10 

9-8* 
Transverse Position of the Decay Vertex (cm) 

4909A12 

Figure 13 The transverse decay point distribution of the detected events in 
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Figure 16 s dutribtttioo of the reconstructed *-jr decsya <A K\ and XJ for 
2 repreflentative energies (from the Chk&go-Saelay experiment). 
The aolid line* represent the data; the data the Monte Carlo pre
diction. 

49 

£ 



under the mass peak and under the forward coherent regeneration peak. Finally 
the z dependancc of the reconstructed decays and the Monte Carlo prediction fa 
shown in Fig. 16. 

In addition, various checks on the systematica have been performed by the 
group which give one an ability to estimate quantitatively the magnitude of die 
systematic errors. The final result is 

<'/c = -0.0046 ±0.0053(stet) db 0.0024 (syat) (3.9) 

The DNL experiment takes a different approach and collects JT+JT" and ir6*" 
events simultaneously. The data taking alternates between J(£ and K%, tfc* 
latter being generated by moving an 80 cm carbon regenerator Into the beam. 
The highly preliminary result quoted by Winsteiri™* at the Dortmund Conference 
is 

t'/t = -0.0027 ± 0.0OC1 (atat) (3.10) 

The systematic errors are still in the process of being calculated. 

These experimental numbers should be compared with the most recent theo
retical calculations47) of lower bounds on t*/e displayed in Fig. 17, The Important 
point to be made here Is that the sign of e*/e is predicted by these calculations 
and thus there appears to be ~ 3a discrepancy with the experiment. 

In light of these results there is a considerable interest in improving the 
t'/e measurement. There are at present plans for two major new experiments 
with that goal in mind. The first one, a Chlcago-Fcrmllab-Priiiceton^aclay51) 
experiment at Fermilab (E731) uses similar techniques as Us predecessor, Btl7< 
It does, however, take advantage of several improvements, namely better duty 
cycle at the Tevatroit, new and improved beam line, better acceptance, and an 
improved detector. A data taking rate some 30 times higher than what was 
achieved previously is anticipated. 
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A quite different approach has been prapond at CERNM' by the CE&N-Pba-
Doitmnnd-OrBay-SiegeA-Edutbufgh collaboratloii. The plan b to take «**" and 
* V data dmultaneously like in tin BNL experiment Then are several ttupcn> 
taut and ambitious innovations. The K% beam fa obtained not by regeneration 
but by targeting the primary proton beam near the detector. Tub Kg target fa 
movable, the idea being to vary targeting point along t^adfceettontiitowghaic 
decay volume during the experiment. Thus the A 8 and JfJ s decay distributions 
should be very similar. The experiment uses no converter and no magnet and 
thus achieves very high acceptance, The background to x+iT mode Is suppressed 
by good particle identification, good angular measurements, and UM of a hadron 
calorimeter to measure pion energies. A liquid argon detector la used to measure 
T-ray energies and impact points. 

Tii-'fiti experiments strive for accuracy In the tf/t ratto In the neighborhood 
or JQ~3. The first results should bo available in three years. 

I would like to summarize next tome of the other experiment! on CP violation, 
either performed in the recent past or planned for the near future, that attempt 
to extend our knowledge of that phenomenon. 

a) The CP-nonconscrving polarization of ftf from the decay K* -* **n¥v , 
normal to the decay plane, has been measured recently by the Yalc-BNL group"'. 
For events satisfying P̂  • P» » 0 they obtain a value 

P » ( - 3 . 0 : f c 4 . 7 } x l 0 - 8 

This result, especially when coupled with the earlier companion work on p polar
ization from IT£ decoy,54) precludes unusnalty large contributions to CP violation 
from the Iltggs sector. 

b) There arc tentative plans at CER.N to look for a difference In the branching 
ratios for K" - fcr° and # * - 2**, which b allowed if CP invariance is violated. 
The proposed letter of intent"' plans to exploit the fact that at LEAR one has 
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a very good source of tagged K° and K" decays resulting from the channels 

pp -» K+*-K° or K-x+K* 

The authors propose to look at about 2 x 10* 2*r* decays which would yield 
sensitivity on the «*/« ratio of about 3 x IIP3. 

«) A Match for CP violation in a new channel » at present under way in a new 
experiment at Fermilab56' by a. Rutgerp-Wisconsln-Michipm-Minnesota collabo
ration. The experiment will measure the rate for the decay K" -*• tt+w-r* as 
a function of the proper time in the K° rest frame> The major contribution to 
this decay will come from the decay of Jf£ , but this rate will be modulated at 
a level of about 10*1* by simultaneous presence of a CP violating amplitude due 
to JK| -*•Jr+ff-ff* decay. The interference of this small amplitude will give some 
time dependence to this rate. If one defines 

*? +"° ~ A{K% - ir-Firiroy 

one expects a precision on tj+- e/e of about 0.25. This can he compared with the 
present limit of 

d) A recently approved experiment at BNL, E791, proposes87' to look for GP 
violating mode 

The single <y at 2? diagram which contributes to this decay ia CP violating 
and tie contribution to tlie branching ratio can be estimated from the rote of 
K* -* * + e 4 e ~ decay if the decay occurs solely through the Iff admixture m 
the Jf£ state. This rate would involve CP violation in the mass matrix and thus 
be proportional to |e|*. The estimated branching ratio from this contribution > 
exirr1*. 
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On the other hand there can also be "direct" CP violation In this decay 
mode which has been estimated**' to generate a branching ratio at the level of 
3 x ICT11. Thus the situation could be quite different here than In the case of 
K -» 2w decay where the "direct" CP violation amplitude e* * £ 10"V The 
proposed experiment hopes to achieve — r'̂ nrhy to be able to see the "direct* 
CP violation. 

e) The same experiment*7' plans ako to look for the longitudinal polarization of 
the p+ in the decay 

2 amplitudes can contribute to this process59); 

a = iS<t which is P and CP conserving, and 

6 = 3

JP, which is P and CP violating. 

Since a longitudinal polarisation of p* violates parity, both of the above 
amplitudes must ba present if that polarization is non-zero, and hence CP must 
also be violated. In the standard picture, the polarisation is expected to vanish at 
the level of 10'*, so a significant non-zero polarization observed must be evidence 
or new physics contributing to the process. 

The decay rate can be expressed as 

r a ( | a | s + ^|6| a ) (3,11) 

and the polarisation F as 

MAO 
where v is a phase apace factor Vist is numerically wOAl. 

The important point here is that considerable theoretical uncettaiaties ex
ist in calculating the rate for K% -* M+P~. The pure weak interaction quark 
diagrams are not able to account for a significant fraction of the remaining 
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K]! —» n+fi~ amplitude after the contribution of the 2f intermediate state is 
subtiwted oiit 0 0 '- Thus from the rate measurement alone, one cannot exclude 
a significant CP violating amplitude b and a polarization close to 100% cannot 
be ruled out. Furthermore, there is no experimental information at the present 
time on the polarization in this process. 

{) Finally, one should mention the e' itric dipole moment of the neutron as a 
potential testing ground of the different models of T violation (and hence also CP 
violation within the framework of CPT invariance), The present upper limit,*1' 
quoted as 

<U - (0.4 ± 1.5) X 10"J*e em 

IE already restricting some of the more exotic models of CP violation, but still 
about 6 orders of magnitude away from the prediction of the standard model"). 
Thus even with the experimental improvements anticipated in the near future, 
the experimental accuracy will not be sufficient to expect a non-zero answer if 
the K-M phase is the sole source of CP violation. 

Heavy quark systems. 

We conclude this chapter with a brief discussion of potential CP violation 
effectB in the heavy quark neutral states. The uniqueness of the K° — R" system 
lies in the fact that the only quantum number distinguishing fC from its antipar-
ticle is strangeness, i.e., a quantity that is not absolutely conserved. The heavy 
quart neutTal states, D* - Da , fl° - Sc , and 7"° - f duplicate these conditions 
insofar that thty also differ by a flavor quantum number that is violated by weak 
interactions. Hence we whould ask to what extent the mixing phenomena and 
mass matrix CP violation, seen in the K" K° system, can bn expected to be 
reproduced aluo in these heavier neutral systems. 

We should first paint out that the B° • P" system is the most favorable one 
of the three for the observation of the mixing phenomena.fi3' The two heavier 
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quark doublets can be genetically represented as 

ra-o-@ • 
In general V(L) < T(H) because of enhanced phase apace for heavy quark 

(H) decj-'s and even more importantly because the light quark (L) has to decay 
out of its doublet and hence is Cabibbo suppressed. In addition, if the man 
difference is dominated by the box diagrams we would expect 

(Affl)i a Mfi 

(Am)H- a Ml 

and hence 

(Am)i > (Am]j? 

We shall have large mixing if the mass difference is large enough so that the 
phase between Qs and Qi, (Q is used as a generic name for a neutral system, 
e.g. K$ , Dg » etc.) can change appreciably during an average lifetime of that 
system. Thus (Am/T) is a measure of the size of that mixing and from the 
arguments given above we expect that 

,Am. .Am, 

Hence the K and the B systems should exhibit the greatest mixing effects. Par
enthetically, we should mention that experimentally64' the D" - 5° mixing is 
limited to less than 4%. 

In the remainder vf thfe chapter we shall comment very briefly on some oFthe 
theoretical calculations regarding the possible mixing and CP violation effects in 
the IP - B" system. One measure of mixing is the parameter r defined as 

r~x{B°^i~) 

The physical meaning of r is the relative probability that a particle which starts 
out HS a B" changes ii-o a B", as evidenced by its decay into the "wrong" sign 
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lepton. It goes without saying, that the leptons discussed above refer to primary 
leptons only, Le. do not include secondary leptons from intermediate charm 
particles. One can show65' that r is given by 

r = 
1~€B 

3 (Am)2 + ^fAf)* 
2 P + (Am)2 - 1/4(AI")2 1 + tB 

where eg is the £ in the B system (parameter characterizing CP violation in the 
mass matrix) and AT = T$ - I*£ . Thus we see that r can be non-zero either by 
virtue of Am ^t 0 , Le. mixing due to phase difference or Ar jt 0 , which gives 
rise to mixing by virtue of one linear combination of B1s decaying away faster 
than the other. Both of those terms are appreciable in the fC — K° system. For 
the B'B we expect Am » AF since the states that couple to both E" and B° 
and hence give rise to Ar, couple to them relatively weakly66) in contrast to the 
situation with the 2% state in K°K° system. 

The CF violation arises if r and f are different. In that case the lepton 
charge asymmetry, which is a true measure of observability of CP violation in 
the B" — B° system is non-zero and Is given by 

_N{l+)-N[t-) _ r-r 
l~~ N{e+)+N{t-) ~2 + r + f 

Clearly mixing is essential if CP violation effects are to be observed. 

B" - S" mixing will also lead to like-sign primary dileptons in e*e~ annihi
lations. Again, we define a mixing parameter Ft 

R = N + + + N " = r + r 
jV-H- + N— + N+~ ~ r + f + rf + 1 

and a CP violation parameter 

_ lf*+ - N" _ r - f 

Because the B°B" pair is produced in a coherent state, the effects of Bose statis
tics have to be included and the magnitude of Fl will depend on whether the B8 
is in a relative even or oda angular momeii. urn state. 
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Figure 18 TheB°-B c mixing parameter r and the CP violation parameter a 
calculated for B, and J?j as a function of the top quark mass and 
the K-M phase S. The input data me» 1 psec as the b quark 
lifetime. Hie allowable range of 8 (indicated) is obtained by 
fitting the i parameter to the box diagram calculation with B 
= 0.33 (from Ref. 35). 
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The magnitude of these parameters have been estimated recently by a number 
of KotaUs» a*<*W'H The cakatatiana can be made for both the Bd(bl) and 
B,(b8) states and they all depend on the values of the K-M mixing angles and 
the K-M phase. Using the experimental input oa these parameters, one teaches 
the general conclusion tint the mixing parameter can he quite large for B, bat 
the CP violation parameter a is very sica.(L For B&, the CP violation parameter 
is somewhat larger but the mixing effects are correspondingly smaller. The net 
result is that the GP violation effects due to mass matrix-term will probably be 
unobservable In the B-B system. This situation is summarized in Fig. 18 taken 
from Ret. 35. 

Another possible source of CP violation in the B° - B° system would be 
CP violation in the decay process itself. This could occur in those final states 
•which <SJI be fed by either B 8 or fl* , e.g. $ +• K% + IT'S . CP violation effects 
would exhibit itself In a lepton asymmetry in association with such an exclu
sive states. The calculations performed indicate that such asymmetries could 
be appreciable68' but the statistics will be much more limited because of the 
requirement to observe an exclusive state, 

4. RARE DECAYS 

The last several years have seen a renewal of interest in rare decays, .ncre 
specifically in experimental searches for decays of M'S. # + > S and K^s which are 
forbidden In the standard model because they violate one or more conservation 
laws, These searches are driven In part by the theoretical arguments that new 
physics might indeed require processes that do not observe these symmetry laws. 
But they are also fueled by Improvement in experimental techniques which make 
feasible exploration of new domains. In general, most of the ideas for new physics 
require existence of some new processes awl very frequently different schemes 
make quite different quantitative predictions. Thus experiments an rare decays 
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are, at least in pritdpte, capable of nattowiag dawn (he spectrum of -viable new 

A useful phbnomenologicai classification of different processes has been pro-
vided by Calm and Barariw* who utilise the fact that quark* and leptons appear 
to come in three generations: {w.^f*,*) , (€j5i^,fi) , and (t,6 >f T >r) each on* 
classified by a generation number G: Gl for the first one, G2 for the 2nd out, etc. 
with Gl - G2 = l . In this scheme different dtagrAma can be classified by their 
AC value. In addition, the reactions can be diagonal or non-diagonal, depend
ing whether the reaction is purely leptonlc or hadronic or whether it Is mixed. 
This scheme is illustrated in Fig. 19 which shows the diagrams and Cahn-Harari 
classification for several processes of interest. 

The symmetry violating processes could depend on AG and thus different 
reactions could proceed at quite different rates. But there are other possible 
relevant factors. Thus if the mediating Interaction is of the vector nature, the 
process K\ -* e*^* will not occur. The nine is true for K* -»ir Te~/* + If the 
relevant interaction is axial. Finally the reaction K+ —* lftw Is allowed in the 
standard model with a reasonably weU defined rata. But new Interactions or 
phenomena could enhance it or other effects (like large ur mass) could suppress 
it. The main point of this discussion Is that there exists a great wealth uf different 
possibilities in different models and only experiments can resolve these Issues. 

In contrast to the new K decay experiments that are not scheduled to start 
taking data Tor another year or so, the muon rare decay program has been pursued 
vigorously during the last decade. The main lepton number violating channels 
that have been studied are: 

+ + ; j T —• e T T 

and p.* -*• e*Yt 

No positive evidence for any of these processes has been found but the great deal 
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Figure 19 (a) /i conversion to e by nuelev capture, AC = -1 ; 

(b) K* -» » + p + e- decay, AC = 0 

(c) the diagonal process p -• 3e, AG « - 1 

(d) the Bon-diagosal, AC = 0 , if£ -*|te decay 

(e) the AG « 2 diagonal interaction which can contribute to 
K\ - Kg nun difference. 

61 

£ 



T.-r-.-a 

10"' 

I 0 " 3 

o 
»-
CC , 0 - 5 

^ I0" 7 

GD 
10 - 9 _ 

10 - I I 

I I 1 [ > 1 < 
• 0 • /A-*-ey 

8 
™ Q fM-^eyy 

• 

0 

- i 0 ° 
— • -

- 0 * 
' " • I . 1 1 

1945 
9 - 8 4 

1955 1965 1975 1985 
YEAR 4909A19 

Figure 20 Upper limits for separate lepton number violating proceuea u i 
function of time. 

ea 



? BRANCHING RATIO SENSITIVITY 

0| "A o 
O 

\ 

8 

% 

s 
> 
o 

* 1 
IB 

«4 

\ 
* 1 

IB 

«4 

\ 
* 1 

IB 

«4 

o 

£ 
a. 

" > ' IB 

«4 

o 

£ 
a. 

+ 

^ + 

^ 

IB 

«4 

o 

£ 
a. 

+ 

^ + 

IB 

«4 

o 

£ 
a. 

+ 

^ + 

«4 

o 

£ 
a. 

+ 

^ + 

' , _ * 

«4 



A 

at progress that ha* been accomplished during th« last 40 yean in thta field Is 
illustrated in Fig. 20. The branchiae ratio for the yf capture prooeM la defined 
as its relative rate with respect to the standard fi~ capture reaction, he., 

At present there are extensive experimental programs at the three pkm and 
ration factories: LAMPF, SIN, and TRIUMF on the above 3 decay modes and 
the forbidden conversion process. The present and anticipated branching ratio 
sensitivity for both M and K channels its indicated In Fig. SI where tLs different 
processes are explicitly tagged by their AC? value. 

I would like next to discuss several of the planned experimental programs on 
the rare K decays. They are all scheduled to run at the BNL AGS and cut be 
expected to start yielding results in a period of 1 to 3 years. The first process is 
the channel 

tf+ - . ff+l/P 

or, more correctly, since *>N are not observed 

K* • > ir+ + nothing visible 

In the standard model, this process is allowed In second order and proceeds via a 
modified box diagram illustrated In Fig. 22, which effectively turns the S quark 
into the d quark. The t, quark acts as a spectator. In addition there is an Induced 
Z" contribution, also illustrated in Fig. 22. The strength of these contributions 
can be calculated and the results of the most recent calculations*7) are shown in 
Fig. 23 as a function of the top quark mass. 

Assuming high experimental sensitivity and a narrowing: of the theoretical 
uncertainties the measurement of this rate could shed tight on the number of 
lepton generations within the framework of the standard picture. The rate for 
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Figure 22 The box diagram contribution to the process K+ —> ir+Pi/ (a) 
as well as some of the diagrams contributing to the induced 2" 
process (b). 
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Figure 23 Theoretical limits on the branching ratio K+ -* ir+i',-Pi* (for each 
neutrino Savor) as a. function of the top quark mass. 
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each generation has some dependance on the lepton masa(es) in the next gener-
»tion(s) due to the explicit form of the box diagram 6 8 ', but this dependance is 
weak if mi« miv- In addition if the v, has an appreciable mass (several MeV 
or more) the total rate and the JT 4 spectrum would be affected. 

Probably more interesting is the possibility that there is new physics which 
Contributes t i this process. One is the existence of new mass leas and mm-
i&t&r&cting pMticies, like some oS the "nuinos" postulated within the framework 
of the supeTsymnietry models. Another new physics possibility is the existence of 
a new masstess Goldstone boson postulated by Wilczek69' to explain the leplon 
aad quart masses. This new postulated particle, commonly called familon and 
denoted by / would exhibit itself in the process under discussion as a decay mode 

K + — * + + / 

and would result in a. peak in TT+ energy spectrum. 

Recently an experiment70' has been proposed at Brookhaven to investigate 
this process down to the level of 2x 1Q _ T. The main experimental problems center 
around a clean identification of x + and total hermiticity, i.e. ability to detect all 
the known particles except neutrinos over the full 4TT solid angle. The proposed 
experiment achieves the former, i.e. a good IT — ^ separation by combining 
range and curvature information for the momentum measurement and insisting 
on observation of the full TT+ —»ti+ —t e + decay chain. The apparatus looks very 
much like a modest colliding beam detector except that it is totally enclosed I 
Uve detectors. The entrance end is capped by a BaFl scintillator which serves 
airnuUaneoUfily to degrade the K+ beam to a low energy and to detect any decay 
pajticltja heading In that direction. A fully live and finely jegmented target is 
used to suppress various second order processes tiiat could simulate the decay in 
question. 

Figure 24 shows the range distribution of n + and n4 from the more frequent 
K* decays at reft. A ±1 em range resolution is folded in. As can be seen from 
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Figure 24 Range distribution in scintillator for t + and ft* from the known 
K+ decays and frora the rare decays searched for. The branching 

. ratios of the known decays are indicated is parentheses. 



the figure, approximately 20% of the TT+ from K + —̂  i^vt/ lie beyond the ?r+)rD 

peak. Thus unambiguous identification of sr + with a range above that value 

-would by itself constitute a signature of K* —* Jr +t/P . Clearly the acceptance 

for K+ —* j r + + / is complete in j r + momentum space. 

The experiment is also sensitive to other rare decay modes like K+ —* 

5 r + e + / * - {a AG = 2 transition) and K+ —•• Tt+nn. In addition, the decay 

K+ —̂  5r°;r+ can be used as a source of tagged TT° 'S and provide a mechanism to 

search for T ° —* nothing observed. 

An ongoing parallel effort is an experiment 7 " to measure the decay mode 

down to a level of l 0 - n , roughly a factor of 500 better than the existing present 

l imit . 7 3 ' Experimentally, the advantage here lies in the fact that the initial and 

all final state particles are charged, facilitating the overall kinemvtic constraint 

of iinergy and momentum conservation. The main experimental challenge lies in 

the particle identification since the main background appears to be due to the 

reaction 

followed by the ir+ —* fi+u decay and misidentification of the it" as an electron. 

Specifically a i r - / e ~ rejection of 1 0 _ 1 is required which is obtained by a pair of 

gas Cerenkov counters and a lead-scintiliator shower detector. The plan view of 

the apparatus is shown in Fig. 25. The Cerenkov counter in the rauon arm is 

used to suppress the background from the decay K+ —• JT+5T° with a subsequent 

decay JT° —t e + e - - / . 

This experiment will also obtain se\ zeal thousand of the examples of the decay 

K+ —* ff+e+e~. This final state will allow one to search for state? with mass 

between 140 and 340 MeV decaying into c+t~ and will provide an improvement 

of our knov/ledge of the branching ratio ir° —» e + e " . 
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Figure 25 Plan view of the detection apparatus for the experiment searching 
for the decay mode JT4 ~* T^/i^e". 
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The decay jKJ--»!!* P ib<in«looI^fw by 2 experiment »tBHL. 7 *^ The 
decay Kg, -* pe Is aba * leptan number violating procew but the same branching 
ratio sensitivity as k the JT+ -* ffjtti decay trawMes into aluiit on the strength 
of the lutenetiaa almost 2 orders of magnitude better. This is because of the 
longer K | lifetime end larger phase apace lor the 2 body final state. The main 
background comes from the (datively copious K | ™+ srw decay followed by the 
ir -* juf decay. If the 2 i**a cany oS nnmmum amount of energy in the lab, 
this process cafi closely simulate the decay mode of interest. This background is 
especially pernicious if the v -* jiv decay occurs in the analyzing magnet since 
the decay kink in the right direction cad Increase the souon apparent momentum 
and thus allow the event to corr •• even closer to faking the K\ -» lie decay. 

The schematic views oF the Yolc-BNL experiment are shown in Fig. 26. The 
electrons aw Identified by the Cerenkov counter and a lead glass wall (the par
ticle identification Is not extremely crucial in this experiment). Muon range is 
measured in an Iron range stack to provide additional redundancy in ft energy 
measurement. Mini-drift chambers ore used to obtain good position measure
ment, which Is especially crucial in this kind of an experiment. 

The Monte Car) calculations Indicate that the background begins to come 
In at a level or about 1 0 - 1 1 . The experiment is designed to achieve at least 
a, lQ~i<* branching ratio sensitivity which would represent almost a two order 
of magnitude Improvement over the present limit. In addition, a comparable 
sensitivity exists for the decay mode Jiff, -» e + e~. Since the standard model 
prediction far this decay Is only about 10~ i a (branching ratio) because of helicity 
suppression, new physics could manifest itself in that decay mode. 

An. even more ambitious proposal6*) has been put forth recently. It attempts 
to push this limit down to a branching ratio level of 10~ 1 S . To achieve this, 
very high intensities are required (10" protons/puke) and one has to be able 
to live in a fox of & x lO^/fl/polse. The neutral beam has to be transported 
through the apparatus in » vacuum pipe, necessitating very good coUimation np-
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stream. To reduce the background below 1 0 - u , two independent spectrometers 
aTe "used allowing one to perform two independent momentum measurements on 
both charged particles. In addition, the muon range stack is finely segmented to 
obtain an additional ft momentum measurement limited only by range straggling. 
The schematic of the proposed detector b shown in Fig. 27. 

In addition to the comparable sensitivity for the decay mode JT£ —• e + e - , 
the experiment also looks at the CP forbidden decay mode K£ —t j r "e + e - and 
measures the polarization of fi + in the decay K^ —^ p+ti~. The physics interest 
in these processes has been discussed already in the chapter on CP violation. In 
addition, one should be also3ensitiveto K"L —* 3r°efi, e + e~f , ii^P^I i 4e , 2fj2e , 
etc. 

I would like to end this chapter by emphasizing that if these proposed exper
iments can reach the advertised sensitivities, then they will be sensitive to prop
agators on the multi-TcV mass scale. In general, if these decays are mediated by 
some heavy object of mass mg , then the rate for that decay is proportional to 
f2fnm~j* where the / ' s represent the coupling of the intermediate object at the 
1 Fermion vertices (see Fig. 28). Thus we have the simple relationship 

T[K+ -+ ft-

where g is the weak coupling constant and 6e is the Cabibbo angle. Putting in 
known quantities we obtain: 

mn « 2 0 T e V ( — 2 ° - r j ^ f ^ f )*/» 
yBR(Kl~* fie)' g* 

Thus if / / ' » gz and a BR{K°L -* fie) of IO" 1 1 can be reached, objects up to the 
masses of 200 TeV can be probed by those experiments. 
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Figure 28 Cotnparlion of the decays (a) K*L -* pe mediated by a new heavy 
partiele H and (b) K+ •* p+v mediated by the W bcaoo. 
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5. LEPTON SECTOR 

I would Rke tr> start this chapter by aummartelng the status of our knowfedfft 
of the decays of the two henry lentom, the n and the T. We have ahead? 
mentioned in the previous section that the separata ktpton munber conservation, 
as tested in the muon decay, holds true to a very Ugh level, approaching VBTm 

in the branching ratios. A similar statement appeals to hold trae tor the r 
decays, although the experimental precision has not yet reached a comparable 
level. Specific neutrinofess r decays have been looked for™* with negative results, 
yielding following typical limits, «£. 

r -*3e BR < 4 x l ( T 4 

r -*ep BR < S.4 x 10"4 

r -* pi BR < 5.4 X 10"4 

Other neutrlnoless modes yield comparable upper limits. 

Historically, muon decay has served as an Idea] laboratory lo study the weak 
interaction in so mo detail. Recent fitutus has boon summarized is a comprehen
sive review article by Sehock™' and there have not been much new experimental 
input since that time. The Berkeley experiment77) on the V-A nature or the \L 
decay will be discussed In tho subsequent chapter on the Marches for right handed 
currents, One can summarize the JI decay situation with the statement that all 
of the data are consistent with the V-A interaction at a relatively high level of 
precision. 

The r decay provides another, considerably richer* ares, for the tests of oar 
standard ideas of weak interactions. Within die standard model* the #t and r 
decays should proceed by very similar diagrams illustrated in Pig- 29. The 
important difference stems from tho fact that the r is considerably heavier than 
the ii. This opens up the posslbinty of a number of 'lUEarant decay modes of the 
virtual W originating fram the r vertex. Thus a study of different / decay modes 
is essentially a study of vertex B in Fig. 20 and represents a test aa to whether 
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Figure 29 (i and r decay diagrams. 

77 

<* 



it is the standard W that is the sole mediator of the r decay process. The net 
conclusion from all the data at hand is that no deviations from the standard 
picture have been observed here. 

One can also look in detail at vertex A. A relatively old result'*^ has shown 
that the r decay is consistent with the V-A interaction. More specifically the 
Michel p parameter, predicted to be 0.75 for pure left handed interaction has 
been measured to be 0.72 ± 0.10. The more recent experimental results have 
emphasized the measurement of the r lifetime and hence the absolute Strength 
of the r - u — W vertex. The most recent comparison of the experimental value 
with the theoretical prediction yields7 9' 

TT = {3.20 ± 0.41 ± 0.3S) x 10~ 1 8 sec experiment 

iy = (2.8 ± 0.2) x 10~ 1 3 sec theoretical prediction 

Clearly, the experiment is in excellent agreement with the theoretical prediction. 
A better measurement of the r leptonic branching ratios is needed if the com
parison is to be pushed much further, since that is the limiting factor for the 
theoretical prediction. 

We arrive thus at tentative conclusions based on the above experimental 
results that: 

a) ft and r are just "garden-variety'' sequential Uptons. 

t>) the separate lepton number is conserved to a high degree of accuracy. 

Next we would like to consider to what extent other data might provide some 
additional information on the second statement, To elaborate on that we have 
to discuss briefly the formalism relevant to the lepton sector. 

(liven the fact, that we have three lepton doublets, in analogy with the QUark 
situation, namely, 

o • (;) • o 
We can ask whether the mass eigenstates in this sector axe identical to the weak 
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interaction eigenstates. As we discussed earlier, the answer to that question in 

the quark sector is an unequivocal NO. More formally, if we define 

\va > = neutrino "flavor" eigenstate (weak eigenstate) 

\vi > = neutrino mass eigenstatc 

V = lepton analogue oF the K - M matrix 

then we can write 

|f« > = £ > « » > < > (5.1) 

and the above question reduces to whether V is diagonal or not. Next, we shall 

explore the consequences that follow if V is not diagonal. 

For simplicity we shall limit this discussion to the case of 2 flavors only. The 

3 flavor situation has been discussed by several au thors 8 0 ' in the literature. We 

have a mixing equation 

fve\ _ { cosff sinff \ / V A 

which relates the mass eigenstates to the flavor eigenstates by means of a lepton 

analogue of the K-M matrix. We consider a case when at i — 0 a pure flavor 

state is created, e.g. \vt >. We can decompose it into mass eigHnstates 

\i/e. >= cosfl ji/i > -4-smtf |fa > . (5.3) 

The mass eigenstates will have a time evolution th^t depends on their energy. 

Thus at some later time t we have a state 

\v >t= cosflli/, > e~iE,t + smO\v2 > e ' l E , t (5.4) 

which can be transformed back to the \ut > , | u p > basis to obtain-

\u > t = ( c o s 2 0 e - ' £ l ' +s\n26e^Blt)W< > +cosflsinfl(€- , £ ; : , i - c tK,t)\f» > (5.5) 

Thus we see that in general if a \vt > state is created at a time t—0 , at some 

79 



later time we shall have a finite probability of observing a [I/J, > state. We might 

thus be interested in two experimentally observable quantities: 

a) probability of observing a \i/t > state later on. This is defined as P(ue —* 

vt) =< vt\v{ >*. Experiments looking for this phenomenon are called the 

"disappearance" experiments since in general the probability of observing 

(/« will be less than 1. 

6) probability of observing a \uM > state. Defined as P(ut —* u^\ = < ff,\ve >tt 

for only 2 neutrino states, this probability is given by 1 - P(ue —» tfe). 

Experiments searching for i^ 's in a beam originally composed of pure f e ' s 

are called "appearance1* experiments. 

Examining equation 5.5 we see that the 2 necessary conditions for P{vt —* 

Vp) --f 0 are that 9 / 0 (i.e. matrix is non-diagonal) and tha t Ei # Ej, implying 

tha t m\ yt mj. ]t is convenient to express the latter requirement more explicitly. 

Taking advantage of the fact that E » m , we can write 

l m ? n l i » ( , , 

where E is the mean energy of the neutrino beam. Defining 

A , „ „ , 6m* L L-^-Efr^—-
with .im 3 -• mj - mj . With these approximations, we obtain 

s i n fK. 
P{ue -» ue) - 1 - sin 220 — — (5.7a) 

P{vt - • uu) = sin s20sin 2 — (5.76) 

Thus experiments on neutrino oscillations, if they yield negative Tesults, can be 

interpreted as excluding certain part of the sin 320 fm? space. We shall discuss 

them in more detail later, but first would like to review the independent evidence 

on the status of the masses of the three known (or expected) neutrinos. 
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Mass of the vt. 

The classical reaction to investigate this qi-sstion is the decay of tritium 
nucleus 

Hz -» Hes + e~ + Qt 

with the election kinetic energy end point (if n»„, = 0) of 18.556 KeV. The 
technique relies on measuring the shape of the electron energy spectrum near the 
end point. The experiments of this kind present a number of challenges to the 
experimenters and are discussed in some detail in papers by Berquist"'. Sor P 
of these problems are illustrated in Fig, 30. Since the nucleus changes its atomic 
number in the decay process, the final State Her ion can have its atomic electron 
not only in the ground state (n = 1), but also in (about 30% of time) one of 
the excited states (n — 2, 3, etr ) The difference in binding energy of these 
states reflects itself in the difference of masses of the whole system, and hence by 
energy conservation in the difference of end points of the decay electron energy 
spectrum. Foi example, the difference in binding energy between the lowest 2 
states 

M{*H*+,n = 2) - M{SHc+,n = l) te 41cv 

is of the same order as the typical energy resolution of the experiments. In reality, 
the actual situation is even more complicated, since the source used in neutrino 
mass experiments is not atomic tritium but part of some complicated molecule. 
Thus molecular physics must be well understood to interpret the results. 

As seen in Pig. 30 a non-%e;o neutrino mass will result in curvature of the 
spectrum that is concave downward. But experimental resolution effects will 
smear this distribution and give it a curvature that is concave upward. Thus an 
overestimate of experimental errors can result in a falsi assignment of non-zero 
neutrino mass. 

The interest in the m„, question has been revived recently by the experimental 
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Figure 30 Detailed endpoint shape of the Kurie plot for atomic tritium 0 
decay, (a) case of mv — 0 , and (b) case of mv £ 0 . Effect* of 
experimental resolution are not included (from Ref. 85). 
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results from, the ITEP group who in 1980 found*?) 

K<mt/, <46«v (99%C.L.) 

Le. evidence for a non-zero electron neutrino mass. The group baa recently n> 
pealed their experiment with improved resolution, lower background, and higher 
counting rate.83) The optimum m¥ value for the asaumption of molecular vaUna 
(source of tritium in the ITEP experiment) final atatee is 33 ± 1 «v, bat the hy
potheses of molecular &n4 atomic tritium, states also give non-aero elettaon mass 
values. The edge of the experimental spectrum la shown In Fig. 31 with m„ « 83 
v.v and m„ = 0 hypotheses superimposed. The x 3 for fflu a 33 ev Is rather poor, 
522 [or 295 degtecs of freedom, indicating that some systematic sources of error 
still need to be understood, 

Recently J. J, Simpson raised the objection91) that the calibration line used 
by the ITEP group to ealculat' iheir resolution has Its own Lorentzian width 
of 9 ev, which fact was apparently overlooked by the exparimi'titers, He claims 
that including this correction properly would decrease the resolution sufficiently 
to allow the zero mass hypothesis within the 90% C.L. 

The ITEP icnuHs stimulated sufficient interest so that a large number of 
other groups around the world are attempting this experiment. The salient facts 
of the proposed experiments are reproduced below in Table IV, extracted from 
Shaevitz's Tffview talk.83* 

A new approach to the problem of e e mass has bean recently proposed by 
A. DeRujula85' who suggested using a radiative electron capture process. In 
this process the final state consists of a nucleus* neutrino and the photon, and 
the measurement of the photon energy near its endpofot can give a vahie of the 
neuinno mass. The detection of photons in this energy range can be somewhat 
cleaner than detection of electrons, because there is no energy loss in the target 
in the photon ease. On the other hand the counting rate at the- end point is 
strongly suppressed. DeRttjttla suggested overcoming this dtffirilty by using a 
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substance that has an atomir resonance in the vicinity of the endpoint which 
could significantly enhance the rale in thi* region. ***Ho was proposed as the 
best candidate isotope and an experimental program has been initiated86) to 
study this decay. 

Table IV 
Future £-D«ay Experiments 

Experiment Source Resolution Sensitivity 
(nns] (m„J 

Fackler et al. Solid Molecular 3H 1-2 eV > 4 eV 

Rock-FNAL-LLL 

Boyd, Ohio State Solid Molecular 3 H 10 eV > 10 eV 

Bowles et al., LAMPF Atomic ' / / 40 eV > 10 «V 

Claik,IBM Solid 3// S eV 

Heller et al. iH in Seini- 100 eV > 30 eV 
UC Berkeley conductor 
Graham et al. - 10 eV > - 20 cV 

Chalk River 

Bergkvist 8 / / in valine — 25 eV > 19 eV 

Kundig, Zurich - 5 eV > ID eV 

INS, Japan - 13 eV > 25 eV 

Finally one should mention that rcecmly a K capture with a very low Q value. 
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156 ± \7 ev, has been discovered in 1 S B Tb Isotope,*7^ Ragh&ven has estimated 
that one could measure neutrino maw in this process down to 25 ev in the first 
generation mass experiments. 

Mass of the Vp. 

The measurement or i/„ mass is intrinsically more difficult because no channels 
exist where the energy released is low. Traditionally, the two optimum processes 
to study this problem have been the decays 

* 2 - n r V > (5.8) 

and * + -^ ii+Un (5.9) 

The history of upper limits on v? mass has been summarized by Shaevitrs 
and is illustrated in Fig. 32. Channels 5.8 and 5.9 have alternated as sources 
of the best upper limit at any given time. The ir decay has the advantage that 
the Q of the decay is about an order of magnitude lower. However, being a two 
body decay, thn mass of the neutrino enters as the square into the energy balance 
equation. The K° decay channel suffers from a high Q value and the fact that 
the usnful events, i.e. those with neutrino taking a negligible fraction of the total 
energy, are strongly suppressed by phase space factor. 

The present best upper limit is 

mv„ < 0.49 MeV (90% C.L.) 

and comes8") from the study of the momentum of the decay muon from a x+ at 
rest. 

Mass of the i/T. 

Similar difficulties, but considerably magnified, are also present in the f, mass 
cxperiirj! -ts. Here most useful are the r decay channels where the observable final 
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state products have as high a mass as possible. The present record holder is the 
reaction 

r* -» ff+jr*w-»%v (5.10) 

sine* the 4n mass state can have high effective mass due to the p' intermediate 
state. The data on this question from the Markll collaboration89' is shown in 
Fig. 33. The quoted upper limit on the vt mass is 

mv, < 164 MeV {95% of CX.) 

Further progress on the v, mass will have to await new techniques and new 
channels. Thus, for example, the decay modes 

D[m F)-* T + vT (5.11) 

would be useful, if sufficient number of events could be obtained, because of the 
relatively low Q value. Similarly the rate for the decay 

K+ -» ff+frPr (5.12) 

Is obviously very sensitive to the vr mass since the total energy released, and 
available for the two V'B is only 354 MeV. 

Subdomlnantly coupled v's. 

We have already mentioned that non-zero v masses and a. non-diagonal V 
matrix can be detected through v oscillations. Shrock9 0' has pointed out that 
these phenomena can also be searched for by looking for multiple p«aks in the 
lepton momentum spectrum in JT and K decays. Thus if neutrino flavor states 
are written 

t 

then if all the i*i hav different masses and if they are all kinematically accessi
ble to a given decay, then this decay will exhibit as many peaks in the lepton 
momentum spectrum as there are neutrino mass states. 

H9 
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Analogous situation exists in the r decay, where the 2 body decay can be 
written as 

r~ - *T + (fi<0 (S.M) 

and d\ the weak interaction eigenatates is given by 

d' = U^d + Uaaa + t/qj6 (5.15) 

Because the decay into the b quark is energetically forbidden, wa Bhall see two 
monoenergetic e r peaks in T decay corresponding to 

T™ - f y T + '•'<$) i.e. r~ - • ff~ + v r 

and r —•• t/r + (Os) i.e. r ~* K~ + c T 

An alternate technique to look for the same phenomena is to search for decays of 
heavy neutrinos in a neutrino heam. Thus if a K decay would result in a mixture 
of I'n's and some other heavy neutrino uu, we might expect to see subsequently 

VH -* ^ e + e ~ 

Comprehensive discussions of these searches have been given by Shaevltz*3) 
and Winter 9 1 ' and will not be repeated here, No positive results have been found 
and the experiments can be interpreted as correlated upper limits on the mass 
of the heavy neutrino and the strength of mixing |Vaf|S . The limits on couplings 
to the electron and muon neutrino are reproduced in Pig. 34. 

v oscillations - general comments. 

Before we discuss the v oscillations experiments in detail, some general com
ments might be in order. Firstly, we should again emphasize ttutt all of the 
analyses to be discussed assume a two neutrino picture. Secondly, as we dis
cussed previously, the figure of merit for the sensitivity of any experiment to the 
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potential oscillations i« the parameter A defined as 

* - ¥ « • cxi 
It is convenient to identify three general ranges of A, i.e. 

a) A < < 7r , corresponding tc a situation where we are stilt close enough to 
the neutrino source so that the oscttlationB have not yet had sufficient time 
to develop. These experiments will be very insensitive to V oscillations. 

b) A « s r , corresponding to the optimum experimental situation for v oscilla
tion searches. Within the energy band of f's accepted by the experiment, 
one ca.n expect significant differences in behavior due to oscillations. 

c) A > > ir , corresponding to the situation where the v beam went already 
through several oscillation wavelengths. This will results In inability to see 
the differences in behavior of i/'s of different energies because in general 
we shell be integrating over too large a bandwidth. These experiments will 
still bu sensitive to "disappearance" phenomena provider thateilt'l is large 
enough and OUT a priori knowledge of the flux good enough. 

The neutrino oscillation experiments can be conveniently grouped into several 
categories, depending on the u sources; 

a) solar neutrino experiments. These have the advantage of large L/E but 
poor knowledge of the initial intensity. Thus they are sensitive to very 
small 6m2 , but only to large values ofsin'fl . 

b) cosmic ray neutrino experiments. Similar comments apply here as to solar 
j / s , but L/'E is typically lower; primary flux information could in principle 
be better. The neutrinos studied here are i/̂ 'a &£ opposed to solar neutrinos 
that are tfC'n. 

c) reactor experiments. These give rise to £>t': w<th reasonably large L/E 
and high intensities. There is tome flux uncertainty associated with many 
fission, products that subsequently undergo 0 decay. 
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d) accelerator experiments. Those are characterized by the optimum control 
of the source, but rather small possible L/E value*. 

The various experiment* (prevent and future) on V oscillations have been 
summarized by Silverman and Bonin)~ The range that they cover in the L-E„ 
spue, together with their s W sensitivity is shown in Pig. 35. 

Solar neutrinos. 

The detection of solar neutrinos on earth presents one possible method of 
ssBrehbg for neutrino oscillations. The experiment relies on the fact that the 
sun is an intense source or electron neutrinos. These e.'s have an energy low 
enough so that if they are transformed Into i^'s or vr's , the latter have too low 
an energy to participate in charged current reactions. Hence, u oscillations will 
exhibit themselves its a deficiency of the detected neutrinos. 

The experimental method relies on detecting the capture reaction 

is, •+• "CI ~* "Ar + e- (F.18) 

fa a k*g« tank of liquid CyCi*. The 3 T AT atoms are removed from the vessel by 
panging with helium gas and subsequently detected via their K capture reaction. 
The experimental details are described extensively in the available literature.93! 

The main advantage of litis experiment is a very large L/E value giving rise to 
potential sensitivity down to a /ery xnjall &m?[~ lQ~"«v*}. Cn the other hand, 
as mentioned previously, the sensitivity to sin'ltf values is fa'-hcr poor, due to 
theoretical uncertainties esaoci ited with the intensity of the source. The reason 
far the latter is illustrated in Table V which gives the reactions responsible for 
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Table V 
Neutrino Sources 

Reaction Energy Predicted Flux 5NU 
(MeV) lO^an-Vec-1 ("CI) 

0 

0.23 

1.05 

6.48 

0.07 

0.23 

8.04 

the solar neutrinos, their energy and the expected contribution to the coiAting 
rate in a S7CI detector.9*' The unit that ii convenient to use here is an SNU, a 
standard neutrino unit, denned as 

1 SNU * I0~wf t capturex/sec/target nuc]eus(Mt?J) 

The difficulty ties in the fact that the threshold for the 31Ar production is 0.814 
MeV, and thus the majority of the vt flux from the sun is not able to contribute to 
the reaction in question. Hence the theoretical interpretation of the experimental 
results depend^ery strongly on our understanding of the production mechanicals 
of the high energy tall of the neutrino spectrum. 

9S 

p+p-*D+*+ + vt 

T B e + e " - t 7 £ t + *fr 

*B~+ 8 fle'+ «+ + *»« 

1 5 0 - » iSjV + e++w-

0- 0.4 

1.4 

8(90%' 

0- 14 

0-• 1 . 2 

0 • 1.7 

6.1 

0.015 

0.34 

0.00060 

0.045 

0.035 
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Figure 30 The annual average S TAr production rate from the experiment of 
R. Davis et al. The combined average is indicated on the right. 
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Thsexperiinenta) program of Ft. l>»v» fit al. 9 5' has been going on now fo- over 
a decade. Their annual results until 1978 and the latest average arc shown in Fig. 
36. The average value of 2.2 ± 0.4 SNTJ is considerably lower than the theoretiral 
prediction of 8.0 ± 3.3 SNUM' obtained by summing over all the reactions listed 
En Table V. Whether this discrepancy is due to theoretical uncertainties in the 
solar neutrino flux calculations or new physics is unclear at the present time. 

There has been a significant interest lately in exploring other avenues to 
probe this question, specifically by utilizing nuclear neutrino induced reactions 
with a significantly lower threshold.*4) One specific channel that has attracted 
a lot of atteation is the 71c3<i {(/,<) 7lGt reacttor. that has a threshold of 0.226 
MeV. Ita relative advantage over 27Ct reaction is well demonstrated when one 
compares the detection threshold energy with the energy spectra resulting from 
all of the solar reactions generating electron neutrinos {see Fig. 37). The U.tal 
calculated rate for a "Go. target Is 102 SNIJ's, considerably higher than Tor the 
31'CI reaction. 

Cosmic ray neutrinos, 

The cosmic ray hadronic showers i n u source of muon neutrinos by virtue 
of the decay process it -* }W , wheie the piwiH come from the hadronic cascade 
initiated by the primary cosmic rays, Furthermore, the niuon rate and spectrum 
observed on the earth's surface ahow us to calculate the vit flux and thn energy 
distribution, "'nee both p's and by*R coine from the sanus source. The t/̂  flux 
can be measured in principle by observing v^ interactions in detectors located 
deep underground so thai Lhcy will be shielded Iroin other nuclear interactions. 
In practice, the fluxes are so low that out' is fr iced to use the earth above the 
detector as the target, the detector serving only to observe the «*s rccmlliiiK 
from the fM interactions. Any deficiency of the p'x would constitute evidence 
of possible u oscillations since t/t interactions would give no ;I'F and t/r's only a 
much reduced number of /i's (from r decay). 

The experimental difficulty lies in the fact that the n detectors discussed 
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Figure 36 Schematic drawing of potential sources of p*a detected by an 
underground muon detector. 
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above will also be sensitive In the most energetic /i*a that originate in 4li0 atmo
sphere from T decay and have enough energy to penetrate to the detector. That 
component can be separated out if one looks at the smith angle distribution of ' 
the observed JA'S. At large zenith angles thfc primary ji'a will have to go through a 
large amount of earth; thus at those angles only fi'a produced hy u„ interactions 
should be present. Alternatively, if the detector can identify the direction of the 
muon by time of flight technique, it can. iaalfctc upward going f>\ i-e« those com
ing from interactions of i/ '̂s originating from if decays on the other side of the 
earth. Those /J'E shouM have no contamination from primary rnuoriB. All three 
of these sources are indicated very schematically in Fig. 38. 

The results of the experimental observations and theoretical predictions a n 
compatible with each other within experimental errors. Two of the underground 
setups96) that do not measure time of flight give fluxes of neutrino induced muons 
that are mutually compatible and yield 

The Baksan-Vallcy experiment in Soviet Union that does moaaure the time af 
flight obtains97) 

J ^ " 7 / ™ p = 1.0 ± 0.2G 

Finally, a Soviet underwater muon detector,9 7' operating at depths of 2000 m, 
3000 m, and 3700 m finds 

l£ta,/I?v =1.19 

based on 350 observed events. 

The new generation proton decay detectors can in principle investigate this 
question in considerably more detail. The early resists from the 1MB experiment"' 
are consistent with theoretical calculation*: 69 events have been found, all of 
which are consisted with being due to v inter xttoitft; 95 £ 30 are predicted,"' 

100 



It should b t pointed out, however, that this experiment is sensitive also Lo I/, 

interactions as opposed to the n detector experiments that can set only I^ 'B. 

Thus the results or these two kinds of experiments are not directly comparable. 

Accelerator experiments. 

The experimental input on the question of v oscillations from the accelerator 
experiments can most naturally be classified intD several different sources: 

a) beam dump experiments 

6] disappearance experiments 

c) appearance experiments. 

The beam dump experiments detect mainly "prompt" neutrinos, i.e. neu

trinos originating from sources that have mean decay paths Email compared to 

the typical interaction lengths. Various techniques are used to suppress and /or 

calculate the background from i/s resulting from it and K decays. 

The dominant source of prompt neutrinos are expoctcd to bo charmed par

ticle decay*, predominantly decays of D" and D 1 . Because or n - e universality, 

the number of v^ and vt interactions should bfc the same, except for small phase 

space correction in the D decay process. Thut deviation from unity in the ob

served Vt/tSft interaction ratio might be cvid«fi« for oscillation phenomena. The 

latest results have been recently reviewed by K. Winur" ' and are summarized 

in Table VI. Except for the anomaly obser.cd by tho CHARM experiment, the 

experiments arc consistent with equal iau.s of </>, and v, interactions. 
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Table VI 
Summary of the 1982 results on the ratio of electron- and moon-neutrino fluxes 

Experiment Electron idenl. 
method') 

Ev cut <}>{pt + w e)/ 

CHARM direct (extrap.) 2GeV 0.57 ±g;JJ ±0.07 
CHARM subtraction (extrap.) 2GeV 0.59±g;iJ±0.08 
CDHS subtraction (extrap.) 20 GeV 0.83 ±0.13 ±0.12 
BEBC direct (subtraction 

and extrapol.) 
2QGcV 1.35 ± °,$ ± 12% 

FMOW direct 20GcV 1.09 ±0.10 ±0.10 
FMOW subtraction 

(subtraction and extrap.) 
20 GeV 1.02 ±0.09 ±0.10 

(a) First error is statistical, second error is systematic. 
*) In parenthesis is indicated the method used for determining the prompt 

duxes. 

There has been recently a renewed interest in dedicated accelerator exper
iments to search for u disappearance phenomena.100) These generally use two 
different (but as similar as possible) detectors located at two different distances 
from the neutrino source. Both of the detectors take data at the same time and 
arc illuminated by the game neutrino beam. Thus sensitivity to detection effi
ciency and Monte Carlo calculations is considerably lessened. These experiments 
are generally sensitive to relatively large values of Sma (tens of eV3) and moder
ate values of sin'28(2, o.l). The neutrino oscillations in these experiments would 
show up as a variation m the ratio of rates in the forward to backward detector 
aa a function of v energy that could not be explained by the relatively minor 
effects having to do with slightly different detection efficiencies in the two de
tectors. The results so far have been negative, yielding no evidence for neutrino 
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oscillations. A typical result (from the CDHS experiment, ref. 100) is shown tn 
Fig. 3&. The summary of all the experimental data will be presented at the end 
of this chapter after discussion of the reactor data. 

The appearance experiments that have been performed so far can be classified 
into either v^ —̂  ut or y p -» vT variety. They require clean beams without soy 
original contamination of the potentially regenerated neutrino species. So far 
only c/f) beams have satisfied this condition since the pure V, beams from the 
rcactorB are too low in energy to be able to produce JJ'S or T'B iT ut —• v^ or 
yt —> fr transitions exist. The detectors Tor these experiments must have good 
spatial resolution because of the need to identify e's and r 's. Thus emulsions, 
bubble chambers and fine grain electronic detectors have made the principal 
contributions in the area. No evidence for neutrino oscillations have been seen 
in any of these experiments. 

Reactor experiments. 

Because of the very high fluxes and low energy, these experiments can probe 
rather low region of 6m2. The early experiments1"1' concentrated on comparison 
of the experimental results on neutrino interaction rates and spectra with theo
retical predictions; more recently, there has been a trend to dedicated oscillation 
experiments that operate the neutrino detector at two or more positions and thus 
can perform a relative rate measurement. 

The Cal Tech - ISN Grenoble (later SIN) - TU Munich collaboration initiated 
Ineir studies 1 0 1 ' at the ILL Grenoble reactor working at a distance of 8.75 m from 
the reactor core. They identify the reaction 

i/ep - t t 4 n 

by detecting both the positron and the neutron in a coincidence. Aside from a 
small neutron recoil energy correction the neutrino energy is given by 

Ei> - Et* + l.SA/«V 
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and thus a measurement of positron energy (6E/E = 0.35\fE) yields the ob

served neutrino energy spectrum. 

More recently this experiment has been cont inued 1 0 3 ' at the high power 

Gosgen reactor in Switzerland. Data were taken at 2 distances, 37.9 m and 

45.9 m, allowing a lest for the existence of neutrino oscillations independent of 

the knowledge of the neutrino flux, lit addition, the data at the two position*, 

can be combined and compared with the calculated i/c spectrum that is based on 

the measured 0 decay spectrum from 2 3 5 £ / and 2 3 9 P u . Neither one of the two 

analyses gives any evidence for the oscillations 1 0 4), the combined data analysis 

yielding somewhat more restrictive limits on fim1 and sin 220. 

The LAPP, Anncc.y - 1SN, Cirenoble RTOup recently presented resu l t s 1 0 2 ' from 

a high statistics experiment ai the Bugey reactor in France. The neutrino flux 

at 13.6 m distance Is 2 x 10 1 3 / cm 2 / s cc , which is the highest intensity presently 

available for ar.y experiment near a reactor. The "utperimental technique is very 

similar to that used by the other collaboration. The detector consists of liquid 

scintillator and zHc proportional chamber sandwiches; the former is used to 

detect positrons and measure their energy, the latter to detect the neutron via 

the capture reaction 

n + 3 lit - • t + p (5.19) 

About 63000 £>e events have been observed at 2 different detector locations, 13.6 

and 18.3 m. away from the reactor tore. The group have observed a difference 

in the counting rate and in the apparent energy spectrum at the two locations. 

The measured ratio of fluxes at the two positions, as a function of positron 

energy is displayed in Fig. 40. The ratio appears not only to be different from 

unity, hut also to have some energy depe-idance. The allowed region in the fini1 , 

sin a20 space, if this effect is interpreted as due to f oscillations, is shown in Fig. 

41. If we compare those results to the e'ata. from the Gosgen Teactor, 2 location 

experiment, we find that values of the parameters 6 m 2 = 0.2 and sinz2tf sa 0.2 

ins 
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Figure 40 The ratio of P, fluxea, as measured by P« interactions, at the 2 
locations in the Bugey experiment. 
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are mutually compatible. On the other hand, the Bogey results contradict the 
Gdsgen limits obt&tncd by comparing the experimental results with the spectrum 
predicted from the experimental study of U and Pv, fission ant1 their byproducts. 

u oscillations - summary. 

The beat experimental upper limits for (he correlated values of £m* and 
sin'Zd are shown in Figs. 42 and 43. Fig. 42 illustrates the upper limit envelopes 
extracted from all of the inclusive experiments (i.e. disappearance). Pig. 43 
shows the upper limit envelopes for the exclusive channels i^ - * vt and ifc - n v -
If the inclusive limits are more stringent than the exclusive ones, the former are 
used in Fig. 43. One should emphasize once again, that these limits were obtained 
in the framework of the 2 neutrino flavor picture. The curves come mainly from 
Shaevitz's review taUt*3* and have been updated by the most recent results.100* 
The Bugey reactor experiment results are not included in these Figures. 

Double 0 decay. 

The double /3 decay process 

7, -v {Z - 2) + 2e~ + 20, (5.20) 

occurs In nature by virtue of the fart that the expression for the mass of a 
nucleus has a term which depends on whether we are dealing with an o id-odd or 
even-even nucleus. Thus the moss of even A nuclei to desciibed by tarn different 
curves, as exhibited in Pis. 44. The process (5.20) is not very interesting from 
the particle physics point of view since it merely represents anmultaaeaasbeta. 
decay of two d quarks. It does, however, present a rather formidable calcalational 
problem to theoretical nuclear physiciste.106! 

From the particle physics point of view, a very intending question is whether 
the ncutrinoless double 0 decays exist, namely the process: 

Z -»[2 - 2) + e" + e" I 5 - 2 1 ) 

without the emission of any neutrinos. Very schematically, this decay would have 
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to proceed as indicated in Fig. 45. in I lie conventional pirCnri1. shift1 the s a w 

neutrino is both emit led and absorbed by ihr IV , the proccsw if forbidden both 

by lepton number conservation and hdicity. Thus for the d"'(»y to proceed. lb<" 

neutrino must be a Majorana pari ic U\ namely c r and t)ic belicity rvciuir**mpiit 

has to be somewhat relaxed. The latter tan hp arrnmplisttrd in two ways: <-ii IHT 

by giving the neutrino some mass ot by allowing some rifthl hanriori currents. 

The experimental implication of that fact is that nrgalivo results on iiniiirinolohK 

double beta, decay can be translated into correlated limits on neutiiiiu mass and 

adm: ' ure of right handed currents for a Majorana neutrino. The latter in ut::ally 

parameterized by the ralia IJ of the masses squared of the two wlovant \vftor 

bosons, namely 

Experimentally, there am several different experimental approaches to tins 

question. The oldest technique relic* on the gcochvt<ii<-.u.l moans, nfcmrly detection 

by chemical analysis of the daughter iiunlni I rapped in the tires rich in the parent 

nuclei. Besides many serious difficulties connected with the proper interijrct.iit.itm 

of the source of the daughter nuclei, I lie rimMiixi IIMS two UIIHT very SUILOIIH 

disadvantages. Firstly, it cannot sepai&tc ont the It/ from Of decay modes but 

measures only the total rate. XT , S.r>. 

A r - \.it, + A 0 r (».2») 

This evidence for a non-zero Au„ COWIIBS from detection o\ excess of liic daughter 

nuclei over and above of what or" '.could expert from the conventional 2 r double 

beta decay rate. This is where the second difficulty comes in. namt'ly the necessity 

to re))' on theoretical calculations to calculate Aj„. As w<" mentioned previously, 

these calculations are difficult and those available HI tt<e lUcca'tire s!«w>- serious 

discrepancies. 

IU 
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On the other hand the situation is somewhat helped by the phase space 
considerations. Since the energy released in a typical double beta decay is quite 
low, the phase space effects enhance the 2 body decay {no-p decay) ronsiderably 
- typically by a factor of ~ I0 6 relative to the conventional 4 body decay. 

ft has been pointed out by Pontecoivo107' that tScse considerations lead one 
to conclude that considerable improvement in the accuracy of the final answer 
could be obtained if decay-rate ratios of pairs of similar nuclei are studied. T i t 
ratio of their respective nuclear matrix elements should be near unity, and gen
erally, because of different phase space factor, the Of decay mode in one of the 
2 channels would be significantly enhanced. Thus for example if one considers 
1 M T e and 1 3 0 Te, the Q values are 869 and 2533 keV respectively. Thus ft,„, 
defined as 

will be much greater than pj„, defined accordingly. Thus the overall ratio, pj> >> 
Pin if the ncutrinoless decay mode occurs at all. 

The early results on this Tellurium ratio, from the work of Hennccke et al. 
(Missouri group) 1 0 8 ' indicated some evidence for neutrinoless double beta decay. 
Tins result, however, has been contradicted by the recent publication of the 
Heidelberg group109^, who find 

PT = ^ = (1.03 4:1.13) X10-4 

i.e. nc evidence for any enhancement due to neutrinoless decay mode. The 
implication of both of these results, in terms of limits (or values) of mv and j) 
arc shown in Fig. 46. 

There is a program at UC Irvine underway to measin-e the double 0 decay 
process in B2Se by measuring ihe energies of the 2 electrons resulting from the 
decay. The ncutrinoless decay should exhibit itself as a spike in the total energy 
spectrum with a value corresponding to the total energy released. The early 
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experiment by Moe and Lowenthnl110* detected 20 clean 'it candidates using a 

cloud chamber, resulting in a half-lite or (1.0 -10.4) x 10 w yn. This result was 

in significant disagreement with the previously accepted vahte, obtained by the 

geuchemicat means, of (2.16&QM) X 10 s 0 yrs, based on thu analysts of amount of 

selenium and krypton in tdlurobtsrmithite.111) The theoretical calculation for the 

2v ratc1M^ straddles these two experimental numbers with a value of 2.35 x l Q n 

yrs. 

The UCI program is continuing, with a TPC detector scheduled to replace 

the previously tred cloud chamber. If the cloud chamber result is correct, lh»y 

should observe around 200 2c' events/month. A potential nensitlvity to a no-w 

partial lifetime of i x 10" yrs is expected in two years of running. 

A third general approach to the double 0 decay question involves attempts 

to observe 2e~ decays from 7tJ6"c using low background Go detectors, generally 

located underground to reduce the cosmic ray background. There an at present 

S experiments in the preparation phase to perform this experiment. The no 

neutrino decay mode would exhibit itself as a line at 2.0-11 MeV and thus the 

goal of the experimenters is to reduce all 0w> other backgrounds in this region as 

much as possible. The location and the p*cliiniiLa*-y background counting rates 

for those experiments is well as for the older Milano experiment are indicated 

below in Table VII. 
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Tabic VII 

Preliminary Barkground RalrF in Second Generation 
T 6 G c .1~p~-Decay Experiments (Rive.-- in rmints/keV/hr/cni 3) 

Experiment Background at '2.0)1 McY Location 
count/kcV/hr/rni 3 

Milano (1983) ~ ].6 x It)" 1 Mont Blanc Tunnel 

Guelph-APTEC (1983) - 3.2 x i0 J Windsor Salt Mine 

Battelle-C&rolina (1983) ~ 2 x 10" s Hat telle, ah ov»> ground 

Milano (1Q73) ~ fj.2 x HT 5 Mont Diane Tunr-el 

Battelle-Carolitia (1982) - 6.2 x 10" ! BaUellp, above ground 

Cal. Tech (1983) - 2 > l f l " ' ' Pasadena, above ground 

The ultimate sensitivity of the Ge experiment.!!, assuming a running period of 4 

years, is estimated to be about 10 = s yrs. If this value is indeed achieved, it would 

correspond t o u a ) 

mv < 0.5 cV ami /,. -•-' 10 

This is probably the ultimate limit on the achievable neutrinoless double /? decay 

sensitivity since tbe Ge detector combines v:-ry Rood • ner;;, resolution, Rood -j-

ray background rejection, and favorable ni;ilii.\ clement for this process. The 

present limits from all th« studied doubled J decay sourrey are summarized. 1 1 3) 

In Table VIII. 
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Table V I I I 

Present Limits on < rnM a-' >v and |rjj from double beta decay experiments 

Parent Isotope < TnM*> >v r\ x 105 < m M 3 J > ; i | X ID 5 , 

**SR < 14 ev < 2 < 33 eV < 4.6 
, 3 D T e < 8cV < 2.3 < 100 eV < 15 
1 I 8 T e < 0.7 eV < 0.3 < fi-7 eV < 3.5 
« C a < 41 eV < 3 . 9 < 44 eV < 4.2 
7 6 G e < 10 eV < 2.4 < 24 eV 5 4.5 

'Values were analyzed with matrix elements renormalized to be in agreement 
with geochronological results in 1 3 0 T e and 8 2 S e . There is no compelling reason 
to do this. 

6. RIGHT HANDED CURRENTS 

The original motivation for the right handed currents rests in the explicit 

restoration of the right-left symmetry at the Lagrangian level. In this picture, 

we witness an asymmetry, i.e. predominantly a left-handed world, because we 

are in the low energy domain where this symmetry is broken. Explicitly, this is 

accomplished because A v̂ŷ  » M\yL and as long as we are in the energy domain 

where q2 « Mw,,2 , t n e observable weak interaction effects arc due mainly to 

WL. This framework might provide a natural mechanism of CP violation that 
is additional to that due to the presence of a phase in the Xobayashi-Maskawa 

matrix. That is accomplished by having a phase difference between Wi and WR 
interactions. In this discussion, we shall limit ourselves strictly to the information 
that experiments provide about the qjestion of the existence of the right handed 

currents. 

We shall compare the experimental situation with the classical model of right-

left symmetry due to Beg, Budny, Mopatra, and Sir l in 1 1 3 1 . In that picture wc 
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have two states or well defined chirality WR and Wj, that mix to give mass 
eigenstales, Wi and Wt, 

W-L = WL cos t - Wft sin f (6.1) 

W% = WL sin c 4 Wfi coa c (6.2) 

Thus data can be parametrized in terms of the mixing angle f ai d the m w ratio 
squared a , defined by « =- M^W^/M^VVJJ) . Note that the o parameter is 
identical to the parameter r) that is conventionally used in discusbing the double 
0 decay experiments. 

We have already discussed the double 0 decay experiments ; v n d the relevance 
that they have on this question of R-L symmetry. One might only add here the 
caveat that all the conclusions drawn from these <lata rest on the assumption 
that we are dealing with a Majorana neutrino. 

The first experiment that we shall discuss is the study of the end point of 
the electron energy spectrum from a mucin decay in a direction opposite to the 
muon spin."' The results jf that experiment are illustrated in Fig. A7. When 
the spin is processed, the experiment effectively integrates over all the directions 
with respect to the spin and we- are merely measuring the Michael p parameter 
(or alternatively detection efficiency, resolution, etc). This is illustrated in curve 
(A). When the spin is held, we see the rapid drop-off to the zero yield at the 
end point, as is predicted by the V-A theory. Quantitatively, the result can 
be expressed as a lower limit on the product of ft decay parameters and muon 
polarization and is cj*V/p > 0.9959(90% C.L,). This valtic should be unity for 
pure V-A interaction. 

The authors summarize''71 the results of their experiment as wull as those 
of other low energy experiments that have a bearing on the question of right 
handed currents. They are displayed as allowed contours in the $ - a plane in 
Fig. 48. It should be emphasized that all of these results, with the exception of 
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Figure 47 Distribution of tbe reduced positron momentum in the direction 
180" away from the i&itia) it apin. Curve A to for the data taken 
with p processing; curve B for ft «pin held along the initial potar-
ucation direction. 
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the v experiment to be discussed later, assume in their derivation of Emits that 
mVnatO. 

A recent experiment at KEKU*1 searched for the presence of right-handed 
current in the <kx:ay K+ -» fi*v. In principle, the expectation for this process 
could be indcpcndcni of the ft decay experiment if the quark mixing angles ace 
rliUbrPTii in the Tight and left-handed sectors. The specific experimental measure
ment is the polarization of the muon, predicted to be -1 in the V-A theory. The 
experimental value, F^ = -0.970±0.047 is fully compatible with that hypothesis 

The cross-section for the reaction 

vM •¥ e~ ~* fT + »t 

is sensitive to the handedness of the neutrinos and the nature of the charged 
ler-Lonic current.115) The experimental results are In perfect agreement11*) with 
the loft-handed neutrinos and a V-A nature of the current. 

The CDHS collaboration lifts searched117) for possible admixtures of right-
handed currents in the v interactions. Experimentally these would show up as a 
deviation in the y distribution that one expects in a standard V-A picture. Thus, 
in th<s V-A picture the expected distribution for the v scattering is 

If the Lagrangian has a right-handed contribution such as 

then the differential distribution will be modified to 

dxdy S - * «(*) + <*(*> + (»- *>*W«> + AMI B IL(X) + (J - r)'ttt» 
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where we have dclined 

p = \CR/CL\ 

For P's, we interchange the q{x) and q[x) contributions (a-, x QL{Z) and gfl(x)). 

Quantitatively, one compares the ratio of f> to v cross •.'-""' tons as a function 

ef y and x (Fig. 49). Since this ratio vanishes at high i as y —• 1 , we must 

have qn[s) <*. ^L[X) . An upper limit on p2 can be obtained by assuming that 

g(x) = 0 in that limit, yielding a value of \p2\ < 0.009 with a 90 % confidence 

limit. 

To relate this limit to our two standard parameters, we present in. Fig. 50 

the contribution of the right handed currents to the neutrino quark scattering 

process. We assume that we have a pure beam of left-handed neutrinos and thus 

right handed interaction occurs at the lower vertex by virtue of the mixing of tVj, 

or Wjij expressed previously in Eq. 6.1. Thus we have 

CR= sin i cos rt—j---—) 

The left handed interaction contribution has similar diagrams in this picture 

except that the coupling at the 2 vertices is either c^s £ or sin f depending on 

whether Mi or M2 is exchanged. We thus have 

_ cos 2 f 6in :f 
MwL

2 M\vn-

For amall values of the mixing angle we obtain 

f « fi/[l - MwSlMw*) = fi/(l - <*2) 

Thus the experiment is mainly sensitive to the mixing angle which fact is apparent 

from Fig. 48. 
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Figure 49 The ratio of antineutrino to neutrino aaae. sections as a function 
of y in two different regions of x. 
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The CDHS Collaboration has also been able to explore 1 9 ' any possible con

tribution d the right handed currents to interactions involving charm quarks, 

by studying the / i + / t~ channel that has been discussed previously in Chapter 

2. Since tha t reaction has to proceed entirely off the quarks for incident neutri

nos (and off the anti-quarks for incident P's), the right handed currents arc the 

sole possible contributor to the (1 — jr) 2 component for v interactions (and to the 

isotropic component Tor £>'s). One can thus compare the Monte Carlo predictions 

for both the V-A and V+A predictions. Comparisons at 2 different energies are 

illustrated in Fig. 51. Clearly the data do not demand any V+A contribution 

and E> quantitative analysis yields a 95% confidence limit on p2 of p2 < 0.07. 

Finally, we might end this chapter by illustrating the sensitivity of a potential 

new high energy e~p collider to right handed currents. The cross sect ions 1 1 8 ' fo. 

the process e~p - H / J J + X are illustrated in Fig. 52. The projected rate of 

1000 evts/yr assumes ID 7 sees of good running time. Thus even with these high 

energies the increase in M\vR sensitivity is rather negligible over the lower energy 

experiments. It is important, however, to emphasize that these investigations 

would be independent of the mass of VR , provided only that MUR « Bcm. 

Acknowledgements. I would like to thank L. Littenberg, M. Shaevitz, and B. 

Winstein for sending me copies of recent preprints and conference presentations 

that facilitated the preparation of these lectures. 

127 



9-84 

0 200 400 600 800 1000 
Mass (W R) (GeV) 4 9 0 9 A 5 1 

re 52 Cross-section for the process eTp —• vg + X computed in the 
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