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Abstract 

Various ways of obtaining a lower bound on the mass of the second 

charged weak boson,required in a left-right symmetric gauge theory are 

investigated. They are all based on hadronic processes, in an effort 

to get more model-independent answers. From the ~ - KS mass difference. 

the limit obtained is M(W2) ~ 370 GeV. if one neglects a possible top 

quark influence. From non-leptonic hyperon decays, one. can only derive 

a bound on the angle z;; which mixes the couplings of the primarily left-

and right-handed W-bosons I tanz;; I \ 1-2 %. From hadronic K-decays. 

one obtains a limit M(W2) ~ 280 GeV. roughly similar to that found by 

Beg et ale from leptonic charged current data. but not restricted by 

assumptions about neutrino masses. 
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Physics of th~ U.S. Department of Energy under Contract 
DE-AC03-76SF00098. 



p. 

.. Acknow ledgemen tS. 

I would like to thank Doctor Robert N. Cahn for extensiv.e guidance 

and encouragement, and my adv.isor Professor J. David Jackson for his 

teaching and his meticulous care over this thesis. I am also very grate­

ful to Professor Mahiko Suzuki for much instruction, and to Professor 

Mary K. Gaillard for Helpful advice and di.scussions. Finally I wouid 

like to thank collectively everyone in the LBL theory group for provi­

ding a competitive but congenial atmosphere during my stay in Berkeley. 

i 



Introduction 

Chapter I 

A. 

B. 

C. 

D. 

Appendix 

Chapter II 

A. 

B. 

C. 

Appendix 

Chapter III 

A. 

B. 

C. 

Appendix A 

Appendix B 

Appendix C 

Chapter IV 

A. 

Table -of Contents. 

The left-right symm~tric model. 

Particle assignment' in mu1tip1e_~s. 

Gauge boson masses and weak currents. 

Fermion masses. 

Higgs bosons. 

Comparison between the standard model and 

our model. 

Choosing a probe for the right-handed sector. 

Neutral current processes. 

charged current processes. 

The correct probes. 

Majorana neutrinos. 

The ~ - KS mass difference. 

How to calculate ~~S. 

The sd - sd scattering amplitude in the left-right 

symmetric model. 

Calculating ~mLS' 

Higgs mass matrices. 

Cabibbo angle in full generality. 

More quark generations. 

Other processes investigated. 

Non-1eptonic hyperon decays. 

ii 

page 

1 .' I' 
5 1,/ 

5 

7 

10 

12 

14 

15 

17 

21 

24 

28 

30 

31 

36 

45 

53 

56 

58 

62 

62 



iii 

B. Hadronic Kdecays. 68 

Conclusion 75 

(,.) 

References 78 

".t 
Tables 82 

Figure captions 84 

Figures 86 



Introduction 

The Glashow-Weinberg-Salam (W-S) model of weak and electromagnetic 

interactions, based on the.g'auge group $U(2)1 ft ... i xU(l)h'" h' , e -l.SOSp n.. yperc arge 

s'till.slands uncontradicted by any experimental result, almost: twenty 

1 yearsafter it was·firstproposed • It has become the standard model 

for lI7eak irlteractions up to present-day energies; and' r~ma.ins,almost Un-

challenged, so much so that its validity can plausibly beB;ssumed up to 

en~r.gies of 0(10
16 

GeV). At that energy-scale, the gauge groups SU(3)color' 

SU(2)L ' U(1)y can all be incorporated into a bigger group, provided the 
'. '\;~"{< 

coupling constants g2 and gl 6f SU(2) and UCl) satisfy' , 

2 .' 2 2 
gl /(gl + gi ) 

This prediction,when 'extrapolated down to available energies, yields 

sin2 G '" • 21. 3, which successfully determines one of the 
. . . ".", .:: ; ~i' \'::~"\ - ." " '"" 

meters of the W-S model, thus enhancing its credibility up to energies 

16 
of the order of the unification mass M ~ 0(10 GeV). x 

Such spectacular success of the standard model of weak and ~lectro-

magnetic interactions, associated with the grand unified model based on. 

the gauge group SU(S), should guide us to look at possible variations on 

SU(2) x V(l) and SUeS), which mfght help solve some of the r~mflining 

problems, among them: 

The hierarchy problem The boson masses, in any grand tinifi~d 

theory, are clustered around the unificatibri mass M , except. for the' 
x 

. ;'" 

weak gauge bosons Wand Z, and the Higgs which gives rise to all their 

. masses ,which lie around 100 GeV. The firie tuning of the constants in 

;'y ..... 
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the Higgs potential necessary to generate a ratio of masses IV 10
14 

is 

unnatural. Together with the fact that no Higgs particle has yet been 

observed,.it throws some doubt on the simplest Higgs mechanism used in 

the W~S model and in SUeS). 

ii) CP violation : Several mechanisms h.ay,.~ been proposed to,;expla~n,the 

observed CP violatici,nin weak interactions ; although it appears natu-

rally with three quark,generations by requiring the most general Cabibbo-

like mixing matrix,' other possibilities lI!:8Y give just as satisfactorY,an 

explanation, based on the same argument of generality. 

iii) Massive neutrinos: It seems plausible that at ,least ve is massive ,4 

it is ~lso quite possible that several generations of massive neutrinos 

are mixed like quarks, with a Cabipbo-1ike matrix, and oscillations may 

result in a v beam like in a KO beam. The standard models, SU(2) x U(l) 

and SU(S), do not allow for massive neutrinos, ,and must then be ,modified. 

iv) Finally, the perspective of a '~big desert" extending from tV 102 to 

16 
tV 10 GeV ,where thes,taridard picture predicts that nothing different 

from what we already observe will happeIl, is rather uninteresting, and 

encourages alternative model-building. One drastically different image 
, . 

is provided by technic~l()r theories, which may bear some relevance to the 

hierarchy problem. Another is' provided by the left-right symmetric model 

of weak interactions. 

This model, based on the gauge group SU(2)L x SU(2)R x U(l)B_L ' ,is 

the major surviving low-energy rival of the standard model. The reason 

for its survival is that it reduces to the standard model if the energy-

scale where parity is sponta'peously broken is moved up to infinity : thus 

experiments confirming the standard model can only push that energy-scale 
.' ~ ~~ 

up, but never rule the model out. It is appealing for several - mostly 

2 
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aesthetic - reasons, besides avoiding the boredom of the big desert 

!) It assigns left- -and right-handed fennions to symmetric doublets, 

rather than the arbitrary - and for a long time uncertain - standard 

assignment of the right-handed fermions to singlets. 

ii) It restores parity at moderate energies, thus satisfying the general 

principle that symmetry should increase with energy. 

iii) It provides a less arbitrary definition of the hypercharge quantum 
.,' ~ 

number associated with the group U(1), since the new hypercharge is now 

(B - L), ie. defined in terms of other already used quantum numbers. 

iv) It lends itself to .unification with ,the strong interaction into an 

S0(10) gauge group, in the same way that SU(5) appears in the standard 

picture. ·In SO(10), all the fermions of one. generation belong to the 

same representation 16 , which is less arbitrary than the 10 and 5 which 

are required inSU(5). 

,Y) It provides an explanation for CPviolation at the Higgs level. 

vi) Like SO(lO), it naturally incorporates left- and right-handed nAU-

trinos,·and thus massive neutrinos. Furthermore it fits nicely with the 

favored explanation that "L is light ( much lighter than its charged 1ep­

tonic partner ) because "R is very heavy ( }1("R) '\. M(t-lR) ). 

The left-right symmetric model can also accomodate ,some strange 

and as yet unobserved phenomena like neutron oscillations or neutrinoless -

doub1e J B-decay. In short. the left-right symmetric model is richer than 

the standard model. Finally, it may receiv~ a decisive experimental boosX 

in the next few years, if for ~nstance one would find that 

M(H)/~I(Z) f cosq.] • 

We want to investigate here the implications of existing data in 

3 



non-leptonic weak processes for SU(2)L x SU (2)R."x U (l)B-L models ,and 

especially the information they provide abput the right-handed W-boson 

of this model. 

This thesis is organized as follows. Chapter I describes the left-
. , . 

right symmetric model, and the specific features of the version used 

later on in the gauge boson and Higgs sectors. Chapter II reviews other 

approaches to the same problem of d~te~i;ning the mass M(WR) , andmoti-
, ' 

vates our own approach of studying hadronic weak processes. Chapter III 

concentrates on the ~ - KS mQ~s difference, and Chapter lyon other pro­

cesses which are described with the help of current-algebra. The various 

bounds obtained in Chapters III and IV are summarized in the Conclusion. 

4 
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Chapter 1. 

The left-right symmetric model. 

Characterized by the gauge group SU(2)L x SU(2)R x U(l)B_L ' the 

left-right synunetric model needs an extra set of gauge bosons, compared 

to~he'standard .odelbased on SU~2)L x U(l)y alone. It also requires a 

more complex ;Higgs. structure to give masses to the usual fermions (to 

which. is added a right-handed \I). and to the bosons. A quick compariso~ 

chart with the standard model. can be found in the Appendix on p.14 • 

. Here we~i1.1 give a somewhat mp.re detailed description of the masses 

acquired l?y th~ gauge bosons, the fermions and the Higgses ; some of 

these results will be used in Chapter III. The left-right symmetric 

model has been studied extensively 5 ; th~s chapter is ba.sedessent ially 

on previous work by G. Senjanovic 6 

A. Particle assignment in multiplets. 

i) The left~and right-handed fermions are assigned to isospin doublets. 

according to : , 

[ : e t [ >t [ :: t [ :: L·· ; [ : e 1. :: 1. 
(~,O ,-1) (~,O .-1) (O,~,-l) 

where (TL • TR ' B-L) are the three quantum numbers of each multiplet 

under the three gauge groups. The electric charge operator is : 

Q = T3L + T3R + (B-L)/2 (1.1) 

5 



ii) There are three sets of gauge bosans, one for each group 

. , . , B 

They combine into physical states written as 

w:t 
1 

Z; w:t 1 _ 2 y 

iii) Higgs bosons are needed to give masses to the fermions '(~L$1jIR) must 

be a singlet ~ which implies a Higgs·' mtil tiplet (J, ,t,* ,0). One might think 

of giving this multiplet a co~posite structure, like ($L$R*) ; but then 

the re'quirements of left-rightsylnmetry force $L and $R into having the 

same vacuum expectation values, which in turn prevents building meaningful 

quark mass matrices.' Therefore one needs a Higgs multiplet of the form 

cj) = where 13L and 13R are 

where the $'s are complex scalar fields. 

Since (B-L) , = 0 • this multiplet cannot break the D(l) group. and 

more Higgses are needed to t"hateffect. Various assignments are possible. 

which have no effect on our calculation of Chapter III, where we only deal 

with those Higgs particles which couple to fermions. l~e take here the 

simplest structure for the additional Higgs multiplets : 

x + 

1 
R 

XR = 
X 0 

R ) 

(!"O.l) (O,!'.l) 

Another currently favored choice 7, is : (T
L 

• TR • B-L) = (1.0.2) and 

6 
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(0,1,2). Such Higgses can be made of fermion pairs (~,O,l) x(~,O,l), 

which leaves open the possibility of dynamical symmetry breaking ; and 

they can contribute a heavy }~jorana mass to V
R 

(see Ch. II). 

The vacuum expectation values of the Higgs fields chosen here are 

<¢> - [: :' 1 . 
'. all complex (1.2) 

Under a left-right parity transformation. all the fermion and boson 

fields transform into their s~etric partners ; the Higgs fields obey :' 

4> +-+ 9+ 

Since the coupling constants associated with SU(2)Land SU(2)R are equal, 

physics would not', change,excep-l that v ., v' ,which breaks the synunetry. 
" 

It is a remarkable fact, shown by Senjanovic 6 , that a symmetric 

Higgs potential can have an absolute minimum' for <xL>:f., <XR> for some 

range of the coefficients in the potential (The same property has also 

been verified for the alternate choice of'symmetry-breaking Higgses). 

Indeed Senjanovic showed that one can have <XL> = Ot <XR> = v • which we 

are going to retain for s~mplicity in the gauge bo~on mas~ matrices (see 

Ch .. III, Appendix A, to check that v':f. 0 does not affect our re~ult),~ 

B. Gauge bORon ma~ses and weak currents. 

From the relevant part of the Lagrangian which contains the covariant 

derivatives of the Higgs fields : 

0.3), 

from the definition of these covariant derivatives • 

7 



, . 

i .......... 
D X = a x - - g T.WR· XR llR lJR 2 

D .~ 
II 

and from the vacuum expectation values' 

<XL> = 0 <X > = [: 1 
<~> = [ : R 

..... ...... 
where T = C1 .' (1. 4) 

:. } (1.5) 

one can derive the following mass matrices (The gauge boson mass matrices 

in Ref. 6 are all in error by a factor 2) : 

i) for the charged W's • 

[ 

~ g2 (k2 + k,2) 

_ g2kk' 

which can be diagonalized according to 

where 

[ :: 1 = [::::, :::: 1 [:: 1 
tan 2l;. = - 4 kk' 

v 2-

(1.6) 

(1. 7a) 

(1. 7b) 

The phenomenological requirements that l: be small (see Ch.· IV,A and Ref.16) 

and that :H(lvZ)>> M(W
l

) imply that 

v » k.k' 

In that approximation. 

(1. 8) 
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One can see that 
M20~1 ) 

M
2

(W2" 

'V O(tanZ;;) , unless k and k' are not of the-same 

order of magnitude. In fact we are interested in checking whether values 

of M(W2) much lower than MO~l) jltanz;; are plausible, and so we have to 

assume, for example, k'« k. In Chapter III we will take k' = 0, and 

eventually see how.our result changes for k' I O. 

The charged weak currents carried by WI and W2 are 

J l = 

with J }.I+ 
L 

J L cosC+ J R sinZ;; 

= - lJ +- lJ veLr eL _ v}.ILr }.IL + 

J 2 = -JL sinZ;; + J R cos~ 

+ uO lino 
LY L 

(1. 9) 

where UO and n° are column vectors made of u- and a-type quark weak 

eigenstates. 

ii) for the neutral Z's : 

The same part of the Lagrangian (1.3) containing the Higgs covariant 

derivatives also yields the following mass matrix 

W3L 
1. g2(k2 
2 + k,2) -t g2(k2 + k,2) 

M 2 = w 1. g2(k2 + k ;2) 1. g2 (k2 + k,2 + v 2) Z 3R 2 2 

B o . 1 , 2 - - gg v 2 

If we define the analog of the Weinberg angle, 0 , by 

. 20 Sl.n -

,2 
- --=-,g",,---~ 

(g2 + 2g,2) 

0 

1 1 gg' 2 
- "2 v 

1 ,2 2 
J 2 g. v 

(1.11) 

then the following combination is massless and corresponds to the photon 

A 
~ 

+ B Icos2e 
~ 

(1.12) 

The mass matrix for the other two particles can be written in a basis 

where it is almost diagunal 

\ 

9 
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Z1 = (\\l
3L 

cos0 - W
3R

sin0tan0 - Btane,lcos20) , 
2 cos 0 

B tanG), 

where 

_ 1 2 2 2 
a = 2 g (k + k' ) 

M2 == 

,Icos20 
-a 2 

cos 0 

b _ ~ (g2 + g' 2) 2 
v 

Icos20 
- a 

2 cos 0 

cos20 
a 2 

cos 0 
+ b 

(1.13) 

For v »k,k: ' the above matrix is approximately diagonal, and one 

rec0gnizes the lighter boson mass 

ra 
'V--

cos0 

whereas b 

. M(W
l

) 
'V ----'-­

cos0 

M(W) 
cosO 

'V 2 
Icos20 

. The neutral weak currents are, in the same approximation 

J (Z2) 'V g cos0 
~ ,Icos20 

2 . 
Qtan 0J 1jJ 

where R,L are the helicity projectors i (1 ± YS), 

(1.15) 

The usual relations for the mass and the current of the lighter neutral 

boson thus reappear in th~ limit where the mass of the heavier one (ie. v) 

increases to infinity. 

c. Fermion masses. 

Fermion masses stem from the vacuum ex')e~tation value of ~ in (1.5). 

The other Higgs particles do not cpr-tdbute, since they are singlets of 

The relevant }Jart of .the Lagrangian, containing the Yukawa terms, can 

10 
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be written in the most general form compatible withhermiticity and 1eft-

right symmetry : 

.ly = (1/10 L)i (Aij¢l + Bij l) (1/10 R) j + (ljIo R) j (Aij~++ Bij~"> (I/I\>i (1.16) 

where [-:::* ~:::* ) (1.17) 

and (ljIO)i is a fermion isospin doublet, ibeing the generation index. 

The superscript ° indicates that we are dealing with weak eigenstates, 

and therefore we want to generate the Cabibbo angle by having off-dia-

gonal terms relating different generations : this is why the Yukawa 

couplings A and B must be matrices ( 2x2 for two quark generations ). 

One then obtains the following mass matrices for the U- and D-type 

quarks : 

.. mu = (kA + k' B ) 
.... " 

mn = ( k'A + k B ) (1.18) 

Under left-right symmetry: \ilL ++ I/IR 
" + 

"~ ++ ¢> • Then the -invariance 

of the Lagrangian (1.16) implies that A and B be hermitian. We will take 

them, as well as <¢>, to be real; a more general approach would only be 

useful to study CP violation. Then mu and ~. are real symmetric ; they 

can be diagonalized by rotations Ru and ~ 

L\U,D (1.19) 

, 
The physical fields (mass eigenstates) form multipiets U and D obtained 

from the weak eigenstates multiplets UO and DO by the above rotations 

RU,D. This follows from consideration of the Lagrangian (1.16) : 

11 



.£y 
-1 UOJ

L 
-1 <Ru-l 

UO)R +, h.c. or = {~ .. (111. mU ·Ru) + U +-+D 

ie. U 
-1 UO D 

-1 DO = ~ = ~ (1. 20) 

The Cabibbo angle thertrappears in the charged weak currents as the 

difference between the angles of ~ and~ . 

(1. 21) 

and similarly for the right-handed current. So the left and right Cabibbo 

angles are the same : the Cabibbo matrix is R = ~-l ~ , and there are 

no flavor-changing neutral currents. 

D. Higgs bosons. 

The representations filled by Higgses are (~,~*,O) , (~,O,l) and 

(o,~,l) , which correspond to : 

4 + 2 + 2 = 8 real neutral fields 

2 x (2 +.1"+ 1) = 8 charged fields. 

Several of these become longitudinal degrees of freedom of massive gauge 

bosons 

2 x2 for the charged WI and W2 

2 x 1 for the neutral Zl and Z2 . 

We are left with the following physical Higgses 

6 neutral , 4 charged. 
, 

The mass spectrum of these particles has been studied by Senjanovic 0 : . 

all are heavy, with a mass O(M(W )), except for one neutral Higgs with a 
R ".". " 

mass O(M(W
L
)). The mass matrices for charged.a!ld neutral ~iggses will be 

needed in Chapter III, and are displayed in Ch.III, Appendix A, p.53. 

12 
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The Yukawa couplings of ~ are given by .fy (1.16). It is worthwhile 

to write down the coupling's: e:xp1icitly, 'since they will' also be used in 

Chapter III : 

+ 
for cP -

1 

+ 
for <P -

2 

for <PI ° 

for <P ° 2 

+ + 
same, <P--<P-I 2 , A - -B 

(1. 22) 

<PI ° (UL (R-
1

AR)UR + DR(B)DL) + <P 1°'* (U~(R-~AR)UL + DL (B)DR) 

" In these formulae, we have asstuned that all the Cabibbo rotation was 
.. 

contained in the U-quark sector ': DO = D ; UO=RU • This simplification 

does not change the results of Chapter III, as shown in Ch. III, Appendix 

B, p. 56. 

• .~ H 

.:. '" 

.~' . 

,&D. 

C,,; 
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Appendix 

Comparison between.the standard model and our model.· 

Gauge group 

Coupling constants g g' 

Electric charge 

Weinberg angle 

Q = T + Y 
3 2" 

SU(2)L x SU(2)R x U(l)B_L 

g g g' 

1 
Q = T3L + T3R + 2" (B-L) 

Fermions L-H doublets . R-H singlets L~H doublets· ; R-H doublets , 

Gaugebosons 4 7 

+ ± 
0 W- ZO Y tVl ,2 Zl,2 Y 

masses m(y) = 0 m(Y) = 0 

m(W) ::< 80.5 GeV m(\v1) < 80.5 GeV 

m(Z) = m(W)/cos0w ::< 92 GeV m(Zl) ::< m(W1)/cos0 

m(W2) :. 80.5 GeV 

m(Z2) ::< m(W2) cos0/ v'cos28 

Higgs content = (~, 1) * = (~,~ ,0) 

x = (~, 0,1) ; XR = (0,~,1) L 

<X > = 0 ; <X > = v which L R 

breaks the synnnetry. 

Physical Higgses 1 neutral 6 neutral , 4 charged 

masses free (~ 0(300 GeV» 1 neutral o (m(l.J1 » 

9 others 0(m(\.J2» 

14 
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Chapter II. 

Choosing a probe for the right..;.handed sector. 

," 8 
Our aim, like that of many ot;hers before , is to check the struc- ' 

'ture Qithe weak current, and to see whether, it deviates from the (V-:A) 

form predicted by the standard model. 

" ", "'; 

For charged: cu,r,rentprocesses, if we now have two gauge bosons loll 

andW
2 

with couplings given by (l. 7), the effective, interactio,n Hamilto­

nian is 

(2.l) 

where 
,22 

S == H{~l) 1~(W2) '-,and r; are both expec~e.d tobe,small,.·Keeping 

only th~ leading corrections in (2.1) 'yields 

(2.2) 

Since we are pr.imarily interested here in measur'ing S, 'independently of 

r; if possible, we should look for purely right-handed processes. 

, 'eff 
For neutral currents, the parametrization ofHr is more mode1-

dependent. Keeping the results of, (I.B), we get in the~ l~adingorder 

(2.3) 

as in the standard model. Obtaining a more accurate expression requires 

. gq:*ng back to the simplified mass matrix' (1.13). Its eigenvalu,es ar~ 
;.:);" 

15 



Then : 

H eff 
I - [ . 2 

s~n a + 

,'f 

and 
-sina'] 

coso. 
~... ,t. '" 

2 cos a 

M(Z )2 
2 

16 

respectively. 

(2.4) 

where A and Bare. the' currents corresponding to'. the fields defined 1n(1.13). 

It is easy to show that the quantities in brackets in (2.4) are 

-2 -2 M(Zl) . M(Z2) times the diagonal coefficients of the'matrix (1.13). 

y 
Then we obtain, after ·eliminating the hypercharge' 2' =Q - T3L - t 3R 

A =--L 
cos0 

H eff = 
I ' 

.& 
a 

2 
[(T3L ~ 

B = g 

Qsin20) 
2 

[ 1 +3! 
b 

cos0 

Icos20 

COS~01+hR + 
2 " Q») 2 

' 2 
tan 0 (T L -

a cos (3 

3 b cos2'2 cos 0; 

(2.5) 

where a ='~ 'g2, (k2 -t k' 2)' and b = ~'(g2 + g ,2) v2 ' \anbe expressed in 

terms of M(\.]1)2 , Sand r;;, with the help of (1.6) and (l~7) 

. 2 
a S + tan r;; 
b = 2 

1 + Stan r;; 

(2.6) 

Obviously the analysis of neutral current data is rather complicated ; 

it involves four parameters simultaneously: M(Wl ), 8. r;;, and 0, the equi­

valent of the 'Weinberg angle (see Ch.I, Appendix). This extra parameter 

has been erroneously fixed ·to an "ac~epted"value in some of the previous 

analyses of weak current processes in the context of the left-right 

symmetric model, which we are now going to rlview. We will look at 

results 'already obtain~d fromneutral:curri~nt data (part A), and then 

froin charged current data (part B); this will 'motivate our oWil approach 

(part C). 

1 



A. Neutral current proce~ses., 

The neutral current data can all be fitted within 1.5 a with only 

the two parameters of the W-S model, ,M(W) and ~W (te. with B ,= l; = 0 in 

our model) ;: the results ,including renormalization effe,cts, are 9 

2 . 
sin Ow = .233 ± .009 

M(W) = 80.5 ± 1.5 GeV 

(Some uncertainty remains as to the agreement with atomic parity violation 

data) • 

Additional constraints can be introduced from the limit on the proton 

lifetime ( 't P ~ 2 x 1030 years 10) , with the use of grand unified theories. 

The. standard SU(2)L x U(l) gauge ,group can be "unified" with the SU(3) 

gauge group of strong interactions. At some very high energy, all these 

groups a.re embedded ina larger group (at least SU(S». ; leptons and 
, , 

quarks are mixed in 'the multiplet assignment of the unifying group ; 

and all the gauge bosons are,' too (weak':"electroma'gnetic bo'sons, gluons • 
. . 

and others relating leptons to quarks),. This unification occurs' at the 

energy where the three running couplfng constants of the three gauge· 

groupS all become equai.' At that energy the nOrmalization of the group 

2 generators fixes the value of sin Ow ' which gets rEmormalized at lower 

energies. This scheme, fir~t devised by Georgi and Glashow 2, explains 

the q:uantiz~tion of elec;tric charge (sin~~ quark~ and leptons are mixed 

in the same multiplets, their charges are related), and relates Ow to 

the measurable value of CLstrong at low energy. The success' of the model 

. .• . • 2 .. 2::"1 ~ 

stems from the vSlue obtained for sin Ow ( Sl.n (:) :. .21 for CL :. 0.1-'), 
W s 

,. 
l'~ . 'V 1015 and from the high value of the unification mcrss ( GeV for the 
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above set of values), compatible with the known,11miton the proton life-

time ( since 

The same unificatiohprocedtir~'caribe' carried out tor SU(2)L x SU(2)R 

x U(l)B L x SU(3) '1' • The 'unifying group muSt be at least 50(10), to - co or 

accomodate the increased number of generators. The fundamental I'epresen-

tation of that group is a 16 , which suits the following particle assign-

ment 

, 
'\) 

e 

+ e 

e 
i,j color indices. 

The value of sin2e(GUM) is derived as for SUeS) : 

for the 16 representation, 
, 2 ' 2 

TrT3R = Tr T3L = 2 

Tr «B-L)/2)2 = 4/3 

But 'the generators 13L ' 13R and I B- L associated with T3L ' T3R and (B-L)/2 

must be normalized identically, and the same coupling constant gGUM must 

app~ar in each term of th~ kagrangian 

, -gGUM 13L = g,T3L 

h 
,2 

T en Tr 13L 
2 = tr IB_L 

And 2 sin 0 
,2 

g 

gGUM I B- L = g' (B-L)/2 

==> g2. 2 = g,2. 4/3 

=, '3 
8 

just as for SU (5) or for any groilp~pro\1ided the isos'pin 'and electric 

charge assignmentsof the elementary le'ft:":handed fermions remain 'the usual 

ones. 

2 ,'~ 

The renormalized value of sin 0 at low energy differs from the SUeS) 

value, however. The pattern of symmetry br,eaking, if one, assumes that 
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left-right parity is the last symmetry to b~ broken when going down in 

energy from Mx' to M(Wl ), must be : 

SO(lO) -+ SU(2)L x SU(2)R x SU(4) -+ SU(2)L x SU(2)R x U(l)B_L x::siJ(3)~ 

f.i. '. 
c 

-+ SU(2)L x U(l)y x SU(3)c -+ U(l)EM x SU(3)c 

M(W2) " M(Wl ) 

The evolutionsof'the coupling constants are'derived from the usual 

expression for the 8-function in" an'SU(N) group with f fermion generations 

8(g) 

A typical pattern of running coupling constants is shown in Fig. 2.1. 

In particular one obtains : 

5 c 
[ 

M' 

8" Log M(W
l

) (2.7) 

Obviously, a lower value for M(W2) ,implies a higher value for sin20(H(Wl ». 
This fact has lead some to concludell that H(W2) had to be at least 

9, 2 
10 'GeV " since Sill Elw(M(W» :< .23. However this latter value for the 

Weinberg, angle is obtained only in the standard model, which ,itself 

irn.plies M(W2) = Mx. The limit of 109 GeV is therefore merely evidence 

of the consistency of the standard picture. A correct analysis' r,equires 

a fit to the low-energy data first with the four parameters M{Wi) , M(hf2), 

Z; and sin20 (M(Wl », and then a determination of which values of these 

parameters are still compatible with a grand unified model based on SO(lO). 

Th 1 d b' 1 d" 12 b h e ow-energy ata have een ana yze by many , ut t e most 

13 interesting results come from Rizzo and Senjanovic They use as an 
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input the numbers of Kimet 'a1. 14 eXtracted from : 

the SLAC asymmetry experiment (and the ato~ic parity' violation 

experiments) ; 

neutrino-hadron scattering experiments 

v - e scattering results ; 
II 

They choose the more fashionable Higgs assignment (see Ch.I,A,iii), and 

allow the vacuum expectation values of the left- and right-handed Higgses 

to be bo.th non-zero. The ranges of values which then satisfy all the 

data within 1.50 is 

M(W2) ~ 150 GeV, ie. B < 
'" 

.24 

.23 < . 20 < .28 
'" 

S1n -
'" 

Itan 2r,;1 < .1 
'" 

The value of M(Wl ) is fixed by the overall strength o~ the interaction 

(the value of GF) when the other three parameters have been determined 

for the range of parameters indicated above, one finds 

70 GeV ~. M(Wl ) ~ 78 .GeV 

The same authors applied these results to the grand unified model 

based on 50(10) just described, even taking into account the effect of 

Higgses in the B-function ( They bring M(W2) down, for a given value of 

sin20w ) IS. Their result is therefore rather model-dependent but can be 

summarized as follows 

If MO.J2) ~ 1 TeV , the presence. of the right-handed sector does 

not appreciably modify the fit of sin20 to the l~w energy data. One 

h . 2 must ave S1n 0 = .23 as in the standard model. Then, as pointed out in 

previous analyses 1: it is difficult to accomodate an intermediate mass 
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scale between M(W) and ~ , unless .it is almost as high as ~ , and does 

not seriously affect the consistent standard picture of grand unification. 

Hence : 

~ 1 TeV + GUTS ==> > 
"-

109 GeV (2.8) 

. . . 2· . 
Otherwise M(W2) must be very low, so that. sin 0be increased to ~ .27 • 

Such values are still compatible with grand unification, simply pushing 

17 . . 
}~ to "- 10 GeV, and making proton-decay very hard to observe •. 

In conclusion, according 'to Ref. 15 : 

either M(W2) 150-250 GeV and 2 .27 "- sin 0 = 

109'GeV 2 
(2.9) 

or M(W2) "- and sin 0 = .23 

This analysis, of course, depends for a,good part on details of the model, 

like the parametrization of the neutral sector, the Higgs structure and 

the number of Higgsmultiplets, things which might be less crucial if 

one studies charged-current processes. 

B. 

ture. 

Charged current processes. 

The limit M(W
R

) ~ 200-300 GeV is still widely quoted in the litera-

16 It was obtained by Beg etal. from charged current data, .with 

the implicit assumption that neutrinos are massless or at least extremely 

light. The effective Hamiltonian they use is exactly (2.1), and they 

obtain the limits : 

M(W2)/M(W1)' ~ 2.76, ie. M(W2) 

Itanl;;1 ~ .06 

> 220 GeV 
"-

Among the various processes' analyzed, the most stringent constraints come 

. -
from the longitudinal e polarization in pure Gamow-Teller B-decay, and 

21 



from the p parameter in Jl .. qecay. Al1..the pro~esses considered in that 
~. . . 

paper. are . semi-lepto!li~,:a; :T,I~u~:rin9 ~.~.Br,C?~uced in, each, ~ase, which will 

in general be left-handed if the gauge boson exchanged is WI ' and right­

handed if it is W2 . " " '.~. < 

One of the attractive features of the left:-right symmetric mod~l, 
'J' .' • '. • . • 

though, is to allow for a massive neutrino, and furthermore to explain . . .' ,.: ',' '. . 

in a natural way why the usual- left-handed- neutrino is so much lighter 

than its charged leptonic partner. This mechanism, first suggested by 

Gell-Nann et a1. 17 , involves giv,ing both a, Najorana .,and a Dirac mass 

to the neutrino (see Appendix for <ietails on MaJorana., spinors) ,so that 

the mass matrix for the two helicity components, of a given species ,of 

neutrino becomes 

[: : 1 (2.l0a) 

where d is the usual Dirac mass term ( d '" m in any grand-unified pic-, e 

ture ) , and m and M are the Najorana mass terms for both neutrino cornr 

ponents. Grand unification does not constrain them to any particular " 

value, since the neutrino is the only particle to' enjoy the possibility 

of a Najorana mass.' But we ~xpect< from naturalness', that they are of 

the same order of magnitude as the vacuumexp'ectation values of the 

Higgses which give rise to them. Furthermore m has to be very small. such 

that indeed m(v l ) « me ' vI being the usual ~ostly:-left-handedneutrino. 

" 18 
Several schemes have been proposed, where m = 0, and N '" O(~) 

or O(Ctt-~) 19, yield~ngextremely smapmasses,~(vl).as shown below·. The 

left-right syml11etric model fit~ the pheno:oeI1ology. in a very elegant 
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manner 20 : the different values of m and M reflect the breaking of parity. 

-
One should expect, given the Higgs structure 6

L
(1,0,2) anq to

R
(0,1,2) (see p.6-7): 

m IV 

M 

0«6
L

o» 

.O( <6
R 

0» 

and m = ° for <6 0> = ° L 

Taking <6Lo> = ° -which is still compatible'with a left-right sym­

metric Higgs potential - the eigenvalues of the mass matrix become : 

and 

Then ml IV 0(1 eV), in the expected range (see Ref. 15 for details), 

instead of, the minuscule masses of order 10-8 eV obtained when M IV ~ 

in (2.l0a). 

The eigenvectors are 

(2.l0b) 

In conclusion, it is likely that 

i) The predominantly right-handed neutrino is so heavy that ,it cannot 

b~ produced at present-day energies, and certainly not in any of the 10w-

1 d · B~" . 1 16 energy processes ana yze 1n eg et a • 

ii) The usualpredominantly left-handed neutrino ,does have right-handed 

couplings, although'by a minute amount. 

These conclusions modify of course the previous' studies of charged-current 

data. The low-energy effective Hamiltonian (2.1) now becomes, for semi-

leptonic processes, when the pieces requiring production of "R are deleted: 



H eff := 

I 

2 
g 

2 2M(W) 1 

( J
L

J
L

+cos<5 ('cos 2r,; + Bsin2 r,;) '~ J
R

J
R
+sin<5 (sin2z;; + Bcos 2 Z;;) 

+ (JRJL+COS<5 - JLJ R+sin<5)sinr,; cosz;; (I-B») 

and for a purely leptonic process 

H eff := 

I 

2 
g 

2M(Wl ) 2 

(2.11) 

-(2.12) 

Obviously, all deviations from a :(V~A)(V-A) structure are multiplied by 

~ and become inobservable,except for a semi-leptonic process where the 

right-handed current is all hadronic. However the two processes selected 

in Ref. 16 both involve the observation of a right-handed leptonic cur~ 

rent : then the smallness of <5 obscures any effect of a potentially very 

light right-handed,boson. 

Therefore, in order to eliminate the effects 6f <5 , a charged-cur-

rent analysis should only rely on purely hadronic processes, or semi-

leptonic processes where the presence of a right-handed current should 

be looked for in the hadronic sector. That kind of hadronic polariz~tion 

experiment seems extremely difficult to carry out, given the mass discre-
, . 

pancy between, the usual hadrons and leptons (see however Ref. 21 on 

19 polarized Ne B-decay). In any case, one would only get a limit on the 

next smallest parameter after <5 , namely Z;;. 

C. The correct probes. 

We will focus on the analysis of purely hadronic charged processes~ 

because they are less model-dependent (and because they have not been 
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. studied yet), namely: 

the I). - KS mass difference, in Chap.ter III ; 

hadronic hyperon decays and K decays, in Chapter IV. 

Of course the presence of strong interactions decreases the accuracy 

of theoretical calculations, but at·least the Ko-i{0 system has proved to 

be an outstanding test 

22 
actions in the past 

for:weak - and super- or milli-weak - inter-

However there are at least two other phenomena worth attention 

i) Neutrinoless double 8-decay (88)° : 

Majorana neutrinos are self-conjugate and can therefore be exchanged 

internally in a double e-decay event, leaving no neutrino in the final 

stat~(see Fig. 2.2) 

2 n .~ 2 p+ + 2 e 

The amplitude for such a process includes a factor 
M , for the 

(p2 _ M2) 

neutrino propagator of mass M with helicity flip, which after Fourier 

'* transform gives rise to a Yukawa potential and a factor M exp(-).H). 

Such a factor goes to 0 for both M ~ 0 and M ~ 00 ; but, given the upper 

bound on the mass of the usual neutrino v , the expression e . 

M exp(-).M) 

M(W
L

) 4 , 
for M < 60 eV is two orders of magnitude smaller than 

'" 

M exp(-UO 

MO.J
R

) 4 
for M '" M(WR) '" 300 GeV. 

Double B-decay is thus a good place to look for not too heavy }Iajorana 

23 
The analysis has been carried out in detail for the neutrinos more 

specific model we are considering 
15 

For the same M '" 300 GeV, the mass 

rate for double 8-decay should be less than an order of magnitude below 

25 

'* A is the characterist ic range of the nucleon-nucleon interaction p, -1", SOGeV) 



the present experimental limit, and such decays should be observable in 

the next generation of experiments. That prediction, however, relies 

heavily on the "n'aturalness" of the model : all the coupling constants, 

in the Yukawa couplings and the Higgs potential, should be of the same 

order of magnitude, so that one can relate M(W2) andM(vR) through the 

Higgs vacuum expectation values. It is difficult to decide at which 

point the ratio M(W2)/M(vR) becomes unnatural; nonetheless the obser-

vation of double B-decay, whatever the rate, would be a very strong 

argument in favor of the left-right symmetric model. 

ii) Variation of the Fermi constant : 

+ For purely leptonic processes (eg. p decay), the JLJL 
part of H eff 

I ' 

(2.1) is the only one to contribute (We take 6 = 0 for simpl{city)~ 

One can thus identify 

GF 2 2 + Bsin2
1;;) - g . (cos 1;; -

8M(W
l ) 2 /2 

Now for semi-leptonic processes ( TI, K decays, B-decay ), the hadronic 

current can be right-handed as well, so that the decay rates will be the 

ones that one would obtain not with the above value ofGF/12 , but 

rather with 

G ' 
F 

Ii 

2 
g , 2 2 

{(cos 1;; + Bsin 1;;) + sinr,; cOSs (I-B)} 
8M(Wl ) 2 

GF 
"" (1 + 1;;) 

12 

Measurements on the lepton polarization will not be affected, since they 

depend on the structure of the leptonic current, which remains purely 

left-handed. 
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This apparent variation of GF should make it possible to set limits 

on ~~ almost independently of B. 13 Indeed it has been argued that the 

factor (1 + ~)2 should take care of a discrepancy of 3 ± 1 % between 

the value of fn = 93 MeV measured fromn~2decay, and the theoretical 

value obtained from the Goldberger-Treiman relation by evaluating the 

24 . nNN hadronic coupling 
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Appendix 

Majorana neutrinos. 

A general fermion maSS term in ,~he Lagrangian should be a Lorentz 

scalar made of two fermion spinors. These spinors are associated with, 

the following representations on the SU(2) x SU(2) decomposition of the 

Lorentz group Lie algebra : 

A scalar can then be made by combining two identical representations 

(~,O) x (~,O) = (0,0) + (1,0) (same for (O,~» 

There are two ways of pairing the representations 

making a Dirac mass term 

making Majorana mass terms 

where 

Note that \lLc _ 

Then 
-c \l

L 

r 1 ~ '5 

(~,O), like \lL. 

vj* - c C 
\I = (\I )R 

Such Majorana terms would have a net non..,.zero electric charge if the 

28 

,. 



fermion were charged : this is why the neutrino is the only particle 

which may have a Majoranamass. Still ,a Majorana term violates lepton 

number conservation: that has just recently 'become "acceptable", with 

the advent of grand unified theories where neither baryon nor lepton 

m.unber is conserved. 

One can define proper self-conjugate MaJor ana fields 

The mass terms are then r~expressed 

IlL a: I:i' ( xw + wx ) lJirac 

~ajorana 
a: xx and ww 

Under the SU(2)L x SU(2)R x U(l)B_L group, the mass terms have quantum 

numbers: 

(1:i,I:i,O) for the Dirac term 

(1,0,-2) and (0,1,~2) for the Majorana terms. 

These representations can be combined with ~,flL and flR respectively to 

yield ,singlet mass terms, organized into the following mass matrix: 

x Yfl <fl 0> I:iY~ <~l·>l L L ~ .'; 

W I:iYcjl <$ 0> Yfl <fl 0> 
1 

R 
R 

where Yi are the respective Yukawa couplings. and <4> = [ 
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'Chapter III. 

TheK '- KS mass difference. L ' 

' • .- -.J 

The mass difference between ~ and KS is due to a,6S = 2 interaction 

between the otherw'ise , degenerate states KO and Ko. Since we are not con-

cerned here with CP violation, we can write ~ and KS as eigenstates of 

CP : 

and 

The effective Hamiltonian between KO and KO states takes the matrix form • 

[: : 1 
I, 

The mass eigenvalues are (m ± M) (M is real if CP is conserved), and 

the mass difference is : 

(3.1) 

Now the KO 
- KO interaction is a 65 = 2, second order weak process 

between two quark-antiquark pairs, complicated by strong interaction 

effects in the initial and final states ( We will not consider the once 

attractive alternatives provided by mil 1 iweakor 65 = 2 superweak inter-

22 
actions ). We can calculate the weak amplitude for sd - sd scattering. 

and then estimate the effect of strong interactions. 

There is of course a theoretical uncertainty in that estimation. 

which is very difficult to evaluate. However. a fairly simple method 

30 

of including strong effects, first adopted by M. K. Gaillard and B. W. Lee2~ 

has proved very successful. Indeed these authors, using the standard 

't, 



'J 

W-S model for the weak interactions, predicted a charmed quark mass 
. '. 26 

m ~ 1.5 GeV just a few months before the discovery of the JfV • One 
c 

might argue that this result is merely a lucky cancellation between a 

weak amplitude obtained from the wrong electroweak model, and a poor 

estimate of strong interaction effects. Nonetheless the predictions 

of the W-S model in all other circumstances (up to - perhaps - atomic 

parity violation experiments) corne extremely close to the actual measu-

r~ents ; and strong interaction effects were evaluated, in this case, 

,calong a different approach using the MIT bag model 27, with similar 

results •.. Therefore we think, rather conservatively, that the way 

Gaillard and Lee took strong effects into account should mimic the actual 

strong interactions within, say, a factor of three. 

Our approach is then the following: we review Gaillard and Lee's 

way of calculating 6~S (part A) ; then we calculate the free sd - sd 

amplitude in .our model (part B), which depends on a number of mass 

parameters; finally (part C), we relate that weak scattering amplitude 

to the ~-KS mass difference along the lines of part A, and deduce 

restrictions on our parameters from .the requirement : 

1/3 < t.m.. / t.m.. . < 3 
~ ~S th. ~S exp. ~ (3.2) 

In appendices A, B, C, we see whether the various simplifications that 

we made in our calculation of the weak amplitude seriously affect the 

final result. 

A. How to calculate bm
LS

• 

Given a specific model for weak interactions, one can calculate, 

with the"help of Feynman diagrams. the scattering amplitude A(Sld l -+ S2d2) 
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for zero external momenta. In the standard· model, with left-handed 

charged weak currents only, A will be a sum of ,~:erms - one for each 

diagram - of the form 

(3.3) 

where 

. q. . k 1 are the quarks sl '2 
1,J, '. , 

by the Feynrnan diagram considered 

d
l

•2 arranged in the order required 

arid thelji's the corresponding spinors 

0,0' are Y-matrix operators ;' 

B isa scalar function of the masses of the/particles exchanged ,: 

a. b, c.d are color indices, and the 0 .. 's just express that the 
1J 

weak bosons exchanged are color singlets. 

In our model, with right-handed currents also, (1~Y5) will be (1±Y5)' 

From A(sld
l 

+ ;2 d
2
), one can, then extract, in principle. an effec­

tive Hamiltonian density .9{eff, ie. an .operator defined by : 

~a (:x) 1jJ b
d 

(x) "( - .9l eff (;x)) ~cs (x)1jJ dd (x) _ A 
sl 1 ,2 2 

(3.4) 

.j{eff will thus contain 2 s- and' 2 d-field operators, which can be con-

tracted with the 4 spinors in 4 diffe:r:ent ways, each amounting to a 

different Fierz rearrangement of .9{eff. Then the y-matrix structure of 

.j{eff will be different from that of A, .9l eff containing spurious terms 

which will' cancel out after a Fierz transformation. Specifically. for 

the standard model, A will be, up to a factor B mentioned above 

-a 0 1 - y h -c 1 - y d 
1jJ (sl) y ---5 

°ab 
ljJ (d

2
) • iJ; (52) Yo --"s (\ 

cd 
I)J (d

1
) 

2 2 

(3. S) 

-a 0 1- yS ijld(d
1

) -c 1 - y b 
+ 1jJ (sl) y 

2 6 ad • 1jJ (s2) \). '---S abc IjJ (d
2

) 
, 2, 
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,,. 

which can only be obtained from. the following .Jl eff 

3 ( -i a 1 - y. 
ej (d) -k 1 - Y 6kl 

el(d) - - E e '(s) Y 2 5 6ij • e (s) Ya 2 5 
8 ijkl 

(3.6) 

?(s) a 1 - 1: 6il 
ej 

(d) -k 1 - 1: 6kj 
el(d) ) + Y 2 5 • e (s) Ya 2 5 

where the e's are field operators (the 1II's being spinors). 

I h · III eff d 1 k d· ff f A 1 h n t ~s case VI oes not 00 too' ~ erent rom : on y t e 

color operator structure changes, because the y-matrix operator (V-A) 

x (V-A) has the property of being Fierz invariant. However, terms in 

(V-A) x (V+A) which arise in our model generate scalar and pseudo-

scalar operator products whose appearance we want to postpone, using 

a notational trick devised later. 

eff This distinction between e's and ljI's; between .Jl (operator) and 

A (amplitude obtained after performing all possible Wick contractions), 

is important, and has sometimes been misunderstood in the literature. 

eff 
The next step toward calculating 6~S is to sandwich .Jl between 

the actual meson states KO, KO, and to recover an effective scalar 

amplitude. This approach would be perfect if we knew the effect of 

strong interactions, ie. the wave-functions of the strongly bound quark 

and antiquark which make up each meson. Two ways around that problem 

have been tried : 

.!) Approximate the meson states as pairs of free quarks. and require 

that they all interact at the same point by inserting vacuum projection 

operators 1 eX 01 in all possible ways in the effective amplitude 
\ 

M = <'-Kolll/effIKo>. Thi i h .. 1 h f R f 25 VI sst eor~g1na approac 0 e. • 

ii) Approximate the quark wave-functions as best one can. using the 
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MIT bag model, and calculate directly' the effective amplitude. This was 

27 
carried out as .a check of t.he Gaillard and Lee calculation the 

result was : 

Mbag / MGL "" .4 (3.7) 

which should make us rather cautious when setting limits on the theore-

tical uncertainty ot the calculatidri. 

Here again the issue about the legitimacy of approach j) is extre-

mely confused. It has been argued ,even by the authors of Ref; ·27, that 

approach:.!)· would be improved if one would consider not only a vaCUlnn 

intermediate state, but also single "!To intermediate states, with the 

understanding that an exact result would be obtained ·if one· could sum 

over all possible intermediate states. Calculatibns involving single-

pion projectors have been carried out 
28 

, and yield roughly : 

which discredits MGL as a good approximation to the sum of a converging 

series. This argument, although widely accepted, is wrong if one 

could sum over a complete set of intermediate states, one would recover 

the free quark amplitude A, since in approach l) the meson states are 

approximated by free qq pairs. It must be stressed again that the 

reason for the vacuum insertion is to mimic strong interactions by 

forcing free qq pairs to interact in a point-like fashion, and that the 

value of MIn / MGL has nothing to do with the validity of the vacuum 

insertion method. 

Another " re finerri'ent" has been to consider the renormalization of 

the weak operators responsible for the KO - 1(0 amplitude caused by 
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2~ 
strong interactions while still keeping the same vacuum insertion 

method. The final result changes by an order of magnitude, but the 

justification of inserting vacuum projectors is lost, and the overall 

approach seems rather less reliable than the original one. 

In any case,approachii) is probably the most accurilte, .in view' 

of the calculational successes .of the bag model .. Nevertheless. for - , 

simplicity, we will here follow approach !)-,. but will allow for 'a theo-

retical uncertaihty of a-factor 3. 

The last step toward calculating the mass difference has already' 

been explained in. (3.2) :' r. 

illn
LS 

= 2M (3.8) 

We now want to perform all the steps outlined here, using the 

left-right synnnetr:ic model of weak interactions'described in Chapter I. 

We will avoid exhibi tingthe actual .j( eff defined by (3.4) by using the 

eff 
following trick : we write instead a pseudo-.j( (which also satisfies 

(3.4)) obtained from the 'amplitude A by replacing the spinors'ljJ by field 

operators e, and only allowing, those ','natural" Wick contractions- which 

reproduce' A. . These contractions are indicated, when nece'ssarY ~ by an 

arrow above each field operator" pointing to the spinor with which the 

operator should be contracted. Thus we ~rite, for instance, (3.6) as : 

-+- -+-
-i a 1 - y - j + . e (s) y -'2-' 5 <5;. 8 Cd) 

1.J 

(3.9) 
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B. The sd - ad scattering amplitude in the left-risht symmetric model. 

-, -

We can sort the many possible diagrams describing sd + sd according 

to tbe helicities of the incoming and outgoing particles. Each particle 

can be left- or right-handed, so there are 24 = 16 possibilities-in 

principle. Half of these helicity combinations will not contribute to 

the scattering amplitude, for the following reason : 

Each diagram, describing a seco,nd order weak process, will contain 

a loop with two boson and two fermion propagptors. The Feynman amplitude 

will be obtained by integrating over the 4-momentum k circulating around 

the loop. If the fermion propagator does not involve any helicity-flip 

(say the fermion remains left-handed), it will take the form : 

1 - Ys 2 = 

And if there is a helicity-flip 

1 - Y 
2 S 

1 ± Y 
2 5 

(3.l0a) 

(3.l0b) 

A helicity-flip fermion propagator contributes an odd power of k to a 

* Feynman integral otherwise symmetric in k +-:+--k Therefore non-

vanishing diagrams must. involve 0 or 2 helicity-flips; the 8 helicity 

combinations thus left to consider are depicted in Fig. 3.1. 

+ 
In the standard model the bosons which can be exchanged are W-

and ~o. But neither ZO nor ~o can change quark flavors; so Gaillard 

* This k -<-+-k symmetry is a consequence of our setting the external 

momenta to O. Actually the scale of the external momenta is determined 

by the kaon mass, and that of the loop momentum by the boson masses ; 

hence when setting the external momenta to O. we neglect terms which are 

down oy a power of M(KO)/M(W). This procedure is justified here because 

we sum over all the external quark helicities. 
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and Lee only had to calculalte the twO simil~r diagrams of Fig. 3.2, with 

exchange of a w+w- pair. In our mod~lth~ set'~f physic:aT bOsonsis 

enlarged to : WI ' W2 ' Zlo , Z2° ,4 charged Higgses (2 of which 

couple to fermions) , 6 neutral Higgses (4 of which couple tofebnions). 
, ' ," ... , * The Z's cannot change flavor, but the neutral Higgses can ; so'the 

neutral boson pairs which can be exchanged are : 

W±- charged Higgs , or ZO - neutral ~iggs 

2 charged Higgses , or 2 neutral Higg~es. 
. '", ", ':. 

The set of diagrams to ca:\.culate c;:an be narrowed down because of 

our specific purpose to test whether relatively large values for, 

(see (1.8)) 

,j. .' 

-1 
are possible, ie. 6 ",-0(10 ). For such values, the phenomenological 

successes of the standard model (corresponding to t3 == I:;. = 0 here) imply: 

B > tan21:;. 
4kk' 

= - --2-' \ 
v 

where ~ is the mixing angle between W
L 

and W
R 

Therefore it is suffi-

cient to set : 

I:;. = 0 ie. kk' = 0 , say k' = 0 

to obtain an upper limit on B. The amplitudes corresponding to mixed \.J 

* Although in our simplified calculation ~he neutral Higgses do not 

couple to D-quarks (see next page), these particles should in gen~ral 

+ -permit the decay KP 
4 ~ ~ ,although at a minute rate given the small 

magnitude of the Yukawa couplings (see (3.?3)). 
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couplings would be of the same order as the ones that we are going tQ 
2 2 . 4 tan L; 

calculate, except for 
4 

an extra factor tan C;, tan Z;, or at best --'_ ..... 
B 

tan L; 

2 ,which i'q all cases is small compared to 6. These amplitudes 
8 

would not affect our limit on. ~(the mi~ing factor tanc; always comes in 

even powers because the only helicity. combinations that contribute are 

left-left- or right-right-handed by pairs, as explained above). 

For the particular case k' = 0, the physical Higgses are simple 

linear combinations of ~'s andx's. The mass matrices for the charged 

Higgses, and for the real and imaginary parts of the neutral Higgs fields, 

are reproduced in Appendix A, p.53. The only states coupling to 

fermions are : 

- two charged Higgses ~ ± = -- -.~.--.­
Vv2+k2 

(3.1l) 

witl1 mass 0 (M(W
2
» and fermion couplings (see (1.22), with B12 = 0) 

(3.12) 

- two neutral Higgses 4J
2
°r ,i' with masses O(M(W2» and couplings: 

(3.13) 

- one neutral Higgs with a light mass O(M(W
l
» and one with a mass O(M(W

2
», 

which only couple to U-quarks and are of no interest here. 

This reduced set of physical Higgses makes it appealing to work 

i . t (h) h h b . 30 n un1 ary gauge no g osts , were t e gauge oson propagator 1S 

t, (k) 
lJV 

(3.14 ) 

Power counting shows that logarithmically divergent diagrams may be present. 
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Indeed such diagrams are shown in Fig.3.3. They all are of the "mixed" 

(L-R) type. Diagrams where the initial and final quarks are all left-

or right-handed (L-L or R-R) are convergent, although naive power 

counting would lead to the opposite result. The reason is precisely 

due to the GIM mechanism * 

In the L-R diagrams, the u or 'c quarks propagating must flip heli-

city as seen earlier, the corresponding sandwiched propagator is then 

m 
u,c , and the 'amplitude contains a factor 

m m , 
q q 

2 
m , ) 

q 

-4 
k 

II In the L-L or R-R diagrams, the propagator is 2' and the 
,-" k 2 

- m u,c 

couplings are such (thanks to GIM) that the amplitude contains a factor . 

[ J 

2, 
2 . 2 . II ll· 2. 2 

cos 0Cs1n Gc 2 2 - 2 2 = cos 0Cs1n ElC 
k -m, k-m 

u c 

which makes the integral convergent. 

2 2 k (m -m ) 
c u -6 

ex k 

The same features recur in the calculation of all the Feynman 

amplitudes of Fig.3.3. As an example, let us derive in some detail the 

amplitude for Wl -W2 exchange. Since we assume ~ = 0, there are only 

fQur helicity combinations for which such an exchange is possible. The 

corresponding diagrams are the first four in Fig.3.3. For each of 
.. 

these, the Feynman amplitude can be written : 

* In this calculation, we only consider two quark generations. The 

possible consequences of the existence of heavier quark generations are 

examined in Appendix C, p.S8. 



(3.15) 

Or, after summing the four diagrams, separating the various terms and 

symmetrizing in 4-space 

4 2 . 2 } d
4

k [ m g cos ElCsl.n ElC 4 2 c 2 
(21T) k-m 

. ·c 

(3.16) 

In (3.16), the first term is logarithmically divergent and the second term 

convergent. Both terms are calculated by dimensional regularization) in 

n-dimensional space 

1 · .} d~ l.m 
n-+4 (21T)n 

lim 4 n-+ 

i 
J 2 

(m - m ) 
c u 

1 1 k4 
= 

k2_ M(W)2 k2_ M(I-J)2 M(W)2 M(W )2 
1 2 1 2 

n 
r(2 - -) 

2 

i - Ili c 
2 

(3.l7a) 

(3.l7b) 

[

H(\V1) 2] 
Log --- -.. 2 

m 
c 
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In (3~17a) there is no finit~ piece to the 'integr~l in addition to the 

. -1 
divergent piece proportional to (n - 4) • This feature reappears in all 

the diagrams we have to eva~uate : the pole terms, after cancellation 

among all the divergent diagrams, do not co~tribute to the finite ampli-

tude. In (3.17b) we set m to zero, 'and we kept separate the contribu­
u 

tions coming from the g~V part of the W-propagators (like in Feynman 

kPkv 
gauge) and from the 2 part, which is specific to the unitary gauge 

M(W) 
and should account for the ghost terms otherwise present, in Feynman 

gauge for instance. One can see that the ghost contribution is very 

small (final factor i in (3.17b». In fact we approximate (3.17b) to 

2' . [ 2} em - m ) . . . Mewl) 
cUB Log ---;-

- 161T
2 M(t~l) 4 mc 2 

i 

where The amplitud~(3.l6) can be further simplified, 

with the use of the identity 
(.3.18) 

(yBya l-y 5) (y y l+y 5) = 4 (l-y 5) (l+Y 5) + [oaB 1";Y51 (0 l+y 5) 
2 ij a B 2 kl 2 ij 2 kl 2 ) ij aB 2 kl 

In fact the last term in (3.18) is identically zero, as can be verified 

using 

as 
o Y 

= 1 aBycS 
5 2 £ . °ycS (3.19) 

Finally. the gauge boson WI mass, the U-fermion masses and the Higgs 

couplings can all be related in the following fashion. 

mu = (kA + k 'B) (see (1.18». So: 

( m ) 2 2 .. 2 C 
mc - u cos 0c Sln 't = (3.20) 
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In our case where kk' = 0 (no mixing), -this, last expression is equal .. to 
" ."', , 

with M(W )2 = l g2(k2 
1 2 

M(W )2 

( ) 2 20 . 2 C\ 2 1 m - m cos·C S1n DC = :2 c u: g 

If we further choose k' = 0, the requirement that the n-quark mass 

matrix be diagonal imposes : 

(3-.21) 

B12 = 0 (3.22) 

These relations allow -us to eliminatemu mc t' ElC from all amplitudes, 

and to compare them easily. Incidentally, the Yukawa couplings are very 

small, as, shown by . 

whereas 

2 GF 
g = - • 

h 

Using (3.21), 

2 . 28 2 GF 6 
= 4 cos ElC S1n . C (m - m) - 'V 0(10-) 

1 
2 

c u Ii. 

(3.16) can be cast in the final form 

(3.23) 

(3.24) 

2 2 [' 4g A12 1 B 

l61T 2 - n-4 .-M-'(W~l-)-::-2 

. " 2] , ,,(3.25) 

- 2' B '2 LogIM(W~~l ;j;(d) 1;Y5 ';(s).;j;(d) 1;Y5 .;Cs) 
M(W l ) mc 

, ' 

The central coefficient in' (3.25) has been written underneath the corres-

ponding diagrams of Fig.3.3. The same. treatment can be repeated on all 

the other diagrams ; the results are also written under each group of 

diagrams, after removal of the same overall factor : 

where 

(3.26) 
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One can check the cancellation of the divergences in Fig.3.3. 

To obtain the indicated results concerning the last set of diagrams 

(Z 0 and ,0 exchange), one must treat the Z 0' sand ,0' s couplings carefully. .-< 

They always appear in the same combination 

2 
(g(ZDLDL) - g(ZDRDR» 

F - 1: 
M(Z)2 

(3.27) 

where g(ZDLDL) and g(ZDRDR) are the couplings of a ZO boson to left- and 

right-handed D-type quarks (these couplings are independent,of the quark 

generation since the Z' s do not change flavor). The sum is over the two. 

neutral bosons, because the amplitudes for diagrams where Zlo or Z2° is 

exchanged are otherwise identical. 

To evaluate (3.27) exactly, we should first rewrite the ZO mass 

matrix (1. 13) in a different basis : 

2a + bcos26 blcos2e 
2· 2 2cos 6 2 cos e 

1 (W 3 W 3) 
h L R 

(3.28) 

1 «W 3 + W 3) 'cos2e - 2Bsina) 
12 L R 

blcos26 b 
2 2 2 2 cos e cos e 

If the eigenvectors are 
'\ 

r-Sin~ 1 in this basis, then the 
cos<p 

factor we want to evaluate is : 

2 [ 2 F=L ~L 
2 M(Z) 2 

, 1 

(3.29 ) 

where M(Zl)2 and M(Z2)2 are the eigenvalues of the same matrix (3.28). 

It is a Straightforward matter to verify that, for any symmetric matrix 

[ : B 1 [cos<P'J with eigenvalues A,A' and eigenvectors . 
Y \s1n¢ l,...sin¢ 'J 

and 
cos~ 



respectively, the following is true 

2 cos cp 

A 
+ 

. 2", 
Sl.n 'f' 

A' 
= (3.30) 

The ambiguity which arises when we want to use this formu'la here, namely 

which of the two diagonal elements to take. is solved if we remember that 

the heavier Z2 is the one with the more l~ft-right symmetric couplings. 

2 b cos2e 
Then F = L .. 2 • 

2 2cos e a b 

so that finally 

2 
= 1L 

4a 

2 
(g(ZDLDL) - g(ZDRDR» 

M(Z)2 
= 

2 
g 

(3.31) 

(3.32) 

The finite amplitude A(sd ~ ;d) cJn be obtained by summing all 

'divergent and convergent diagrams. Besides the divergent diagrams all 

listed in Fig.3.3. only one pair of convergent diagrams must be taken 

into account as well : the original diagram evaluated by Gaillard and 

Lee,(Fig.3.2a) and its "symmetric" partner. Some diagrams involving 

and W± exchange, which might otherwise give a sizeable amplitude, vanish 

because of the peculiar Higgs couplings (see Fig.3.4a for an example). 

The other non-divergent diagrams can safely be neglected in this calcu- 2 M(HI ) 
lation where we are only interested in the leading effects in e = ----2 

N(\v
2

) 
they are ofthre~types (illustrated in Fig.3.4b,c,d) ': 

diagrams involving the. exchange of two tv 2' s : ~ the ampli tude would 

be proportional to e2 ; 

diagrams involving ,two Higgs exchange: compared to the same diagram 

with a WI and q, exchange, the amplitude is typically down by a factor, at 
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best: < 
'V 

, where the numerical evaluation uses (3 .21) ~ 

higher order diagrams, involving the exchange of more Higgses, weak 

bosons or photons, which are suppresse.d by powers of the respective 

coupling constant~. 

In the end, the sd - sd amplitude can be written 

2 l6;r A(sd -+ sd) = -

(3.33) 

1 1 

, - "2 MC<j>0)2cos26 -N(t.J
1

)2 

1 cos26 1 , 
-"2 2 

cos 6 2 2 
M(W2) cos 6/cos26 

where 

the 5 successive terms come respectively from the exchange of 

WI - WI ' WI - W2 ' W2 - • , Zl - .0 ~ Z2 _.0 

the 2 neutral Higgses have been given the same mass M(q,°) for simpli-

city (they should both have a mass of order M(W
2

) , whereas the other 

44 

lighter neutral Higgs does not couple to D-quarks see p.38 and.,App.A ,p.53); 

all the integrals have been approximated using 

m « 
U 

m « 
c 

and M(~) >'M(W ) for all q,'s 
, 1 

(3.34) 
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~R is given by (3.26), or, for colored quarks 

-a 
A = ~J (s) ° LR ab 

l-Y b -c 
--2--5 ~ (d) • ~ (s) oed 

In these expressions, a,b,c,d are color indices, and 0ab oed stems 

from the fact that all the bosons exchanged are color-singlets. 

C. Calculating ~mLS. 

(3.34a) 

(3.34b) 

From the amplitude (3.33). we can in principle write the effec tive 

Hamiltonian, after (304) ; let us define effective operators aLL and 0LR 

(3035) 

-;,a (x) ",b ( ) 
'i's 'Vd x 

Using the trick described -in section A. (3.9), and remembering that 

we always sum diagrams by pairs symmetric under interchange of the two 

d-quarks, we can write 

aLL = % ri(S) yo. 1;Y5 ;i (d) . ~j (s) yo. 1;Y5 ;j (d) 

+ ~i(s) yo. 1;Y5 ~i(d) • ~j (s) Yo. l;ys ~j (d») 

- + 
--i 

+ e (s) 

Now we want to evaluate 

(3.36a) 

(3036b) 
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mesons are approximated to free quarks, but still with the right color 

singlet structure. Namely 

(3.37) 

Let us first apply this equation to 0LL' Contracting the field 

operators with the spinors in the first term of (3.36a) is straightforward 

the two operators on the right annihilate KO, the two on the left create 

KO. So the vacuUm projector can only be inserted in the middle, yielding 

an effective amplitude written * 

For the second term of(3.36a), a Fierz transformation must be performed, 

both on the color-operators and on the y-matrix operators : 

~ ~ I ~ ~ + 1 ,i ,i 
Vad U cb = 3 llab ~cd 2 A ab A cd (3.38a) 

(yCl 1-2.YS) ij (l-yS) . . (3 38b) Y
Cl 

--2- kl ,l.nvarl.ant . 

So we get, summing both terms of (3.36a) 

(3.39) 

In each factor,only the axial vector part will contribute. because KO is 

a pseudoscalar. Now by definition of fK 

* Through the rest of this section, we will not write the field opera-

tors explicit 1)'. Thus < 0 I r IKo> for instance stands for 

-i i 
IK">. <01 fJ ex) r 6

d 
(x) where r is any y""matrix operator. It should he 

s 

clear that such a scalar pr(\duct implies an integration over 3-space. 
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qa being the momentum carries 

2 . 1 = -3 ·4 

by the 

f 2 2 
K~ 
2~ 

(3.40) 

kaon. Therefore here 

(3.41) 

,where 2nx is the normalization factor of IKo>, which must be taken into 

account when we perform a 3-spaceintegration (see footnote p.46). 

We can proceed by applying (3.37) to 0LR defined in (3.36b). The 

Fierz identities required for the second term in (3.36b) are (3.38a) for 

the color-operator, and 

(3.42) 

Only the second oper~tor in this decomposition can annihilate a KO and 

create a KO. So in the end the two terms in (3.36b) yield: 

<KO 10LR IKo> = i <Ko I l;Ys Ie> <Oll;Ys IKo> . 
(3.43) 

The scalar operators do not contribute to (3.43). The pseudoscalar terms 

can be evaluated through the divergence equation : 

. Hence : 

. 2 2 
1 " .. .fK mK 8 . ----2 m

K 

(3.44) 

(3.4S) 
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The quark masses used in the divergence equation (3.44) should be 

current masses, but their exact valuesarequite controversial (see later 

discussion). In any case, the LR amplitude is enhanced with respect, to 

the LL amplitude. There is an i1iuminating physical explanation for this 

enhancement (for which I am endebted to Mary K. Gaillard) :. the quark and 

antiquark inside,say,'KO must have the same he1icity in order to'form 

a pseudoscalar (eg. sLdL ' that is sL(dR» ; in L-L diagrams, 'one of them 

is forced into the wrong he1icity, with a resulting suppression o(mq'mx)' 

,The situation is ,similar to that which enhances 1T1J2 over 1Te2 decays. 

We can now write the KL-K
S 

mass difference, using equations (3.8, 

3.33, 3.41 and 3.45) 

+~ 
2 

f 2 
K 

6 
1 -

-1 + 2 

1]' LOg[M{P)]­
M(W

1
) 2 

2 -1 2) 
cos e] Log (M (<I> 0) 2 cos~e)J 
cos2e M(W

2
) cos e 

2 
2 2 

(3.46) 

A12 fK 
where the constant factor --L- can be rewritten, with (3.21) 2 M(W

1
)2 l61T 6 

and (3.24) 

G 2 
2 ',' 2 2- ," 2 t\m

LS F (3.47) -2 m cos 0
C sin0C fK = 

61T c mK G.L. 

This is Gaillard and Lee's result (Ref.25 ~ formula (2.8) with a factor ~ 

for 3-color quarks). With m, 'V 1.5 GeV. and fK '" 1.3 f • its value is c '1T 
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about 5.10-15 , whereas the measured value is ~ 7.10-15 • A11 the 

correction terms come from left-right diagrams. It is reassuring to see 

that the standard result is recovered for B ~ 0 (ie. M(W2) ~ m , and 

+ . 
M(q, , 4>0) IV O(M(W

2
» ~ m too), even if the Higgs masses go tel' infinity 

independently. The magnitude of the Higgs terms depends critically on 

their mass, which should be "of the same order of magnitude" as that of 

W
2

• Even though the effects of the "neutral Higgses and of the charged 

Higgs tend to cancel, actual cancellation would only occur with a finely 

tuned Higgs potential, and in reality the net effects can be very size-

able, as we see below. The last term in (3.46) has been kept so far 

because it was the leading term in the amplitude for its class of diagrams 

(Z2 -4>0 exchange), but it can now be safely neglected relative to 

. (M(W
1

) 21 
28 Log m/ J 'V 166. Numerically. for M(Wl ) '" 80 GeV and 

m IV 1.5 GeV, the expression (3.46) reads : 
c 

where 

.a. -= ( . m 
s 

(3.48) 

(3.49) 

(3.50) 

Given the uncertainty. faetoro! three (3.2), we now want to extract limits 

on B from 

(3.51 ) 
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(the upper bound is irrelevant here). The result is 

B < 

'" 
(3.52) 

A recent analysis along these lines 31, neglecting entirely the Higgs 

•. , I 

sector, and taking a set of low current quark masses (m = "150 MeV, 
s 

i 
"m

d 
=7 MeV, and hence 1! == 10), has quoted the limit M(W

2
) ~ 1.6 TeV which, 

taken at face value ill the context of grand unification, implies 

M(W
2

) > 109 GeV 
'" 

(see (2.8». 

Taking into account the Higgs sector leads us to more conservative 

claims. Fig.3.5 shows the variation of p+ (respectively pO) with M($+) 

(resp. M(4JO». If the charged Higgs comes close in m<lSS to WI' but not 

the neutral Higgses to Zl' the effect of the Higgs sector on (3.52) is 

maximum. In any case, 

< 

'" 
1 (3.53) 

(In the eventuality that the Higgses become lighter than WI' various 

terms neglected in the calculation of the K~ - KO amplitude become 

important, and (3.33) is no longer valid. That situatiori, which is 

disfavored experimentally, would also require some twisting of the 

Higgs potential). 

The enhancement factor ~ (3.49) depends crucially on the numbers 

used for ms and md . The ratios of current-quark masses are rather well 

established m 
u md : rns = 1 : 1.8±.2 : "'40~~5 ,depending on the 

32 author . The overall scale is much more uncertain. "Leutwyler 

obtained an equation based on SU(6)w symmetry : 

l(m+) 54 m == • MeV 2 u d 

33 " 

(3.54) 

50 



so' that mu=4 MeV , md ~ 7 MeV , ms = 150 MeV , as adopted in ·Ref. 31 • 

34 But other authors . have argued that these values should be multiplied 

by 2 or 3. Then.a (3.49) varies from '" 10 to '" 1. 

The reader can take three different attitudes, depending on his 

confidence in the Higgs mass spectrum predicted by our model, aridhis 

opinion about current-quark masses. 

i) The most conservative limit. on B is obtained by saturating the upper 
,.. + . 

bound for (p - pO) and the lower bound for a. One finds M(W2) ~ 370 GeV 

only. Even with a = 10 ,M(W2) ~ 440 G~V, far from 1.6 TeV. 

ii) Another approach is to decide that the Higgses have a minimum mass 

grea ter than 80 GeV, say '" 390 .G~V. Then I p + - pol ~ 0.2. The bound 

becomes M(tol2) ~ 530 GeV for a = 1, and M(W2) ~ 900 GeV for.a = 10. 

iii) Since after all the Higgses are supposed to be about as massive as 

+ W2 ' one may assume, somewhat adventurously. that the unbalance I p _ pOI 

will never exceed that obtained when one Higgs has the same mass as W2 • 

and the other ones are infinitely heavy. Then 

< 
'" 

_ BLogS 
l-S 

The limit on B then varies with ~ according to Fig.3.6. yielding 

We prefer to take attitude !) and conclude 

> 370 GeV 
'" 

(3.55) 

(3.56) 

which might be compatible with the constraints of grand unification 

(see discussion pp.20-21 and Ref.15). There may still exist a mass 
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"window" below .400 GeV where one could ,find a right-handed boson, but 

its presence there would very much restrict the 'parameters of the Higgs 

sector as well as. those ofa grand unified theory. 

. .our c·onservative limit isessehtially model-independent, in a 2-quark­

generation world •. A diff.erent model would yield a s'lightly modified 

coefficient in front of (p+ - pO) in (3.S2),but we feel that we have 

been conservative enough, by saturating Ip+ - pol to I, to allow for a 

slightly greater influence of the Higgs sector in another model. The 

presence of more quark generations, however, may alter our result, as 

discussed in Appendix C. p.S8. 

- ':,:,. 

'.' : 
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Appendix A 

Higgs mass matrices. 

The Higgs mass matrices are taken from Ref. 6 ,where they are 

derived from the following general scalar potential 

(3.A.l) 

'V 
where ~ is defined by (1.17). If we relax the arbitrary requirements 

made in Ref. 6 that the minimum-of V occurs fOT<)(~> = v' = 0 and k' = 0, 

and only maintain k' = 0 , new terms appear in the mass matrices at the 

elements marked * b.elow: (zero if v' = 0). The zero-mass eigenstates 

of these matrices become longitudinal degrees of freedom of massive 

_ gauge bosons. The matrices are the following. 

i) Charged Higgs sector 

* 

* 

o 
+. 

J!R o 

* 

(P2 - 20l}v2 + ~Q k
2 

o 

o 

o 

o 
2 

~o v 

f:,.(J. kv 

(3.A.2) 
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.: 

where /).0. - 0.2 - 0. ' 2 The only massive eigenstate with fermion couplings 

is : + ± v<P
l

- + kXR 
M2 (k

2 + v 2
) O(M(W

2
)2) 

+ 
cP- = !:,a t\, 

2 k2 
v + 

ii) Neutral Higgs sector 

<P 2°t 
A' * 0 0 

° * B 0 0 XL r 

4k
2

().l 
(3.A.3) 

¢lor 0 0 +).2) 2kv(ai + a I 2) 

° 0 0 2kv(a
l 

+a I ) 
2 

XR r 4p v' 
2 1 

¢2°i A * 0 O· 

° * B 0 0 XL i 
(3.A.4) 

CPl ° 0 0 * * i 

° XR i 0 0 * * 

A, A' and B are complicated expressions of the Higgs potential parameters 

but all contain 'a -..;2, piece. The physical neutral Higgses are thus: 

(a) ,Two heavy neutral Higgses CP2°r and <P2°iwith masses O(M(W2» ; 

(b)' One light neutral Higgs with'mass O(M(W
l
», and one with mass O(N(\~2»' 

both ,linear combinations of CPl or and )(R ° r which only couple to V-type 

quarks ; 

(c) Two heavy Higgses X ° which do not couple to quarks. 
L i,r 

If we relax the condition v I = 0 (see Ch. I ,A), but keep v I « v 

to maintain a sensible pattern of symmetry breaking, the new terms which 

appear in (3.A.2, 3 and 4) at places marked by * are small compared to 

2 
v ,so they will not affect ,the mass spectrum of the Higgses signifi-
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. ~ 

cantly. Moreover, there still will not be any mixing between ;1 and ~2 ' 

neither in the charged nor in the neutral sector : the mass matrices will 

remain block-diagonal, because there is no term in the Higgs potential 

(3.A.I), despite its appearance and its generality, to ndx ~l with ~2 • 

Thus the couplings of the physical Higgses to fermions Will· only be 

changed by O(v'/v) or less, and ou~_result (3.56) will not be greatly 

affected • 
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. App~n9ix B. 

Cabibbo. angle in full generali ty. 

We have seen Ccf. (1. 21» that the Cabibbp matrix appears as 

R = 1);-1 Rn (3~B.l) 

' .. ,. 

where ~ and ~ are the rotations needed to diagonalize the U- and D­

quark mass matrices respectively. However we carried out our computation 

with the simplifying assumption: 

R = ~-l ~ = 1 (3.B.2) 

In order to show that the above assumption does not restrict the 

generality of our result, let us introduce an overall rotation S on both 

the U- and D-type fie~ds : 

UO = SRU (3.B.3) 

The various elements of our calculation are changed in the following 

fashion : 

i) gauge boson couplings 

The Zls couple to fermions diagonally DODo = DD 

The WI s couple to fermions according to DOU o = DRU, 

ii) fermion masses and Higgs couplings 

The new Higgs couplings are, after (1. 22) 

+ 
for'" -'I : <Pl+(UL(R-l<S~~»DR + UR<-R-l(S-lBS»D

L
) 

\ 

unchanged ; 

unchanged. 

+ ¢l-(DL<-(S-lBS)R)UR + DR«S-lAS)R)UL) 
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for 4>1°: 4>1"(ULOC1(S-lAS)R)UR + DR(S-lBSlDi} 

(3.B.4) 

+ 4>1°* fUR (R-l(S-l AS)R)UL + DL (S-lBS)DR) . 

for 4>2°; same'~lo ++ 4>2"* , A ++ +B. 

Therefore the new rotation S amounts, not surprisingly, to a rotation of 

the coupling matrices A and B : 

. , (3.B.5) 

iii) relationship between gauge boson mass and Higgs couplings 

Once A and B have been replaced by A' and B'. the following relations 

are still preserved 

AD = Imod mas} Ll =. (kB' + k' A ' ) 

.Then, for kk' == 0. we s till' have 

I _ 
I-

; ie. kB12 + k'A'12 = ° 

(kA' + k'B' )2 
12 12 

And the crucial equation (3.21) remains the same • ... 

m )2 20 . 20 
. 02M(W )2 

2 , 2) (m 1 
(A'12 cos ·c S1n 'c = + B 12 c u 2 

g 

iv) diagrams to consider 

(3.B.6) 

They are unchanged. since the spinors in the-scattering amplitude are 

physical states (unaffected) and not weak eigenstates (rotated). 

In the end. a redefinition of A and B (3.B.5) is ihe only consequence 

of the introduction of S. Our final result. which does not depend on A 

or B. is unaffected. 
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Appendix C 

More '9uarkgenera tions. '. 

The factors arising in the Feynman integral fr~ the V-type quark 

propagators and their couplings can be cast in a general matrix form, 
':., , 

valid for any number of generations 

for L-L (or R-R) diagrams 

, " 
". ". 

[ ( 1 ]_ -1] 2 
. R k 2 _ m/ R . 12 

(3. C.1) 

, for L-R ,diagrams 

(3.C.2) 

where R is the genera1iz'ed (real orthogonal : no CP violation here) 

Cabibbo matrix, and [l{mi ) ], stands for the ,,diagonal matrix :, 
k 2 _ m. 2 

1 

l(m ) 
'u 

l{m ) 
c 

2 '2 
k - m 

c 

The difference between (3.e.l) and (3.C.2) comes from the fermion 

helicity-flip (see (3.10 a and b». For one given heavy quark with mass 

~« M(Wl ) , the amplitude is proportional to : 
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Hence if ~L is corrected by,s factor U"+,OH) ,;fo'a1l6w" for the p.resence 

of ~ , ALR "will be correctedb}' a factor '" " 

Our limit (3.56) was essentialiy obtained by stating 

(3.e.3) 

59 

where ~R is proportional to B. Eql1at ion (3. C. 3) now' becomes (for 0H small) 

>\' • 

2 2 . 

I Log(m I~) ) ~R (B) 
1 + 1 +.ag . c 2 2 > 0 

. '. Log (}l(Wl ) Imc ) . ~L 

which yields a new limitS instead of 6, such that 
H 

! 
2 2 I-

Log(Inu 1m) I 
8<Bl+. c 
H ~ ~rLog(M(W )2/m 2)J 

1 c 

(3.C.4) 

(3.C.5) 

S is pushed uP. and the lower bound onM(W
2

) is pushed down (a
H is posi-

"adds" 
- ~:, : 

the mixing tive if one just a new quark generation, whatever 

angles, because the couplings are all squared in our box diagrams) • 

The proble~ is to evaluate~. Many calculations have been performed 

35 
of ALL in the standard model with three quark generations They all 

express the basic' fact 

~ 
2 . 2~ 1 t S1n '!' 

~'Vo 2.2f6 
S1n -c . 

(3. C.6) 

where cJ> (actually some f\lnct~on of e~ and 6
3 

in the Kobayashi-Maskawa 

matrix) represents the mixing between the third gene~ati()n and the first 

two. Since mt can be anywhere from 'V 20 CeV (the present experimental 



limit) to.'" 80 GeV(the W-mass : our calculation has assumed .throughout 

that mq < < M(W
l
), and it would need a more detailed treatment for heavier 

quarks), it is crucial to obtain limits on 62 and 6"3' One knows that 

2 2 . 2 
sin 6

3 
~ 0.06 from separate measurements of coS0C and sin 0C ' But 

most published limits on 6 2 are useless·, since they are based on the 

assumption that the Gaillard-Lee calculation of ~~S should not be upset 

by the presence of a top-quark, which is precisely the hypothesis that 

we want to check. The only independent limit, obtained from top-quark 

contributions to .1). -+ II +ll- , does not significantly restrict 62 36 

So we can only assume reasonably that 4> ~ 0
C 

(the wider the mass gap 

between two generations, the smaller the mixing) ; QH can still be 

much greater than unity, and push down our limit on ~(W2) considerably. 

As an extreme case, let us imagine that m
t 

'" O(M(W
l
», and Q

H 
» 1. 

Then the 11. - KS mass difference comes mostly from the top-quark 

contribution. We can repeat our ca1cu1ation'of III,B and C, simply 

replacing the charmed quark (now negligible) by the top quark. 

Log(MOv
l
)2/mt2) is. now '" l~ so (3.51) becomes 

1 + 
1 - 3a(2B - ~(p - pO» '" 0 

or + 1. ( + 0) 4 p - p 

(3.C.7) 

(3.e.8) 

(p + pO) is more likely to take values far from zero,. since H(\v
2

) is 

now closer to N(Wl ). Therefore 

I 
3a 

1 
3a 

(3.C.9) 

l.Jhether we believe in low or high current-quark masses does not make 

much difference at this point. For a = I , we obtain 
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1 1 
'S < - +-
" '" 3 4 

.. ,,~ ',' 

(3. C.10) 

The presence of Higgses and/or W2 just above 100 GeV is new required 

to. cancel the huge ALl:; amplitude generated by'beavy t-quark exchange. 

Our limit (3.56) is therefore quite sensitive to the presence ef' 

heavy quarks if they are sizeably coupled to. sand d. The prevailing 
31,35 

epinien, however. is, that aH should be 0.1 or less., One may generate 

37 
mere self-confidence in that opinion by checking MIT bag results 

developed for any combination of operators between KO and Ko. They 

reproduce our results fo~ ~R within a factor 2 , but the bag model 

itself is built around 2 quark generations only ••• We conclude that 

our limit (3.56) for M(W2) is valid for two generations, but that we 

need more data to confirm its validity in a3-generatien wer1d. It 

might be pushed down slightly, or in the worst case to '" 105 GeV. 
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Chapter IV. 

Other processes investigated. 

Although the KO 
- KO system considered in Chapter ,III 'is a "clean" 

. system which can be described in detail as far as weak interactions go, 

the large uncertainty (a factor ~ 3) in strong interaction effects 

limits its attractiveness. Here we study other processes whose mecha-

nism cannot be described in complete detail. but which can be analyzed 

in terms of current algebra and soft pion theorems whose accuracy is 

believed to be ~ 10 % ( yielding potentially better limits overall than 

KO ~. Ko )'. We will look at non-leptonichyperon decays (part A) and 

K decays K2n and K3n (part B) • 

. , 
A. Non-leptonic hyperon decays. 

Apart from EO -+ Ay , which is electromagnetic. non-1eptonic hyperon 

decays are all first-order weak processes, with emission of a pion. They 

are listed in Table 1, with their main characteristics. The spin and 

parity of the initial and final states are : 

1/2+ -+ 1/2+ 0-

The decay can thus proceed via an S-wave. which will be parity-violating 

(PV), or a parity-conserving (PC) P-wave. We can parametrize the amp1i-

tude as : 

(4.1) 

191 or, making a non-relativistic approximation, with S = A, P = --~~----
Ef" + mf" ~n ~n 

q + -+ ... 
~t« X f1"n (S - P c.q) X in it 

(4.2) 

B 
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-+ 
where q is a unit vector in the direction of the momentum q of the 

final baryon~ This expression makes clear the appellation of Sand P 

for the S- and,P-amplitudes. 

Sand P can be determin'ed from. experiment in the following way : 

1) - + ~-+ 
For a polarized initial hyperon with density matrix XX = ~(l + a.IT), 

it is straightforward to calculate the differential decay ratio in the 

direction q 

(4.3) 

ii) The phases of Sand P are determined independently. If we safely 
-" 
neglect 1!Iinute CP violation effects, the Hamiltonian is T-invariant ; then 

the ~-wave amplitude a~ = <BnIHIY>i satisfies out n 

= <YIHIB1T>i out n 
(4.4) 

,. 
where spins and momenta have been reversed. But we are in a frame wl1ere 

Y is at rest, and a~:does not depend on spins; so : 

* .. 
aft = . <B1TIHly> 

J<. 1n out 

Now IY>out = IY>in ; and 
2ie IB1T>. ~ e ~ IB1T> defines eft ~ the 1n out J<. 

phase-shift due to final state interactions. Hence 

* -2ie 
a~ = e t a~ (4.5) 

The phases of S andP are e~-, and 6~+ .phal;:e-shifts which can be 

measured from low-energy Bn scattering in principle. 

iii) If needed, additional information on the relative magnitude and 

phase of Sand P can be obtained by mea~uring the polarization of the 
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final baryon (for instance by measuring the differential cross-section 
!: r ~ 

in a subsequent scattering experiment). 

Sand P can also, in principle, be fi tted to the data for all the 

decays of Table 1 with only two parameters D and F, if one assumes SU(3) . ,.." \,' (", 

_symmetr~ and octet dominance. The weak Hamiltonian, which consists of 

the symmetrized product of two octet-currents, can be decomposed into 

SU(3) representations according t.O : 

( 8 x 8) = 1 + 8 + 27 - - s -s 

64 

Under the assumption of octet dominance, the 27 part of this decomposition 

is" suppressed, and'"the weak Hamil tonian transforms like an octet. Applying 

a soft- pion theor~mto any of the hyperon decays that we are considering 

yields : 

= ~ < BIHP~ IY~ + pole terms containif:lg a factor 
iT 

" " . 

PC PV 
where Hand H are the parity-conserving and parity..;.violating parts 

of the Hamiltonian H, which mediate P- and S-wave decays respectively, 

and a is a function of the isospins of iT, Band Y. Now, by SU(3) sym-

metry and CP invariance: 

so that only the smooth first term (equal-time commutator term) will 

contribute for S-wave, and only the pole terms for P-w.3ve decays. 

Furthermore, since H is an SU(3) octet~" the non-zero elements <BI"HPCly> 

and <BlIHPCIB2> are theproje~tions on anSU(3) "singlet of (8 x 8 x 8). 



.,. 

and thus can all be expressed as functions of only two independent 

parameters, because 

8 x 8 = 1 + 8 + 8 + 10 + 10 + 27 -s -a 

These parameters are called D (coupling strength of the symmetric octet) 
; 

and F. (for the antisymmetric octet). Given D and F, the data of Table I 

should be equally well fitted for all hyperon decays, and for S- and 

P-waves. Actually the fit can be made very good for S, but remains 

rather poor for P : the P-wave predictions are too small by a fairly 

consistent factor of ~ 2 (see Table 1 and Ref.38). The disagreement with 

experimental data can be expressed by \ 

(4.6) 

Let us now change the Hamiltonian from its expression in the standard 
GF + 

model, J L J L ' to what it would be in a left-right symmetric model, 
12 

namely (2.1). The coefficients in front of 'parity-violating and conser-

ving terms are 

- S-wave (PV) -(VA + AV) (1-8) cos2r; (4.7 a) 

- P-wave (PC) : (VV + M) (1+8) + (VV - M) (1-8) sinr; cosr; (4.7b) 

where 8 and r; , defined in (~.l) and (1.7b), are the squared mass ratio 

and the mixing angle of the two charged weak bosons. if we first assume 

r; = 0, then the ratio p (4.6) is modified according to : 

= 1 + ~ 

1 - ~ 
(4.8) 

A correction by a factor 2 would then be achieved for 8 = 1/3 , ie. 
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(4.9) 

This prediction however looses its validity when one considers the 

general case ~ ~ o. 

39 
In that case, it has been argued that the left-right (VV - AA) 

operator must be Fierz-transformed, which brings about a combination 

2 (SS- PP), and that the amplitude obtained from a PP operator is much 

larger than the one obtained from the usual AA operator. The reasoning 

is quite similar to that in Chapter III,e : eiTen though the mathematical 

justification for performing a Fierz,:",transformationon the left-right 

operator is rather complicated, the enhancement of,the L-R amplitude 

which results is very natural. 

The decay Y ~ Bn can be described by the quark diagrams of Fig.4~la 

and 4.lb. The weak interaction is point-like however, so that diagram 

4.lb is suppressed with respect to 4.la by a factor proportional to the 

. overlapping of the wave-functions of the two weakly interacting quarks 

inside the hyperon. For this reason. we will only consider the spectator-

quark diagram of Fig. 4.1a. The quark and antiquark which make up the 

pion in that case are produced at both ends of the W-propagator,and 

will have the same he1icity (eg. qLqL = qL(qR) ) only in the presence 

of a L-R mixing operator; but the pion is a pseudosca1ar. and outgoing 

quarks qL(qL) , produced by the usual L-L operator. could never make 

a pion if they were massless.· Therefore the regular L-L amplitude is 

suppressed by a factorO(m 1m ) with respect to the L-R term. ·More 
qn 

precisely 

< Bn I °LR Iy> _ 2 < B I j 51 Y> < 1l I j 51 0> 
'" 

< Bn I °LL Iy> < Slj Sly;' <1lIjlJsI0:,,' 
lJ 
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1 
2m q 

arid <: B I j 51 y> ~ -m--=!~m­
s q 

where m represents a light 
q 

< B1T I °LR 
Iy> .,. . 111 

'" 
< B1T I 0 Iy:> til ' (m LL q s 

quark mass (m
u 

,m
d

) « m s 
Hence 

2 
1T 

(4.10) 
+ m ) q 

The quark masses to be used are. again ambiguous, but Ref.39 claims that 

the above ratio is about 20. Then: 

1 + 8 
1 - 6 

- 20 sinl: cosI: ) 
1 

(4.11) cos21: 

One can see that a very small « 0) mixing angle I: is suf'fident to explain 

the discrepancy (4.6), for any value of B. In fact it makes more sense 

to consider this result as a limit on 1:, independent of 6., which brings 

further a posteripri justification to our setting I: = 0 in Chapter III; 

The analysis of Ref. 39 is more refined in that it considers strong 
... :. ' 

interaction effects ("penguin" dia,grams) which bring a further enhan­

cement by a factor'" 6 to the mixing terms ; but it ignores altogether 

the possihle influence of a second, mostly right-handed. gauge boson. 

Incorporating such a color enhancement factor in (4.11). one finds 

1 + B 
1 - 6 

- 1201'; 

from which one concludes 

(4.12) 

(4.13) 
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This is the same result as in Ref. 39 , but w.e have shown here that it is 

essentially independent of the mass M(W
2
}. 

Finally, it should also be mentioned that the validity of the soft-

pion procedure in the case of P-waves,- as used in (4.10), is. rather 

unclear : in the hyperon rest-frame, the P-wave amplitude is proportional 

to the pion momentum, and therefore vanishes in the soft pion limit q + O. 

For that reason the disagreement between theory and experiment indicated 

in (4.6) is generally believed not to be a compelling reason to modify 

the standard structure of the weak hamiltonian; thus (4.9) should not 

be taken too seriously. 

B. Hadroni.c K decays. 

The decays Kn2 and K 113 have been successfully related to each other 

by the use of soft pion theorems, under the assumption that the weak cur-

rents had the usual (V-A) structure. We want to see here how these 

relations are affected when the Hamiltonian takes a more general form. 

Any-soft pion theorem states that: 

i I I -il2 I i I lim + 0 < Bn (q) H A> = -f-'- < B IQS ,H] A> 
q~ 1T 

(4.14) 

where Q i is the axial charge 
5 

(4.15) 

A i is the time-component of the axial current (and i is the isospin o 
index of the soft pion under consideration). The theorem is valid for 

any - local - operator H. in our,case where the external particles are 

all pseudoscalars. 
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'<::.1 

Now if H is the usual current-current Hamiltonian~ the right-handside 

of (4.14) can be simplified because: 

(4.16) -

This stems from the simple formal identity between any two bperators 

labelled V and A : 

lA, (V-A)] = IV, (V-A)] (4.l7a) 

However 

lA, (V+A)] = - IV. (V+A)] (4.l7b) 

'Therefore, if H = (V_A)2 + B(V+A)2 , which is the 'form of (2.1) with 

~ = 0 (no mixing) 

That sign change ruins the usual relations : 

PV 
since here H = (l-B)(-AV-VA) 

corresponding relations are 

i 
HPV] 1-8 IQi, HPC] IQS • = --l+B 

i HPC] l+B 
IQ\ HPY] . IQS ' =-

1-(3 

lQ i HPC] -_ IQi, 'HPV] 
5 • . 

(4.18) 

(4.19) 

(4.20a) 

(4.20b) 

Such extra factors appear in particul~r in the correspondence between 

K and K1I3 amplitudes. With the ,assumption of CP invariance. one can 
'iT 2 

relate, for instance. the amplitude aL{p+,p_,PO) for the decay 

+ -
~ -+ 11 11 11 0 to the K1I2 amplitudes a_,a+,a

S 
descrihing the 211 decays 

- + of K ,K ,KS by taking successively the zero-limit of p+, P_ and Po : 

69 



~(O,p_,po) 
-i 1 + ~ a_ (p_,PO) =--

f12 1 - 8 
(4.2la) 

'II 

aL(p+,O,PO) 
+i 1 + B 

a+(p+,PO) =--
fl2 1 - B 

'II 

(4.2lb) 

aL(p+,p_ ,0) -i 1 + B 
as (P+, i>_) =--

f12 1 - B 
'II 

(4.2lc) 

(4.21) (a) and (b) are related through CP invariance so we have two 

independent equations. 

For comparison with experimental data, aL must be extrapolated into 

the unphysical region where only two of the pions are on shell, to the 

point where their momenta satisfy, as required by K ~ 2'11 

2 

PI = (n (~ - 112 )~ ,; ] ;) (4.22) 

where we work in the K rest-frame, and ~, lJ are the kaon and pion masses. 

The K1T3 amplitude is often parametrized linearly in the form 

A ( 1 + ~ W
3

) 
2112 

where A = a {Pl=P2=P3)'CTis -called the slope parameter, and 

(4.23a) 

(4.23b) 

The pion '113 in (4.23a) is the "odd" pion, the anti-particle of which is 

not produced in the decay considered. The unphysical point of interest 

2 
defined in (4.22) corresponds to s3 = ~ 

1 
W = W = 1 2 ' 3 

Our two soft pion relations from (4.21) become 

022 
A ( 1 + - (m

K 
- 11 ) ) 

311
2 

-i 
=-'-

f .fi 
n 

1 + B 

1 - B 

2 
11 ) • 

(4.24a) 
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+i 1 + 8 
(4'. 24b) :::;--

f,h 'IT 1 .. B 

IlIII ~ rule '+ so that one should have The ;:: requires a+('IT'IT°) = 0 t 

6 
2 

)l 

-a ~ 2 2 
'V 0.5 - . (4.25) 

~ - J1 

the experimental value being 'V 0.6 (see Table 2). This result is indepen-

den t of 8. A is also determined from (4.24) : 

-i A = ---'--

3/2 f 'IT 

1 + (3 

1 8 
(4.26) 

- - -6 
Experimentally the left:"handside is (0.82 ±.03).10 t and the equality 

is satisfied for 

f 1 - B 
'V 85 ± 5 MeV 'IT 1 + (3 

Formula (4.27) must be compared with the value obtained from the 

(4.27) 

Goldberger-Treiman relation f'IT ~. 87 MeV, and that measured from 'IT .... llV 

decay f ~- 93 MeV. - In Chapter lIte t we already mentioned that f would 
'IT 'IT 

be larger in a semi-:-leptonic process than ina hadronic process by a 

factor 'V (1 + 2d. Other at tempts have been, made to explain at least 

f h · . b - . .. 40 part 0 t 1S apparent 1ncrease y neutr1no m1X1ng ; so we would rather 

trust the lower value -of f here. In any case our result (4.27) is 
'IT 

consistent with 8 F o. We can only conclude: 
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1 - B 80 75 
1 + 8 ~ 93' allowing for 10 deviations in (4.27). or 93 with 20 deviations, 

or MO.j~) > 280 GeV for 10 deviations (240 GeV for 20) 
L. IV 

(4.28) 

+ -The same treatment as applied he!e to ~ .... 'IT 'IT 'ITo can be repeated on 

,other K'IT3 amplitudes. All the results are consistent with B= O,and 



yield the same limit as (4.28). 

Before this limit can be taken seriously however~ it is necessary 

to check whether the soft-pion limit of the Kn3 amplitude is a genuine 

Kn2 amplitude : namely. the two "hard" pions migh t form a mixture of L = 0 

and of higher angular momentum states ~ accessible in a K~3 decay but not 

in K -+ 2n. 

The fact that the total angular momentum of the 3 pions must be zero, 

and that the total wave-function must be sy.mmetri,c under the interchange 

of any. 2 pions, .together with CP invariance and the Illrl = ~ rule, res-

tricts the angular momentum of a pion-pair to even values, but not exclu-

sively' to L = 0 (see Ref.4l). True, centrifugal barrier effects will 

tend to suppress high-L states, but there may be a sizeable L = 2 

fraction among the 3n final states. Such an admixture would ruin the 

Kn3 - Kn2 relationship. Then the apparent success of such relations might 

be due to a lucky cancellation between L = 2 contamination and right-

handed ~OSOll effects (with M(W2) < 280 GeV} ! 

The wave-function describing a 2n L = 2 final state must be of the 

form 

where 

satisfying 

lJ!l.I = 0 
II 

(4.29) 

and P ='Pl + P2 ' since it is a rank-2 tensor 

P lJ!1l = O. 
l.I \) 

A corresponding rank-2 tensor can be built for the third pion from the 
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single vector P3 

(4.30) 

So the amplitude for 2 will be 

A a: ljIllV T = 
l1v 

If we now express the right-hand side in terms of sl,2,3,Befined in (4.23b), 

(4.31) becomes 

Aa: 1 
. 1 +-4 

2 2 nx - 311 
2- 2 22 

(5p - nx /3) (2].1, - nx /3) 

+ cubic terms (4.32) 

. ; 

If we finally symmetrize A properly and select 'lf3 as the "odd" pion, 

we get : 

(4.33a) 

(4.33b) 

where 

Equation (4.33b) does not contain any linear terms. The presence of an 

L = 2 final state shows up through a quadratic dependence in the ampli-

tude (the data are not accurate enough to test higher order terms). 

Equation (4. 33a) should not contain any linear term anyway, because the 

three pions are identical, but the size of the quadratic coefficient will 

measure the admixture of L = -2 states. 
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The experimental data are usually fitted with three parameters o,a,e 

(s3-s 0) 
, 2 2 

· .J A(K -+ 3lT) = A(s =s =s >[1 a +~ 
,(53-SO) 6,·(srs 2) 

+ - 2). 2 '+-'1 2 3 2).2 4 6).2 4 
p P 11 

(4.34) 

where 

The minute differences in IT and K masses for the various decays bring 

, 2 2 
very significant differences in p and a • so we averaged mK Ip separately 

for each process. Comparison between the predictions for a and B if the 

final state, is all L = 2 for the two pions ' and the measured values is 

difficult, since there are very few experimental results and they do not 

always overlap. Nonetheless it can be concluded from Table 2 that, if the 

L = 2 final states are the sole source of quad~atic terms in the amp li-

tude, they are not present above a level ~ 1-2 %. 

This result gives us increased confidence in the validity of the 

KlT3 - KlT2 relations, and in the limit derived through them (for zero­

* mixing angle r; ) :. 

M(W
2

) > 280 GeV. 
'\, 

* 
i 

Unfortunately the conunutator (QS • (Y+A)(Y-A)] cannot be reduced to 

an isospincomritutator. and the effects of"a'L-R mixing term have not been 

determined yet. 



ConcLusion. 

Our criterion ,in choosing ways to determine the mass-scale for 

parity-breaking was model-independence. All the processes investigated 

here dep~.nd essentially on the charged weak sector, which is rather 

rigidly determined by the choice of the gauge group SU(2)L x SU(2)R x 

U(l)B_L. But we discarded leptonic processes on the presumption that 

right-handed neutrinos might well be too heavy to be produced at all 

at present-day energies. Hence we were left with hadronic processes, 

contaminated by poorly known strong interactions. Model-independence 
\ 

was thus achieved at the expense of accuracy. 

We could in several cases take advantage of a - high, but numeri-

cally uncertain - enhancement factor of ne\11 mixed left-right terms over 

the usual W-S terms, which appears whenever the quark and antiquark 

which interact weakly are bound in a pseudoscalar meson. But even so, 

various effects contribute, which limit the accuracy of our results : 

7S 

2) From the KO - KO system, the limit (conservative in some sense - see p.Sl) 

is 

But strong interaction effects are very difficult to evaluate. And 

model.,.dependence reappears in the Higgs contribution to the KL - Ks 

mass difference. Furthermore, the influence of the top quark may be 

very important, but has been neglected for want of data. In case the 

top quark indeed has sizeable couplings to the first two generations, 

the mass of W
2 

may very well lie in the 100-300 GeV range. 



ii) From hyperon andkaon decaysJ the limits obtained were 

M(W
2

)- > 0(280 GeV) , depending on the precise value of f and the 
~ n 

allowance for theoretical uncertainty. 
I tan/; I '-;, 1-2 % 

Besides other related -approximations like SU(3) symmetry, the theory 

behind both processes 'relies on soft pion theorems~ whi'ch should not be 

expected to be verified within abetter accuracy than'" 10 %. 

Thus in both cases i) and ii), it seems difficult to reach a better 

limit than : 

> 0(300) GeV " 
~ 

which already corresponds to a change in the usual W-S amplitude by less 

than 10 %. 

~~en viewed in the context of a grand unified SO(lO) model, these 

results are, unfortunately, not quite sufficient to rule out a low mass 

for W2 • The grand unified left-right symmetric model has many more 

parameters than the standard SUeS) model, and is therefore much more 

adaptable to phenomenological requirements. For that reason, the accu-

mulation of more low-energy data and the improvement on the accuracy 

of the neutral-current data will not likely be able to rule out the 

left-right symmetric model, although they might give the standard model a 

less firmly established status. It seems however that the presence 

of a fairly light (less than ~ 500 GeV) W
2 

wo~ld place so many constraints 

on the parameters of our model that several pieces of indirect evidence 

should be accumulated very soon in such a case, to help uS differentiate 
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• 

between 50(10) and SU(5) : 

i) No proton decay should be observed in the next generation of expe­

riments, because the grand unification mass in 50(10) is too high •. 

ii) Neutrinoless double-B decay should be observable soon, provided 

that the right-handed neutrino has itself a mass of order 300 GeV. 

iii) The mass spectrum of the usual Wand Z should be shifted down, 

with M(W) < 80.5 GeV and M(Z) < 92 GeV • 

These experimental results will soon decide 

sy~etric model. 

, . 

the fate of the left-right 

i . 
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Table 1 Non-1eptonic hyperon decays (after Ref. 10 and 38). 

Hyperon lifetime decays (B. R.) A/A h B/B h p (4.6) 
-10 t . t • 

10 sec. 

• 
, 

I;+ 0.80 + (48.4%)" 0.06/0 19.05/6.5 n :IT --

P nO (51.6%) 1.48/1.3 -12.04/6.3 1.7 

- -I; 1.48 n n 1.93/1.9 -0.65/+0.05 --

-1\0 2.62 "p n (64.2%) 1.48/1.55 10.17/4.7 2.2 

n nO (35.8%) -1.08/-1.1 -7.28/-3.3 2.2 

';:; ° 2.96 lI°no 1.53/1.6 -5.90/-2.5 2.4 

- -- 1.65 lion 2.04/2.25 -6.73/-2.5 2.1 
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Table 2K
1T3 

decays (after Ref. 10 and 42). 

2 

:2Iav. 
0 4 a (a ) e (s ) 

Decay 
(0 exp.) 

')' a/lJ all L=2 expo all L=2 expo 
, 

" 

.' 

+ - 0 13.0 0.50 1.46 -2.41 -10.3 -30.8 

(.58-.66) (-0.05- -0.30) 

+ 0 0 13.1 0.49 1.49 -2.66 -29 .. 5 -17.7 

.(.50-~55) (-0.38- -0.41) 
I 

000 13.6 0 1.69 -4.80 -55 -55 

«a+B) = -0.02- +0.26) 
expo 

+ + - 12.5 0.26 1'.27 -1.58 -12.7 -7.6 

(.21'-.22) (-0.03- +0 .0"8) 

«a+B) = -0.02- +0.06) expo 
, 



;Figure captions, 

2.1. Typical evolution of the running coupling constants in an SU(5) or 

SOClO) grand unification scheme. The low-energy values of oEM' 02 

and, with a large uncertainty, of 03' are determined by experiment. 

Their energy~dependence is fixed by the choice of a gauge group and 

of corresponding particle representations, according to renormali-

zation theory. One sees how the unification mass nx changes 

between" an SU(5) and an SOClO) grand unifying group. 

3.1. The eight helicity combinations contributing to sd ~ sd. 

3.2." The two diagrams to consider in the standard model. 

3.3. The Feymnan amplitudes for the logarithmically divergent diagrams. 

They h~ve been evaluated in unitary gauge. by dimensional regulari-

zation. The expression under each set of diagrams represents the 

2 2 2 
corresponding amplitude./up to a factor g A12 ~R/4Tf (see p.4l). 

One can see how the divergences cancel. 

3.4. Examples of vanishing or negligible diagrams. 

3.5. + Variation of the normalized Higgs contribution p or pO to the 

KL - KS mass difference as a function of the Higgs mass. See 

84 

Eq. (3.50). ,,", 

3.6. Variation of the lower bound on M(\"2) as a function of the enhan­

cement factor ~ (3.49). under the following assumptions 

..!) maximum Higgs contribution (M(CP+) "" NO"l) ; M(<j>°) "" co) 
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ii) M(~+l ~ 300 GeY ; M(~D) ~ 00 , 

iii) M(g>+l ~ M(W
2
1 ; J1(g>P) ~ ex> ; 

iv} no Higgs at all (M(p+, pO) ~ ~}. 
, 

4,1, The tl.70 ql1ark diagrams l.7hich mediate the hyperon decay Y -+ Bir • 

. , 

:, .. 



-1 a 
I 
I 
I 

3 -1 I 
"8 a EN 

-1 
a 2 

fixed ., 
• L S1n 

I 
N(\.J 1) 

86 

I 
I 
I 
I , 
I 

I I 
I 1 
I I 
I I 
I I 
I I 

I I 
M(W

2
) ~ 

., 
mX E 

in SUeS) in 50(10) 

Figure 2.1 



8.7 

h---dR 

.' 

Figure 3.1 



88 

WL .. CI L d L SL SL 

U,C U,C WL W' 
.L 

d L SL d L SL 
WL 

(a) (b) 

Figure 3.2 
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