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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 KL - K. mass difference,

S
the limit obtained is M(wz) 2 370 GeV, if one neglects a possiblg top
quark influen;e. From non-leptonic hyperon decays, one can only derive
a %ound on‘thé angle 7 which mixes the qduplings qf the primarily left-
and right-handed W-bosons : |tant| < 1-2 %. From hadronic K-decays,
one“obFaiﬁs a limit M(wz) 2 280 GeV, roughly similar to tha£ found by
Bég et al. from leptonic charged current data, but nqﬁ restricted by

Lo s

assumptions about neutrino masses.
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Introduction

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

interactions, based on the gauge group SU(Z) U(l)

left 1sospin 3[ hypercharge

still. stands uncontradicted by any exper1menta1 result, almost twenty

1 . '.
yearsafter it was first proposed ~. It has become the‘standard.modelu-
" for weak‘interactions up‘to present-day energies,<and remains¢almost un-—

; challenged, so much so that its validity can plaus1b1y be assumed up to
16

'energies of 0(10 GeV). At that energy-scale, the gauge groups SU(3) ,

color

SU(Z) s U(l) can all be 1ncorporated into a bigger group, prov1ded the

coupling constants 8, and 8, of SU(Z) and U(l) satisfy

2 /g% + 8,9 = sin’0=3/8 .
This prediction, whenleXtrapolatéd down to availablevenergies, yields '
2 3,'whigh successfully determines one of the arbitrary para-

sin" 6= .21

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

of the order.of the unification mass Mx'm 0(1016 GeV). . Ca

Such specrannlar success of the standard model of neah and.electroe'
magnetic interactions, associated with the grand unifiedfmodelfbased.on
the gauge'group SU(5), should guide us to look at possiblefﬁariations'on
SU(2) x U(l) and SU(5), which might help solve some of the remaining |
. problems, among them : | 4 .

:i) The hierarchy problem : Theiboson.masses, in any'grand“unified
theory, are clustered around the unification mass* M ,‘except.forﬁthe

'“h,‘weak gauge bosons W and Z, and the Higgs which gives rise to all their

ﬂ'masses,,which lie around 100 GeV. The fine tuning of the‘constants in



the Higgs potential necessary to generate a ratio of masses ~ 1014 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 su(s).

ii) CP viélation : Several mechanisms'haQe been proposed to e#plain“the
observed CP violation in wegk'interactions ; although it appears-natu-'
rally with three quark generations by requifing thé most general Cabibbo-
like mixinglmatrix, other pogsibilities maf‘éivg just as.satiéfactory an
explanatipq, based on the same argument qf generality.

iii) Mgssive peﬁtrinos : It seems plausible that at least,ve is massive 4;
it is also quite possible that several generationslof‘massive.neutfinos
are mixed like quarks, with a Cabiﬁbs—iike matrix, and oscillations may
result in a v beam like in a X° beém.A The standard models, SU(2) x U(1l)
and SU(5), do not allow for massive neutrinos, and must then be modified.
iv) Finaliy, the perspective of a "big desert" ex;endiqg from lO2 to

~ 101,6 GeV, where the standard picture predicts that nothing different
from what we already observe will happen, is rather uninteresting, and
encourages alternative model-building. Oné drastically different image
is provided by technicolor theories, which may bear somé relevance to the

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

of weak interactions.

This model, based on the gauge group SU(2)L X SU(Z)R X U(l)BéL , is
the major surviving low-energy rival of the standard mode}. The reason
for its survival is that it reduces to the standard model if the energy-
scale wﬁere parity_is»spontgﬁgdusly broken is moved up to infinity : thus
experiments confirming.the standard modei can only push that energy-scale

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



aesthetic - reasonms, besides avoiding -the boredom of the big desert :

i) It assigns left- and right-handed fermions to symmetric doublets,
rather than the arbitrary - and for a long time uncertain ; standard
assignment of the right-handed fermions to singiets.

ii): It restores parity-at moderate energies, thus satisfying the general
priﬂciple that symmetrylshould increase with gpergy.
.iii) it providgs a less arbitrary definition o} the hypergharge.quantum
numger associated with the group U(l),.siﬂce the new hypercharge is now
(B -.L), ie. defined in'terms of other already used quantum numbers;

13)‘ It lends itself to unification with the strong 1nteraction into an

SO(lO) gauge group, in the same way that SU(5) appears in the standard

4

picture. In SO(lO), all the fermions of one generation belong to the
same representation 16 , which is less arbit;ary than the 10 and 'S which
are required in SU(5).

V) It provides an explanation for CP violation at the Higgs level.

vi) Like SO(lO), it naturally inéorporates left- and right-handed neu-
~ trinos, and thus massive neutrinos. Furthermore it fits nicely with the

favored explanation that v, is light ( much lighter than its charged lep-

L

tonic partner ) because v_ is very heavy ( M(VR) N M(WR) ).

R

The left;right symmetric model can also accomodate some strange
and as yet unobserved phenomena like neutron oscillations or neutrinoless
double B-decay. In short, the left-right symmetric model is richer than
the standard model. Finally, it may receive a decisive experimental boost
in the next few years, if for instance one would find that

M(W) /M(2) # cos% .

. We want to investigate here the implications of existing data in



non-leptonic weak processes foxijp(Z)L x SU(Z)R b4 U(l)B_L.models, and
especially the information they provide about the right-handed W-boson

of this model.

This thesis is organized as follows. Chapter I descfibes the left-
fight symmetric modél, énd the épécifip features of the:§érsion used
later on in the gauge.boson and Higgs secgors. Chaptef II reviews éther
approaches to the same problem of determining the mass M(WR) , and ﬁoti—
vates our own approach of studying hadrénic weak proéesses. Chaptér III

concentrates on the KL - K. mass difference, and Chapter IV on other pro-

S

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

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




Chapggr I.

The left-right §ymmetrié model.

Characterized by the gauge group SU(Z)# *’SU(Z)R x U(l)B-L , the
left-right symmetric model needs an extfa set of.gauge bosons, c6mpared
tq the standard model based on SU(Z)L x.Uﬁl)Y alone. It also requires g
. more coﬁplex Higgs structure to give masses to the ﬁsual»fermions (to
which is added a right-handed v)'and tqlthe bosons. A quick compariégn
Acharﬁ(with the standard model can be found iﬁ the Abpendix on p.l4. K
4;Hé:§ we will give a somewhat more detailed-descriﬁpion of the masses
A(acquired by the gauge bosons, the fermions and the Higgses ; 'some of

these results will be used in Chapfer III.“The left-right symmetric
~:mt_)‘dkélﬂ'}'\.as.been' studied gxtensivelyisni’this'chaptgr is based‘essentiAIIy.

"

on previous work by G. Senjanovic °.

A. Particle assignment in multiplets.

,j) The left- and right—handed fermions are assigned to isospin doublets.
according to :

v v ] ] u® c® ' v u
e .

R T .. o
eL“JLdLSL e IR d° Ir

(5,0,-1)(5,0,-1)  (45,0,1/3)(%,0,1/3)  (0,5,-1)  (0,4,}/3)

where (TL , T B-L) are ‘the three quantum numbers of each multiplet

R ]

under fhe three gauge groups. The electric charge operator is

Q =Ty + Ty + (B-L)/2 (1.1)



1i) There are three sets of gauge bosons, one for each group :

+
w? W2

W= Wy 5 Wpm o, Wyp 3 B

They combine into physical states written as

121) Higgs bosons are needed to give masses ‘to the ferﬁions : (EL¢¢R) must

he a singlet, which implies a Higgs multiplet (%;5*,0); ‘One might-think

of giving this multiplet a composite structure, like (¢L¢§*) : but then

the requirements of left-right symmetry force oL and-¢R into having the

same vacuum expectation values, which in turn prevents building meauningful

quark mass matrices. Therefore one needs a Higgs ﬁultiplét of thé'fdrm :
01° 6 (Ha,~%) (+,+%).|

® = ' ' where I_ . and IiR are’ ', and

L ("li,-l!) (-13"";5)
where the ¢'s are complex scalar fields.

Since (B-L)¢ = O , this mulgiplet cannot break the U(1l) group. and
more Higgses are needed to fhat‘effect. Various assignments are'possibie.
which bave no effect on our calculation of Chapter III, where we only deal
with those Higgs particles which couple to fermions. We take here the

simplest structure -for the additianal Higgs myltipleta :

+ ‘ +
R : _ | *r
XL ° . . XR °
XL XR J
(%,0,1) (0,%.1)

Another currently favored choice 7 is : (TL - To oo B-L) = (1.0.2) and



(0,1,2). Such Higgses can be made of fermion pairs (%,0,1) x (%,0,1),
which leaves open the possibility of dynamical -symmetry breaking ; and

they can contribute a heavy. Majorana mass tb vR (see Ch.lII).
The vacuum expectation values of the Higgs fields chosen he;é are :

k O .0 0| .
<d> = 3 <X, > = T <Y = all complex (1.2)
. 1 L [ R :
0 k v _ v
~_Undér a left-right parifyufraﬁsformation, all the fermion and boson
fields transform into their symmetric partners ; the Higgé fields obey :
"4>*—>¢+; X, < Xy - - |
Since the coupling constants associated with SU(Z)Ljand SU(Z)R are equsl,
physics would not change,except,that v # v', which breaks the symmetry.

6 , that a symmetric

It is a remarkable fact, shown by Senjanovic
Higgs pétential can hgve an absolute<ﬁinimumgfdr.ngL?ifjf*R> for somg
range of the coefficients in the poténtiai (The same ﬁr;ﬁérty has also
been verified for the alternate choice of symmetry-breaking Higgses).
Indeed Senjanovic showeq that bne can have <xL> =0, <xR> =v . whigh we

are going to retain for simplicity in the gauge boson mass matrices (see

Ch. III, Appéndix A, to check that v' # 0 does not affect our result).

R. Gauge boson masses and weak currents.

From the relevant part of the Lagrangian which contains the covariant

derivatives of the Higgs fields
- +, v + .0 o oy . .
L (D_pr) (D XL) + (DuxR) (D XR) + Tr (Dp¢) (D¥¢) | (1.3),

from the definition of these cecvariant derivatives :



=3 i23%
DXL T XL T2 8T X
i > > - . :
DuxR = auxR -5 8 T.Wp xp where T = o , (1-5)
) 1. Gdie- ot |
Du¢ = u¢ -3 g (1. L® $T.Wp

x> =0 <xp> = 3 <o> = ' ' (1.5)

one can derive frhe following mass matrlces (The gauge boson mass matrices
in Ref. 6 are all it ervor by a factor 2) :

i)  for the charged W's :

w | 1g?2 a?+x'd - gk
R 2 1 2 ,.2 2. .2 - (1.6)
We - g kk' 3 (k" + k' + v%) ‘
which can be diagonalized‘according to :
wl cosg sinz | VG .
- ) (1.7a)
w2 -sinl cosg wR
where tan 27 = - 4 kk' (1.7b)
‘ : - : ,

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

and that M(wz) >> M(wl) imply that
v >> k,k'!
In that approximation,

M) 3 g2 al + kel

1 2 2

2 - (1.8)
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2 .
One can see that ELiEll ~ O(tanZ) , unless k and k' are not of the same

2 .
M (wz),

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

of M(wz) much lower than M(wl)/ftanc 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' # 0.

The charged weak currents carried by wl and wz are :

Jl = JL cosg + JR sing 3 J2 = --JL s;nc + JR cos; s :

vt _ = u - ¥ To M (1.9)
i = ) ° °
with J VarY e + \DLY 3 + ... + U LY D

L L

where U® and D° are column vectors made of u- and d-tybé quark weak
eigenstates.,
ii) for ghe neutral Z's :

The same part gf the Lagrangian (1.3) containiﬁg the Higgs covariant

derivatives also yields the following mass matrix :

2 1

12,2, ., 1 2,2 .2,
W3L 5 B (k" + k'%) -38 (k™ + k') 0
2 _1 2,2  .,2, 1 2 2 2 2 1 '
MZ = w3R 3 8 (k" + k') 7 8 k" + k' +v) - 7 88V
1 2 1 2 2
B - = t P |
. o -Zes'v ;8" v
If we definéuthe'analog-of the Weinberg angle, © , by :
: 2 . A .
L
sinZO =z '_z-g——z— , : (1.11)
(g" + 28'%) ' ‘

then the following combination is massless and corresponds to the photon :

A = (W

in€ Veos20 1.12
y 3L + W3R )u51n0 + Bu cosZs ( )

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

where it is almost diagonal



10

N
Z; =(W,, cosO - W, sinOtan® - BtanOr/cos20), a_ - gYcos20
1 3L 3R 3 o
2 cos ©O. cos‘0
Joos3o M= — (1.13)
Z, =W . Ycos20 B tan0), -a cos 20 agpsZO +b
2 3R cosd _ 5 5
cos 0 cos O J
where
2 3%32 >+ b E%.(g2 + 'Y VP

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

recugnizes the lighter boson mass

1 cos® cos0
g (1.14)
whereas M(ZZ) v b v M(W,) cos@_
‘ : Ycos20
The neutral weak currents are, in the same approximation :
_.E—- I - 2 2
Ju(zl) v cos0O 4 Yu (T3L Qs;n 0) v
_ (1.15)
cus® - 2 2
J (22) vgT——— by IT3(R + Ltan"0) - Qtan”0] ¢
¥ Ycos20 e )

where R,L are the helicity projectors '% 1z ys).
The usual relations for the mass and the current of the lighter neutral
boson thus reappear in the limit where the mass of the heavier one (ie., V)

increases to infinity.

C. Fermior: masses.

Fermion masses stem from the vacuum ex»ectation value of ¢ in (1.5),
The other Higgs particles do not cortribute, since they are singlets of

SU(2)L or SU(Z)R.

The relevant part of the Lagrangian, containing the Yukawa terms, can



be written in the most general form compatible with hermiticity and left-

right symmetry :

= (% Y . ° FACEEY + *t °
Ly = WLy (Agye + B0 (Wp)y + WoR)y (AJOT + B,5¢0) (%), (1.16)

where 3 = g, ¢ 02 = ' . , : | ~j (1.17)

and ‘¢°)i is a fermion isospin doublet, i being the generation 1ndgx.
The superscript ° indicates that we afe dealing with weak eigenstates,
and‘therefore ﬁe want to generate.the Cébibbo angle by hgving off-dia-
gonal terms relating differeﬁt generatioﬁs : this is why’the Yukawa
couplings A and B_must be matrices ( 2x2 for two quark géneratiops ).
One then obtains the following mass matrices for the U-';nd D-type

quarks :
my= (KA+KB) ; m = (K'A+ k*s‘fA (1.18)

Under leftfright symmetry : wL > wR T b ¢+ . Then fhe invariance
of the Lagrangian (1.16) implies that A and B be hermitian. We will fake
them, as well as.<®>, to bhe real ; a more general aﬁproach'would only be
useful to study CP violation. Then m, and m, are reai symhetric ; they

can be diagonalized by rotations RU and RD :
-1 v - _ ‘ ' ‘
Ru.p ™0 Rup F Ay | (1.19)

" The physical fields (mass eigenstates) form multiplets U and D obtained
from the weak eigenstates multiplets U° and D° by the above rotations
This follows from consideration of the Lagrangian (1.16)

Ry,p °

= 1° ° To .+t 0 N
Ly= T musy + Wm0 + UoD

11



or 'CY = (RUf;'Uo)L (Ru_lﬁmuégﬁ);(gv-l U?)R +.h.c.. + U «'D

ie. U = Ru-l u°e ; D= RD'l D° (1.20)

The Cabibbo'angle then ap¥ears iﬁ the charged wéak.currénts as the
difference between the angles of RD and_RU :

3P =B I3y e i+ ...+ Ty ( -1 ) D (1.21)

Lp vz el 'm L L 'u RU RD L
and similarly for the right-handed current. So the left and right Cabibbo
angles are the same : the Cabibbo matrix is R = RU_l RD , and there are

no flavor-changing neutral currents.

D. Higgs bosons.

The representations filled by Higgses are (%,%7,0) , (%,0,1) and
(0,%,1) , which correspond to :

4+ 2+ 2 = 8 real neutral fieidg.f

2% (2+1+4+ 1) =8 charged fields.
Several of these become longitudinal degrees of freedom of massive gauge
bosons

2 x 2 for the charged W, and W, ;

1 2
2 x 1 for the neutral Z1 and 22 .
We are left with the following physical Higgses :
6 neutral , 4 charged.
The_mass spectrum of these particles has been studied by Senjanovic 6
all are heavy, with a mass O(M(WR)),zexcept fo; one neutral Higgs with a

mass O(M(WL)). The mass matrices for charged and neutral Higgses will be

needed in Chapter III, and are displayed in Ch.III1, Appendix A, p.53.

12
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The Yukawa couplings of ¢ are given by .EY (1.16). 1t is worthwhile
to write down the couplings explicitly, ‘since they will also be used in

Chapter IIT :
for 0.7 : ¢.7 U_(R'lA)b F ORIy, | + 6.7 [DrBRYU. + DocaryU. |
1 9 UL R ¥ U BIDLf oy |PLiEBRIUg + DRUARTY

£ + . + - + . A < -B

. for ¢2 : same, ¢1 ¢2 ’ -

(1.22)
A = ox 5 (x-1 = '
for ¢1 : ¢l [UL(R AR)UR + DR(B)DL] + ¢1,*[UR(R Ag‘)UL + pL(B)DR

‘for ¢2° : same, ¢1 - ¢2°* » A+~ 4B,

In these formulae, we.have assumed that all ‘the Cabibbo rotation was
contained in the U-quark sector : D° = D ; U° = RU . This simplification
" does not change the results of Chapter III, as shown in Ch. III, Appendix

B, p.56.




- Comparison between the standard

Appendix

14

model and our model.

Gauge'gfoup

Coupling constants g

Clectric charge

Weinberg angle

Fermions

Gauge bosons

masses

Higgs content

Physical Higgses

masses

SU(Z)L x U(l)Y

g
Y
W=T3% 3
2 | 12
sin“p,, = —8&
W
2 +3g'dH

SU(Z)L x SU(2)p x U(L)p ¢
g g g'-
Q = Tgp + Tag + 7 (B-L)

2
]
sinzo g

L-H doublets ; R-H singlets .L-H doublets ; R-H doublets

free (5 0(300 GeV))

4 7
+ -] t -]

W5 2° 5 v Wp,2 5.Z3,2 3 Y

m(y) =0 m(y) =0

m(W) = 80,5 GeV m(wi) < 80.5 GeV

m(2) = m(W)/co‘sow = 92 GeV m(Zl) = m(wl)/coso
m(wz) > 80.5 GeV
m(Zz) ~ m(wz) cos0/vVeus2d

*

L = (%,1) ¢ = (%,% ,0)
XL"‘%sosl); XR = “L%’l)
<XL> =0 ; <XR> = v , which
breaks the symmetry.

-1 neutral 6 neutral , 4 charged

1 neutral o(m(wl))

9 others O(m(wz))
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Chapter II.

Choosing a probe for the right-handed sector.

Our aim, like that of many others’befOteta, is to check‘the struc-
ture of the weak current, and to see whether it dev1ates from the (V-A)

form predlcted by the standard model.

For charged current processes,‘lf we now have two gauge bosons wl

‘and, WZ with coupllngs given by (1. 7), the effectlve 1nteract10n Hamilto-

nian is :
H = —B (cos ¢t + Bsin ;) + J (sin“t’ + Bcos“).
I 2 L L R
2M(W, ) |
l .
4+ (3. + + J.J.+)sint costz (1-B) i (2.1)
LR RL 7T , :
where M(W ) /M(W ) ~and L are both expected to be small ;Keeping:zccmu

- only the 1ead1ng correctlons in (2 1) y1e1ds :
ef f 2 st eerat et ot | @
H = —-Ji———— L'L ¢ R°L | e
2M(w1)
Since we are primariiy interested"here,ih:meaaef{hg B,ﬁihaepehdentlyvcf‘

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

qu neutral currents, .the parametrization of Hieff is more model-
‘'dependent. Keeping the results of (I.B)., we'get in theileadihg‘ofaermE
of f 2 _ ) 2 2 .. . ) . ’ .
H xr—B—— | Yy  (T,L - Qsin“6) v o : © 0 (2.3)
1 2 "3 '
M(W.) . . :
l .
as in the standard model. 0bta1n1ng a more accurate expre531on requlres

go1ng back to the 51mp11f1ed mass matrix (1 13) Its elgehvalues are

{
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cosa -sina

M(Zl)2 . M(22)2 , and its eigenvectors and respectively.
sina cosa
Then : ]
2 . 2 . 2 2
HIeff - cos a2 4 &in az A2 + sin a2 4+ £gos az BZ (2.4)
M(Zl) M(Zz) M(Zl) M(Zz)

where A and B are the currents corresponding to the fields defined in (1.13).

It is easy to show that the quantities in brackets in (2.4) are
M(Zi)-z. M(Zz)—2 times the diagonal coefficients of the ﬁatrix (1.13).

Then we obtain, after eliminating the hypercharge % =Q - T3t —‘T3R :

= —8_  Acinl ) - cos0 ( 2 _ ]

A —o80 (T3L. Qsin“0) ; B =g ;EE?%% \I3R + tanle (T3L Q){

Weff . & |(rL - QsinZ0y2[1 + 2 €9520 |, [1 ¢ 4 ¢ano (T.L - Q) ? a cos’o
I 3 b oso | U3 3 b cos2¢

(2.5)
where a =% g2 (k2 + k'z) and b = ‘s(g2 + g'z) v2 can be expfessed'in
terms of M(wl)2 , B and z, with the help of (1.6) and (1.7)

8 + tan’sc . (2.6)
1+ Btanzc

a= M(wl)2 cos ¢ {1 + tL‘B‘?—C] - 2.
-Obviously the analysis of neutral currént data is rather complicated ;
it invélves four parémeters simultaﬁennsly : M(wl), 8, ¢, and ©, the ecqui-
valent of the Weinberg anglé (see Ch.I, Appendix). This eﬁtra parameter
has been erroneously fixed ‘to an '"accepted" value in some of the previous
analyses of weak current processes in the context of the left-right
symmetric model, whicﬂ we are now going to feview. We will look at
résults already obtained from neutral ‘current -data (part A), and then
from charged current data (part B) ; this will motivate our own approach

(part C).



A. Neutral current processes..

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

the two parameters of the W-S model, M(W) and Ow (ie. with‘B =7 =0 in
9

our model) ; the results;:ihcluding renormalization effgcgs, are

‘sinzew = .233 + .009

M(W) = 80.5 t 1.5 GeV

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

data).

Additional constraints can be introduced from thé ;imit on the proton
‘lifetime ( Té 2 2x 1030 yegrslo),'with'the use of graﬁd unified theories.
The standard SU(Z)L x U(1) gauge group can be "unified" with the su(3)
gauge group of stfong intéraqtions. At‘sdme very high energy, all these
groupé are embedded in a larger:gtoup (at least SU(5)) ; leptons and
" quarks are‘mixédﬁin the multiplet assignment of ;Hé unifying grodp 3
aﬁd all the gauée bosons are, too (weak—elecé:omégnetic bosons, gluons,
and othgrs relating ‘leptons to quarks). This unification occurs at the
energy where the three running coupling‘consiants of the three gauge |
groups all become éqﬁal. At that energy the nqrmaiization of the group
generators fixes the value of sinzow » which gets renormalized at lower
energies. This scheme, first devised by Geo;gi and Glashow 2, explains
the quantization of electfic chérge (since»quafks‘aﬁd leptons are mixed .

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

the measurable value of “strong at low energy. The success of the model
. L o 2
stems from the value obtained for,sinZGw ( sinzew = ,21 for a = 0.1 7),
' 15

and from the high value of the dﬁification mass ( MXVN 1077 GeV for the
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above'sef of valpes), compatible with the known iimit'oﬁﬁthé proton life-

) -1 S5, 4
time ( since T, «ngUM "p /MX' )

The same'Unification'pfocedufe'ééﬁgbe carried out‘for'SU(Z)L x”SU(Z)R

x U(l)B_L X SU(3)Colér.'lThe unifying group must be at least S0(10), to

accomodate the increased number of generators. The fundamental represen-
tation of that group is a 16 , which suits the following particle assign-
ment :

_— d AV e ]’
, . i,j color indices.

The value of sinze(GUM) is derived as for SU(5) .:
_ o _.‘ 2._
3R " Tr‘T,.3L = 2  A

r ((8-1)/2)2 = 4/3

. for the 16 repfesentaﬁion, Tr T

But the generatoré I and 1 associated witﬁ T and (B-L)/2

3, » I3p 3 Ip g ' Typ 5 TaR

must be nofmalized identically, and the same coupling constant 8cuM must

appéar‘in each term of the Lagrangian :

H _ . . . _ , ) .
Boum T3, T 8 Ty 3 8oy Ip-p. = & (B-L)/2
2 ‘ _ . 2 .—_ . 2 _ '2
Then Tr I3L = t; IB-L- -5>. g-. 2 .g . 4{3
2
' -
(g" + 2g'7)

just as for -SU(5) or for any group, provided- the isospin and electric
charge assignmentsof the elementary left-handed fermions remain the usual

ones.

The renormaiized value of sinzo at low energy differs from the SU(5)

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

energy from Mx to M(wl),.must be. :

S0(10) + SU(2); x SU(2)p x SU(4) + SU(2); x SU(2)p x U(1)p_; x SU(3)
My K .

> SU(2)L X U(l)Y b SU(3)c > U(1)EM X SU(3)c

M(W,) M(W,)

{

‘The evolutionsof the coupling constants are derived from .the wusual °

expression for the B-function in an SU(N) group with f fermion generations :

3

11 2

- o (B 2e)
161r2 3 3

A typical pattern of running coupling constants is shown in Fig. 2.1.
In particular one obtains :

M M

2 3 11 o (MO | c 3 c
sin O(M(Wl)) = -8-—-3— — § Log ﬁ'(-w—l—)- -3 Log W i (27)

Obviously, a lower value for M(WZ) implies a higher value for sinZO(M(wl)).

This fact has lead some to concludell that M(wz) had to be at least

109 GeV , since sinzew(M(w)) =:,23 . However this latter value for the

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

implies M(wz) = MX . The limit of 109 GeV is therefore merely evidence
of the consistency of the standard picture. A correct analysis requires
a fit to the low-energy data first with the four parameters M(wl),.M(wz),

¢ and sinze(M(Wl)), and then a determination of which values of these

parameters are still compatible with a grand unified model based on SO(10).

The low-energy data have been analyzed by many 12, but the most

— . ' .13 '
interesting results come from Rizzo and Senjanovic ~°~. They use as an

19
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input the numbers of Kim et al. 14 extracted from :

- the SLAC asymmetry experiment (and the atomic parity violation
experiments) ;
- neutrino-hadron scattering experiments ;

- vu-— e scattering results 3

They choose the more fashionable Higgs assignment (see Ch.I,A,iii), and
allow the vacuum expectation values of the left- and right—handed'ﬁiggses
to be both‘nqn-Zero.x The ranges of vaiues which then satisfy .all the
data within 1.50 is |

M(Wz) 2 150 Gev, de. B .24

<
N

23 ¢ i Zo < .28

.23 % sin < .

|tan 2z] < .1
The value of M(Wl) is fixed by the overall strength of 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(W

v

1? 3 78 GeV

The same authors applied these results to the grand unified .model -
based on SO(10) just described, even taking into account the effect of
Higgses in the B-function ( They bring M(wz) down, for a given value of:

sinzow ) ]5.

Their result is therefore rather model-dependent but can be
summarized as follows : |

1f M(wz)‘% 1 TeV , the preseﬁce of the right-handed sectof does
not appreciably modify the fit.of sinzo fo the low.energy data.. One

must have sinzo = .23 as in the standard model. Then, as pointed out in

. A 1m . . cees g . .
previous analyses , it is difficult to accomodate an intermediate mass

20



scale between M(W) and Mx , unless it is almost as‘high as MX ;:and'dbes

not seriously affect the consistent standafd'picturelof grand unification.

Hence :

: 9 .
M(W,) 3 1 TeV + GUTS ==> M(W,) 2 10° GeV (2.8)

Otherwise M(wz)'muét be very low, so that sin’0be increased to = .27 .
Such values are still compatible with grand uniffcation, simply pushing
MX to v 1017 GeV, and making proton—decay‘very ﬁard‘to'observe. o

In conclusion, according to Ref. 15 :

either M(W,) ~ 150-250 GeV and sin20
9

n

.27
(2.9)

GeV ‘and sinZe = .23

1

or M(wé) N 10
This analysis, of cohrse, depends for a good part on details of theAmbdel,
like the parametrization of the neutral sector, the Higgs structure and
the number of Higgs multiplets, things which might be less crucial if

one studies charged-current processes.

B. Charged current processes.

The 1iﬁit M(WR) X 200-300 GeV is still widely quoted in the 1itgra-
ture. It was obtained bf Bég et gl. 16 from charged current data, with
the implicit assumption ;hat neutrinos are massless or at least extremely
light. The effective Hamiltonian they use is exactly (2.1), and they

obtain the limits :

M(wz)/M(wl) 2 2.76, ie. M(wz) 2 220 Gev

| tanz| < .06

_Among the various processes analyzed, the most stringent constraints come

~ from the longitudinalfef polarization in pure Gamow~Teller B~decay, and

21



from the p parameter in p decay. All the processes considered in that
paper are semi-leptonic : a neutrino is prqduced in each case, which will

in general be left-handed if the gauge boson exchanged is W, , and right-

1
handed if it is WZ.
One of the attractive featuresléf the left-right symmétric model,

though, is to gllow for a massive neutrino, and furthermore to expl;in

- in a natural way why the usual - left-handed - neu;#ino is so much lighter
than its charged leptonic partner. This méchanism, fir;t suggested by
Cell-Mann et al. 17 , 1nvolves.giv1ng‘both a M;joranu gnd'a Dirac mas;

to the neutrino (sée.Appgndix'for Qetails on Méjorana'spinors) » so that

. the mass matrix for the two heliéity components of a given species of

neutrino becomes :
(2:.10a)

where d is the usual Dirac mass term ( d vae ?n an& grand-unified pic-
ture ) , and m and M are the Majorana mass te;ms for both neutrino com-
pénenés. Grand unification does not cbhétfain ﬁhem‘to any particular
value, since the neutfipo.is the only particle to enjoy the possibility
of ; Majorana mass. But we’éxpect; from natﬁ%alpess, that they are of
thé same order of magnitude as the vaéhhm‘ekpéétation values of the
Higgses which give rise to them. Furthermore m has to be very small, such

that indeed m(vl) << m, sV being ;he usual mostly-lef;jhanded neutrino.

' 8
Several schemes have been proposed, where m = 0, and M O(MX) ! ’
or O(GMX) 19, yielding extremely small masses m(vl) as shown below. The

left-right symmetric model fits the phenomenology in a very elegant

22
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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 AL(1,0,2) and~AR(0,l,2) (see p.6-7):

m 0(<AL°>) and m=0 for <AL°> =0

Mo~ 0(<Bp°>) v O(M(W))

Taking <AL°> = 0 - which is still compatiBle with a Yeft-right sym-

metric Higgs potential ~ the eigenvalﬁes of the mass matrix become :
m, = m 2/M(w ) and m, = M(W,)
1 e "2 2 27"

Then m, ~ 0(1 eV), in the expected range (see Ref. 15 for details),
instead of the minuscule masseé of order 10-8 eV obtained when M ~ MX

in (2.10a).
The eigenvectors are :

vl.} cos$d siné v

(2.10b)
v, J -siné cosé v

with & ~m /M(W,)) 0(1073).-

In conclusion, it is likeiy that :

i) The predominantly fight-handea neutrino is so heavy that it cannot
be produced at present-day éneréies, and certginly not in any of the low-
énérgy procésses anaiyzed in Bég et al. 16

ii) The usual predominantly 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 vp are deleted:
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H + —8& [ JLJL+coéé (coszc + Bsinzg) - JRJR+sin6‘(sin2c-+ Bcoszg)

R7L

+ (J. J +cos<S - JLJR+sin6)sinc cosi (1—8)] (2.11)

and for a purely leptonic process :

9 ,
H eff .8 1 J.J +coszé(coszc + Bsinzg) +J.J +sin26 (sin?c + Bcoszc)
I 2 | L ©° : R'R
ZM(Wl) -
2 (3.3 + 3.3 Nsing coss sir © (1-8) (2.12)
L IR nd cosS sing cost (2.

Obviously, all deviations from.a (V—A)(V—A).structu¥e are multiplied by
¢ and become ipobsgrvgble, except for a semi—leptonic'pr;cess where the
righg;handed curreq;_ig.all hadronic. Héwever the>two pr&cesses selected
in Ref. 16 both involve the observation of a right-handed leptonic cur-
rent : then the smallness of § obscures any effect of a potentially.very

light right-handed boson.

- Therefore, in order to eliminate the effects ofvé , a charged-cur-
rent analysis should only rely on .purely hadronic processes, or semi-
leptonic processes where the presence of a Fight-handed current should
be looked for in the hadronic sector. That kind of hadronic polarization
experiment seems'extrémely difficult to carry out, given the mass discre-
pancy between the usual hadrons and leptons.(sée howeyef Ref.Zl: on
polarized lgNe g-decay). In any case, one Qould_oﬁly get a limit on the

next smallest parameter after § , namely .

C. The correct probes.

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

because they are less model-dependent (an& because they have not been
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studied yet), namely :
- the KL - KS mass difference, in Chapter IIT ;
- hadronic hyperon decays and K decays, in Chapter 1IV.
Of course the presence of strong interactions decreases the accuracy
of theoretical calculations, but at-least the K°- K° system has proved to

be an outstanding test for weak - and super- or milli-weak - inter-

. . 22
actions in the past = .

However there are at least two other phenomena worth attention :
i) Neutrinoless double g-decay (8g)° :

Majorana neutrinos are self-conjugate and can therefore be exchanged
internally in a double g-decay event, leaving no neutrino in phe final

state (see Fig. 2.2)

2n > 2 p+ + 2 e ‘ :
M , for the

L2 2

(p~ - M7)

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

The amplitude for such a process includes a factor

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

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

bound on the mass of the usual neutrino Vo the expression

M eXp_(_‘:z)f.ml for M < 60 eV is two orders of magnitude smaller than
M(W. )
L
M exp(—ZM) for M ~ M(W.) ~ 300 CeV.
E— R
M( WR)

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

2 . . .
neutrinos 3 . The analysis has been carried out in more detail for the
specific model we are considering 15 . For the same mass M ~ 300 GeV, the

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

* . A is the characteristic range of the nucleon-nucleon interaction(A-IN 50GeV)



the present experimental limit, and such decays should be observable in
the next generation of experiments. That prediction, however, relies
heavily on the "naturalness" of the model : all the coupling constants,
in the Yukawa couplings and the Higgs potential, should be of the same
Srder of magnitude, so that one can reléte M(WZ) and M(VR) through the
Higgs vacuum expectation values. It is difficult to decide at which
point the ratio M(wz)/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 :
+
J

For purely leptonic processes (eg. p decay), the JL L

part of HIe
(2.1) is the only one to contribute (We take § = 0 for simplicity).

One can thus identify :

‘ ot}
= __g_—_f .(coszc + Ssinza)
8M(Wl)

S5

Now for semi-leptonic processes ( m, 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 of GF//E , but

rather with :

Gp' 2 - 2 2
= £ 7 {(cos®r + Bsin“r) + ainz cosg (1=R)}
V2 BM(W, )
G
= — (1 +1¢)
V2

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 Z, almost independently of B. Indeed it has been argued 13 that the
factor (1 + c)z should take care of a discrepancy of 3 + 1 7 between

the value of fn = 93 MeV measured from w decay, and the theoretical

22
value obtained from the Goldberger-Treiman relation by evaluating the

7NN hadronic coupling 24.
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Appendix

Majorana neutrinos.

A general fermion mass term in the 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 :

vy ¢ (8,0) VoG (0.%)

vt (O 3 vy i (3,0

A scalar can then be made by combining two identical representatioﬂs
(%,0) x (},0) = (0,0) + (1,0) (same for (0,%))

There are two ways of pairing the representations :

- making a Dirac mass term

(v, v. 4+ v, v

=
t
|
7]
~

- making Majorana mass terms

—C — ¢ —c — c

( VLV + Vi VL ) and ( YR VR + Vr Vg )

c . %
where w = iyyv

1l -y * 1+
c _ c _ . 5 _ S ¢ _ , ¢

Note that v S (vL) = iy, 3 v =5 (v )R

—c .
Then vyt (%,0), like vy

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

28
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fermion were charged : this is why the neutrino is the only particle
which may have a Majorana mass. Still a Majorana term violates lepton
number conservation : tﬁat has just recently become "acceptable”, witb
the advent of grand unified theories where neither baryon nor lepton

number is conserved.

One can define proper self-conjugate Majorana fields :

The mass terms are then reexpressed :

Fptrae * 5 o+ O

mMajorana = Xxx and we

Under the SU(2)L x SU(Z)R x U(l)B_L‘group, the mass terms have quantum
'numbe£$w;

(%,h,O} for-the Dirac term ;

(1,0,-2) and (0,1,-2) for the Majorané terms.
fhese representations cén be cdmbined with‘¢, AL and AR respecfively to

yield singlet mass terms organized into the fnllowing mass matrix :

(-] -]
X Y <A, > §Y¢ <¢l >

5, 017> Y, <8p™>
R
, o <¢l°> .0
where Yi are the respective Yukawa couplings, and <¢> =
0 <¢,°>



Chapter III.

The KL -*KS mass difference.

The mass difference between KL and KS is due to a AS = 2 interaction
between the otherwise degenerate states K° and K°. Since we are not con-

cerned here with CP violation, we can write KL and K

g as eigenstates of

cP
K° + K°

KE ST 5 ‘and CP lgg> =+ |x§>

The effective Hamiltonian between K° and K° states takes the matrix form :

K° m M
K® M m
The mass eigenvalues are (m*M) (M 1s real if CP is conserved), and

the mass difference is :

eff |K°>

2 = 2 <K | Hy

M(KL) - M(KS) = AmLS (3.1)

Now the K° - K° interaction is a AS = 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 hy milliweak or AS = 2 auﬁerweak‘inter-
actions 22 ). We can calculate the'veak amplitude for sd - sd scattering,

and then estimate the effect of stroﬁg interactions.,

There is of course a theoretical uncertainty in that estimation,
which is very difficult to evaluate. However, a fairly simple method
of including strong effects, first adopted by M. K. Gaillard and B. W. Lee

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

30
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W-S model for the weak interactions, predicted a charmed quark mass

m, " 1.5 GeV just a few months before the discovery of the J/NY 26. One
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 éffects. Nonetheless the predictions

of the W-S model in all other circumstances (up to - perhapé - atomic
parity violation expefiments) come extremely close to the actual measu-
rements ; and.strong interaction effectS‘wefe evaluated, in this case,
along a different approgch using the MIT bag ﬁodel ?7, 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 épproagb is then thébfollowing :‘we reviéw Gaillard ana Lee's
-way of c¢alculating AmLS (part A) ; then we ca}culéte.ﬁhg free éa - 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 KL-KS mass difference along the linés of part A, and deduce

restrictions on our parameters from the requirement :
< A <
135 8ms eh. /Mg exp. %3 C(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. H late .
ow to calculate AmLS

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

+5.d.)

with the help of Feynman diagrams, the scattering amplitude A(s_lz1 29,



for zero external momenta. In the Standard model, with left-handed
charged weak currents only, A will -be a sum of terﬁs - one for .each -

diagram - of the form :
-, . : T b -C - ' ' d,
B ¥ (gi) 0(1‘Y5) éab ) (qj) » ¥ (g) 0 (1—Y5) 6.4 w<(q1) .. (3.3)

where

. th ' i ire
qi,J,k,l are e quarks 51’2 s dl,2 arranged in the order required

by the Feynman diagram considered , and the Vv's the conrrespanding spinors ;
- - 0, 0' are Y-matrix operators ;

- B. is a scalar function of the masses of the particles exchanged ;

- a, b, ¢, d are color .indices, and the §_,'s just express that the

13

weak bosons exchanged are color singlets.

In our model, with right-handed currents also, (1-Y5) will be (liYs).

Erom'A(lel,+ ;; dq), one can then extract, in brinciple. an effec-
tive Hamiltonian. density Jﬂeff, ie. an operator defined by :

e
>

W26 0 (- w @) e vi (3.4)
1 1 2 -2

Jﬂeff will thus contain 2 s- and 2 d-field operators, which can be con-

tracted with the 4 spinors in 4 different ways, each amounting to a

! cff .
difterent Fierz rearrangement of X . Then the y-matrix structure of

Jﬂeff will be different from that of A, Jﬂeff 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 al-v b —c ' 1 -y '
Vs vT T by, W (dy) w(sy) y, T Sg v

d
(dl)
(3.5)
l.— Y

— d, .\ = 1 -y, b,
+ V(s v E5ES 6 wiE) sy v TS e v (dy)




which can only be obtained from. the following .Jleff :
23 Bl v iS5 s, odca) . s v, LSYs 6 . el
8 .. 2 ij o 2 kl
ijkl :
(3.6)
=i al-vy h| =k 1 -y 1
+ 8°(s) v 2 5 611 ) (§) . B (s) Yo 3 5 6kj 87 (d)

where the 8's are field 6perators (the P's being spinors).

In this case Jleff does not look too different from A : only the
color operator structure chapges{ because the Y-matrii 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'pseudd-
scalar operator products whose appearance we want to postpone, using
a notational trick devised later.

This distinction between 6's and y's, betweenvﬁﬂeff (operator) and
A (amplitu@e obtained after performing all possibie Wick contractions),

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

The next step toward calculating AmLS is to sandwich Jﬂeff between
the actual meson states K°, K°, 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. qu ways around that problem
have been tried

i) Apprpximate the meson étates as pairs of free quarks,-and require
that  they all interact at the same point by inserting vacuum projection
operators |C><01 in all possible ways in the effective amplitude

M= <E‘|Jﬂefflx9> . This is the original approach of Ref.25.

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
carried out27 as a check of the Gaillard and Lee.calculation ; the
result was :

Mg | Moy = -4 O

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

tical uncertainty of the calculation.

Here again the issue about the legitimacy of approach i) is extre-
mely confused. It has been argued, even by the authors of Ref. 27:, ‘that
approach i) would be improved if one would consider not only a vacuum
intermediate state, but also single 7° intermediate states, with the
understanding that an exact result would be obtained if one could sum
over all possible intermediate states. Calculations involving single-

pion projectoré have been carried out 28 , and yield roughly :

Myn /Mg = =1

which discredits MGL as.a good approx%mation to the sup 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 i) the meson states are
approximated b§ free qE pairs. It must be stressed again that the
reason for the vaéuum inacrrian is to wiwmic vtrong interactions Ly
forcing free da pairs to interact in a point-like fashion, and that the

value of Mln / M

GL has nothing to do with the validity of the vacuum

insertion method.

Another "refinement" has been to consider the renormalization of

the weak operators responsible for the K° - K° amplitude caused by
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29 o . .
" 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 casej approach ii) is probably the most accurate, in view
of the calculational successes of the bag model. Nevertheless, for
simplicity, we will here follow approach i), but will allow for a theo-
retical uncertainty of-a.factof 3.

The last step toward calculating the mass difference haS'alreédy

been explained in (3.2)

bm, o= 2M : | | (3.8)

We now want to perform all the steps outlined here, using the
left-right symmetric model of weak interactions described in’ Chapter I.

“We will avoid exhibiting the actual ¢ueff defined by (3.4) by using the

J”eff

‘following trick : we write instéad a pseudo- (which also satisfies

(3.4)) obtained from the amplitude A by replacing the spinors ¢ By field'
operators 9, and only allowing those "natural" Wick contractions ‘which
reproduce A.. These contractions are indicated, when necessary;‘by'én
arrow above each field operator, pointing to the spinor with which the

operator should be contracted. Thus we write, for instance, (3.6) as

+ ' - > <
- |8 al-y Jegy. Bk 1-x 1
{ 8 (s) v 7 511 6-(d) . 9 (s) Y, 308, 8 (d)

(3.9)

- Y
-2

*, 1
+ 8 (s) v

3 Zx 1 Y
J _—y i ]
5 dij 8- (d) . 8 (s) Y, 3 5 ékl 8~ (d) .,
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B. The sd - sd scattering amplitude in the left-right symmetric model.

We can sort the many possible diagrams describing ‘sd + sd according
to the ﬁelicities of ;he incoming and outgoing particles. Each particle
can be left- or right—handed, so ;here 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 second ordey weak process, wili contain
& loop wilh Lwu buson and tWwo termion propagators. The Fevnman ampljtndpl
will be obtained by integrating over the 4-momentum k circulating arouqd
the loop. If the fermion propagator does not involve any helicity-flip

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

1-v. ¥+m 1-vy _ K 1-v
] 5 2 2 2 5 2 2 2 2 (3.108)
k™ = m k" - m

And if there is a helicity-flip :

m 1 vy
2 2 2

5 (3.10b)

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 O or 2 helicity-flips ; the 8 helicity

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

+
In the standard model the hasons which can be exchanged are W, Z°,

and ¢°. But neither 2° nor $° can change quark flavors ; so Gaillard

* This k «> -k symhetry is a consequence of our setting the external
momenta to 0. Actually ;he scale of the external momenta is determined
by the kaon mass, and that of the loop momentum by the boson masses ;
hence when set;ing the external momenta to 0, we neglect terms which are
down by a power of M(K®)/M(W). This procedure is justified here because

we ‘sum over all the external quark helicities.



and Lee only had to calculate the two similar diagrams of Fig. 3.2, with
exchange of ‘a whi™ pair. In“bur model the set of physical bosons is

enlarged to : W ', W, 5 2.° ,2,° , 4 charged~Higgses (2 of which

2 1 2

couple to fermions)', 6 neutral Higgses (4 of which couple to ferﬁions).

1

. ] *
The Z's cannot change flavor, but the neutral Higgses.can 7j.-:so- the

neutral boson pairs which can be exchanged are :
who- W
wt- charged Higgs., of Z.° - neutral Hiégs
2 chargeq Higgges' » or 2 neutral ﬁiggges.
Thé_sét of'diég¥am$ to calculate cén‘be nar?owed down»because”of
our specifi; purpose to test whether relativeiy lafge v;lués for‘ o

K +.k‘2
2

M(w1)2 2 a
" (see (1.8))

hoo]
h

2
M(Wz) v
are possible, ie. g m’O(lO-l)ﬂ For such valﬁes, the pﬁenomenological
successes of the standard model (corresponding to g = ¢ = 0 here) imply:

]
8 > tan2c = - 55%—

s

" where ¢ is the mixing angle between WL and'WR . Therefofe'it is suffi-

cient to set
=0 ,die. kk' =0, say k' =0

to obtain an upper limit on B. The amplitudes correspbhding'to mixed W

* Although in our simplified calculation the neutral Higgses do not

couple to D-quarks (see next page), these particles should in general
. + - ' ’

permit the decay K®* > p 'y, although at a minute rate given the small

magnitude of the Yukawa qouﬁlingsi(see'(3.23)).
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couplings would be of the same order as the ones that we are going to

2 4 : tan
calculate, except for an extra factor tan'f, tan g, or at best-—7;J; ,

tanac
82

would not affect our limit on R(the mixing factor tang always comes in

, Which in all cases is small compared to 8. These amplitudes

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 phys?cal Higgses are simple
linear combinations of $'s and x's. The mass matrices for the charged
RHiggses, and for the real and imaginary parts of thé‘néutral Higgs fields,
are reprod@ced in Appendix A, p.53. The only states coupling to
fermions are : |

. * 1 ’ + +
- two charged Higgses ¢ = —oo.ioe  ( v¢1 - ka ) (3.11)

Vv2ri2

with mass O(M(Wz)) and fermion couplings (see (1.22), with B12 = 0)
)1—3‘ o7 TR 1a)p, + ¢” D_(AR)U. | (3.12)
"L R CRYL) o

- two neutral Higgses ¢2°r {0 with masses O(M(Wz)) and couplings :
, .
o N o T '
$,° D (A)Dy * 9 Dg(A)D, (3.13)

-~ one neutral Higgs with a light mass O(M(Wl)) and one with a mass O(M(Wz)),

which only couple to U-quarks and are of nn interest here.

This reduced set of physical Higgses makes it appealing to work

in unitary gauge (no ghosts), where the gauge boson propagatur is 30
_ . 2
g —kk /M
B (k) = -1 = B (3.14)
s kS - M

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 precisély
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
-—E—ELEE—— ,» and the amplitude contains a factor :
kW - m
u,
mom .,
- « KO
2 2 2 2
k" - m k™ - m
( q ) ( q.)
- In the L-L or R~R diagrams, the propagator is _ffjé——f—_ , and the
. . k™ - m

u,c
couplings are such (thanks to GIM) that the éﬁblitude contains a factor
' 2 2
k (mc—mu)
2 2

-m
(o4

£k
kz-m2 k2—m
u

« KO

o 2 sin2 : 2 = 2 in?
cos OC GC 2 cos 0051n Cb
C

22
(k“-m) (k“-m)

which makes the integral convergent.

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 W exchange. Since we assume § = 0, there are only

172
four 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.58.
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4 & _ 1- — 1+y )
[5—] cos?Q sin’ ('i)sf i [w(d) vy, 35 w(s)].{w(d) var, 55 4(9))

V2 ¢ ¢ (2m ‘
wo ¥k aa kP
2 8 2 B 2
m m : M(Wl) M(.wz)
S e v 7" 2 2 (3.1%)
k2—m k“-m k= M(W.) k- MWW,
c u 1 2

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

symmétrizing in 4-space :
2
2 d'k

4 2 4 m m 1 1 ‘
g cos 0.sin” © - . 2
et ,/ 2m® [kz-mi szmi] ki mp? 1w

k&

v (d) _1_-1'5' (s).3¢d) s w(é) + 1-k—2
3 Vi) o uts)uld) = 2

1 1 ]
7 1 2
M(wl)2 M(W,) AR TCA

Q

¥(d) YBY 1—;15 Y (s) . v(d) Y,y %ls P(s) | (3.16)

B
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 :

] dnk [ mc mu 2 1 1 kl'
lim - - , . -
n>4 n 2 2 2 2] 2 2 2 2 2 2
(2n) k -mc k --mu k- M(Wl) k™= M(Wz) M(Wl) M(WZ)
. ( c mu)2 n
7 7 r(2 - —2-) (3.17a)

n m m 1 1
Hm j : kn 3" 3| 3 7 2 2
(21) Koml kSeml| KO- M) k- N(W,)
“ ’ (3.17b)
2 2
2 .1 - m M(W.) ]

1
+ = — + =
2 ) 2 2 2 2 8
LM(W]_) M(Wz) 16m - M(Wl) M(WZ) mc

/



In (3.17a) there is no finite piece to the integral in addition to the
divergent piece proportional to (n - 4)-1. This feature reappears in all
the diagrams we have to evaluate : the pole terms, after cancellation
among all the divergent diagrams, do not contribute to the finite ampli-
tude. In (3.17b) we set m to zero, and we kept separate the contribu-
tions coming from the gpv part of the W-propagators (like in Feynman
gauge) and from the kuk; 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<l in (3.17b)). 1In fact we approximate (3.17b) to :

8
1 (@ -m)> MW, )2
c u 1
- 5 A B Log —
167 M(wl) m_
M(w,)’
where g8 = - - The amplitude (3.1A) can be further slmplified
M(WZ)
with the use of the identity :
. (3.18)
ij k1 S & k1 Jij k1l

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

using :

2 _ 1 aBys
o Yg = 5 F UYG (3.19)

Finélly. the gauge boson W, mass, the U-fermion masses and the Higgs

1

couplings can all be related in the following fashion.

= (kA + k'B) (see (1.18)). So:

'mu
2 2. .2 _ . 2
(m m) cos O, sin“C_ = (kA12,+ k 812) (3.20)

c u C C
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In our case where kk' = 0 (no mixing), this last expression is equal to

2 ' 2 2 2 21 2.2 W2, .

(k" + k )(A12 B12 ) , with M(W ) 2 g (k™ + k )f Hencg_.
M(W )
2 2 L 2. 2 2
(mc - mu) ;os‘OC_81n CE = 2 2 (A12 + B12 ) (3.21)
g

If we further choose k' = 0, thé'féﬁuirement that the D—quérﬁ mass
matrix be diagonal imposes .:

B, =0 L S L (3.22)

These trelations allow us to eliminaté.mu ,'ﬁé‘, QC from all amplitudes,

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

. small, as shown by :

2 + B 2 4 cosZO sinZO (m - m )2
C c u

_ 6
12)' C

n 010 V) (3.23)

1 [0

whereas :

G .
g? =L . 8mw)?

(3.24)
/2

N[

Using (3.21), (3.16) can be cast in the final form :
‘ o o . (3.25)
2 2 . S 2y .
4g™A, , , 2 a . M(W.) 1+
i o S KYY M w(d) =Y w(s) .0 (d) S5 y(s)
16 MW )T M) n

N~

(o

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 :

4g2A122
, Wwhere
o2 L |
— 1- - +y_ . ‘ .
ALy 0@ TS 9(e) B@ s y(s) .- o (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

(2° and ¢° exchénge), one must treat the 2°'s and ¢°'s couplings carefully.

They always appear in the same combination :
2
(g(ZDLDL) - g(ZDRDR))

F= ¢ 5 (3.27)
: Zl,Z2 M(2)

Qhére g(ZDLDL) and g(ZDRDK) are the couplings of a.Z' bosén to left- and
right-handed D-type quarks (these couplings are independent of the quark
generatién since:the Z's do not change flavor). The sum is over the two
“neutral bosons, Beéause the amplitudes for diagrams where 2 ° or 2,° 1s

1 2
exchanged are otherwise identical.

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

matrix (1.13) in a different hasis :

W 3 3 ( + bcos260 - bvYcos26 }

e
- - W) 2a :
2 L R 2cos26 2 cosZG
(3.28)
1 ((WL3 + WR3) J¢052 - 2BsinB) |- E—SQE%Q —_—lL7f.
Y2 2 cos 0 2 cos™8 |

cospl -sin
If the eigenvectors are and in this basis, then the
sing cos¢ '

factur we want to evaluate is :

2 2 2 ) '
F =‘§_ cos & sin ¢ (3.29)

2 2
M(Zl) M(Zz)

2
where M(Zl) and M(ZZ)2 are the eigenvalues of the same matrix (3.28).
It is a'straightforward matter to verify that, for any symmetric matrix

a B cosd) -sing)
. : with eigenvalues A,)' and eigenvectors and
R vy {sing) . cosd
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respectively, the folloﬁing is true ;

2 L 2, '
cos ¢ + Sin ¢ _ Y 5 _ (3.30)
A Al ay - B
The ambiguity which arises when we want ;o_use_this,fornula_here, namely
which of the two diagonal elements to take, is solved if we remember that

the heavier 22 is the one with the more left-right symmetric couplings.

2 b | cosze 2
Then F = %— 5 = %; (3.31)
2cos 6 ab '

so that finally :

2 2 .
(g(ZDLDL) - g(ZDRDR)) , 4 o
5 . = 5 (3.32)
z,,2, M(2) AM(wl)

The finite amplitudé A(sd » sd) ;én bevobtained by summing all
divergent and convergent diagrams. Besides the .divergent diagrams all
listed in Fig.3.3, only one pair‘of‘convefgent aiagrams 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 ¢i
and W& exchange, which might otherwise give a sizeable amplitude, vanish
because of the peculiar Higgs couplings (see Pig;3.4a for an example).

~

The other non-divergent diagrams can safely be neglected in this calcu-
' M(W,)
1

2
M(wz)

2

lation where we are only interested in the leading effects in g = H
they. are of threngypes (illustrated in Fig.3.4b,c,d)
- diagrams inﬁglving fbe exchange of two wz's : the amplitude would
be proportional to 32 3 |
- diagrams involving two Higgs exchange : compafed to the same diagram

with a w1 and ¢ exchange, the amplitude is typically down By a factor, at
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2 2
A M(wl)

12
. < 10
n)?  glsin’o,

-4

best :

where the numerical evaluation uses (3.21).
- higher order diagrams, involving the exchange of more Higgses, weak

bosons or photons, which are suppressed by powers of the respective

coupling constants.

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

2. 2
2 = = A1)
167 A(sd + sd) = = 5 ALL
M(Wi)
2
4 MWL)}
2, 2 28 1
thghy AR TRy B e
AP 1 c
- +.2
1 1-~8 M
+3 gy Leg[tt )y (3.33)
S M) - M) M(W))
' o 2 2
1 1 ‘ M($°) “cos”®
2 .37 2 7 Log 2
M(9$°)“cos“B ~ M(wl) M(Wl)
.7 | . | , \
1 cos26 . 1 M(¢°) “cos28
RN 2 77 Log 7 -2
cos 6 M($°)° -~ M(wz) cos 8/cos286 M(wz) cos ‘/

where

- the 5 successive terms come respectively.from the exchange of :

'wl T s W m Wy s Wy, 2y =00, 2y - 0%

- the 2 neutral Higpses have been given the same mass M(¢°) for simpli-
city (they should both have a mass of order M(WZ) , whereas the other
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 << m <<.M(Wl? < M(wz) énd M(&) > ﬁ(wl) fqr all ¢'s (3.34)



- ALR is given by (3.26), or, for colored quarks :

[XORIN ‘ lgls WP(d) . T8(s) g 1+Y5 vd(d) (3. 34a)

>
L]

LR

¥3(s) 6 ab v 1—15 v (d) . Vo(s) 8 d Yoo 2*5 w (d) (3.34b)

and ALL

In these expressions, a,b,c,d are color indices, and 6ab 6cd stems

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

C. Calculating AmLSL

From the amplitude (3.33), we can in principle write the effective

LL IR °

Hamiltonian, after (3.4) ; let us define effective operators O and O

—a b : —c’ d _
wS(X) ‘wd(,X) OLL(X) wS(X) wd(X) = ALL(.X)

' (3.35)
B0 W60 0 0 360 330 = A (0

Using the trick described in section A, (3.9), and reﬁembering that
we always sum diagrams by pairs symmetric under interchange of the two

d-quarks, we can write :.

o =% foite) v2 X5 oty . P Iys ]
LL 2r Y g2 e (@) e (s) y T 67 (d)
: o s . (3.362)
+85(s) 1* 1555 67(d) . 8I(s) Y, 7 eJ(d)]
0 = 3 [gi(s) Las gl . e Bl
- s N . : (3.36b)
1o Fhs et LBl s sj(a)]

Now we want to evaluate <K°| 0 . 0 ¢ |K°> where the
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mesons are approximated to free quarks, but still with the right color

singlet structure. Namely :

<k°| o K°> = <2 v2(s) v@@] o —l'tﬂb(s) wb(d)> (3.37)

Lk | /3 Lk I/s

Let us first apply this equation to O Contracting the field

L’
operators with the spinors in the first term of (3.36a) is straightforward :
the two operators on the right annihilate K°, the two on the left create

E°.‘ So the vacuum projcctor can ouly be inserted in the middle, yielding

an effective amplitude written +* :

a l-v

l = 1- o
7K s 1oe <o)y, s [

For the second term 0f(3.36a), a Fierz transformation must be performed,

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

. 1 1,6 1
$2d % "3 % Sca T2 b Ve (3.38a)

1- 1- Y 1- 1-
(v _315)i1 (Ya —Els)kj = (° Tfls)ij‘(Ya —-515)kl » invariant (3.38b)

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

0 L] B (ol v, Bl e )

<K°| O 5

LL

In each factor,only the axial vector part will cbntribute, hecause K° ie

a pseudoscalar. . Now by definition of fK :

* Through the rest of this section, we will not write the field upera-
tors explicitly, Thus <O0| ' |K°> for instance stands for
<0| EL(X) F_B;(X)‘TK?>,; where T is any y-matrix operator. It should be

clear that such a scalar preduct implies an integration over 3-space.
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<0| A [K®> =1 f, q (3.40)

9, being the momentum carries by the kaon. Therefore here :

2
- o _ 2 1 fxzmx Loa
A<K°| OLL /|K > =.§ -7 _2_1—111(— (3.41)

where ZmK is the normalization factor of |K°>, which must be taken into

account when we perform.a 3~space integration (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 :

1=y 1ty =1 0 210 \ 1l .0
55, & 5)kj B (v )ij (Wl ~ 8 O Ys)ij (Ya'YS)kl +3 (v Ys)ij (Ya)kl

1, 1l . aB
-3 (v )ij (vo¥s)k1 ~ 16 C© )ij (0467511 (3.42)
Only the sécond operator in this decomposition can annihilate a K° and

_create a K°. So in the end the two terms in (3.36b) yield :

—° -3 - 1 —0, 1" 1+ o
<k°| o, [k®> =2 <K°| T5 fo> <o] L5 |xke>
’ (3.43)

1 e . o
- 25 <K°1 ¥lvg f0 <0l v vg [K®>

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

can be evaluated through the divergence equation :

' ou _ ‘. Y °
(ms+md)<0| Ye |1<>--_; au<o| Yovg |K°> | (3.44)
Hence :
' o ]2 £ 2m 2
o1 o K 1 1: K K
<K°|' 0, |K°> = - [——— +2 o5 .= (3.45)
1.R _ .ms + md) ‘6 8( 2 mK
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The quark masses used in the divergence equation (3.44) should be
current masses, but their exaqt valuesarequite controversial (see later
discussion). In any case, the LR amplitude is énhanced with respect to

.the LL amplitude. There is an illuminating physical explanation for this
enhancement (for which I am endebted to ﬁary K. Gaillard) : the quark aﬁd
‘antiquark inside, say;'i° must ha?e the same helicity in order to form

a pseudoscalar‘(eg; sﬁEL , that is SL(dR)) 3 in L-L diagrams, one of them

-
N

is forced into the wrong helicity, with a resulting suppression O(mq/mK).

The situation is similar to that which enhances w over T decays.

pz e?

We can now write the KL -KS mass difference, uSihg equations (3.8,

3.33, 3.41 and 3.45)

2 2 : ' 2 / 2
IS 2 A f m MW,)
mLS -~ -2 5 12 5 K 1-3 E—TK;_T +% .l 28 Log 7
i 167" MW 6 : s~ Mg - m_
+.2 - 2 2 -1 2 2
S8 M) ) (M) L1 M%) TcosTe _ ) [M(9°)“cos”8
Z Imqw )2 Blacy2] 2| w2 U w2
1 1 ; l) 1
B cos26 M(¢°)2 c0528 - M(¢°)2 20)
3 7 3~ Log | ——5=220= (3.46)
cos 0 M(wz) cos2y M(wz)'cos 6
2 A122 £ 2
where the constant factor E

can be rewritten, with (3.21)

and (3.24)
2 | -
G S Am
£ 2 coszec sinzoch2 = LS (3.47)
6n” € & "k | G.L.

This is Gaillard and Lee's,fesult (Ref.25 , formula (2.8) with a factor %

for. 3-color quarks). With mc'm 1.5 GeV, and fK =~ 1.3 f" , its value is
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. All the

~

about 5.10_1 , whereas the measured value is = 7.10
corréction terms come from left-right diagrams. It is reassuring to see
that the standard result is recovered for 8 > 0 (ie; M(WZ) > =, and
M(¢+, $°) ~ O(M(wz)) »> téo),weVeﬁlif the ﬁiggs masses g;.to‘infinity
independentiy, The magnitude of tﬂe Higgs terms depends ériticglly on
their mass, ?hich should be "of the same order of magnitude'" as that of
Wz . Even though theveffécts of Fhe nentral Higgses and of #he gharged
Higgs tend to cancel, actual cancellation would only occur witﬁ a finely
tuned Higgs potential, and in reaiitywthe net effects can §e very size-
“able,'as we see below.A‘The last.term in (3.46) has been kept so far
Seéausé it was the leadiﬁg term in the amplitude for its class of diagrams
kéz —‘§° exchénge), bﬁt it caﬁ now be safély neglected relative ;of
M(wl)z}
n
c

nic-'h 1.5 GeV, the expression (3.46) reads

28 Log v o168 . Numerically,‘for‘M(Wl) "~ 80 GeV and .

AmL I )
S -15 1 +
LSt .5 10 1~ 483[6,,— = (o - p°)] | © (3.48)
Tk lth. _ 32 -
where
= (K __ 1 . '

a= {ms + md] *% , . . (3.49)
+ meeH2 - Ms)? M(6°)2cos e a2 2g)
p = M) 1) Log{——g“li) 3 p° = [——9-—59%——] Log[—ig—l—sg%——)

\M(Wl) N(Wl) 1 .M(Wl) { E(Wl)

(3.50)

Given the uncertainty factor of three (3.2), we now want to extract limits

on B from :

0.23 5 1- 48ak - %5 (o - p°)) 5. 2.1 (3.51)
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(the upper bound is irrelevant here). The result is :

1.6 x 102
a

+ 33 67 -9 (3.52)

?I\

#

! 31 '
A recent analysis along these lines , Neglecting entirely the Higgs
sector, and taking a set of low current quark masses (ms = 150 MeV,

m, = 7 MeV, and hence a = 10), has quoted the limit M(wz) 2 1.6 TeV which,

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

Q) 2 10° Gev (see (2.8)).

Taking into account the Higgs sector ieads‘us to more conservative
claims. Fig.3.5 shows the variation of p+ (respecti&ely p°) with M(¢+)
| . 1° but not
the neutral Higgses to Z)+ the effect of the Higgs sector on (3.52) is

(resp. M(¢4°)). If the charged Higgs comes close in mass to W

maximum. In any case,

Tot-0°] < 1 ‘ (3.53)

N

(In the eventuality that the Higgses become iighter than Wl, various
terms neglected in the calculation of the K® -~ X° amplitudé become
important, and (3.33} is no longer valid. That situation, which is
.digfavored experimentally, would also require some twisting of the

Higgs potential).

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

used for m and m,. The ratios of current-quark masses are rather well

d
: . . ,_ +15 .
established : moimy im oS 1 :1.8t.2: m40_8 , depending on the
’ 33

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

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

1, 3
3 (mu + md) = 5.4 MeV | (3.54)



so that m = 4 MeV , m, = 7 MeV » T = 150 MeV , as adopted in.Ref;31 .
But other authors 34 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, and his

opinion about current-quark masses.

i) The most,éonservative limit on B is obtained by saturating‘the upper

bound for (p+ - p°) and the lower bound for a. One finds M(Wz) 2 370 GeV

only. Even with a = 10 , M(Wz) 2 440 GeV, far from 1.6 TeV.

ii) Another approach is to decide that the Higgses have a minimum mass
greater than 80 GeV, say ~ 300 GeV. Then |p+ - p°| <, 0.2 . The bound

becomes M(Wz) 2 530 GeV for a =1, and M(Wz) 2 900 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 |p+ - p°‘
will never exceed that obtained when one Higgs has the same mass as WZ .

and the other ones are infinitely heavy. Then

. . _ BLog8 (3.55)

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

M(W,) > 590 GeV for a =1, and M(WZ) 2 1.8 TeV for a = 10.

We prefer to take attitude i) and conclude
M(wz) 2 370 GeV : (3.56)
which might be compatible with the constraints of grand unification

(see discussion pp.20-21 and Ref.l5). 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 of a grand unified theory.

Our conservative limit is essen;iallf model—indepeﬁdeﬁt, in a 2-quark-
.generation world. A different model -would yield a slightly modifigd
coefficient in front of (p+ - p°) in (3.52), but we feel that we have
been conservative enough, hy saturating |p+ - p°| to 1, tn allow for a
slightly gfeater influence ofbthe Higgs Secgor in ;nother model. The
pfeaence of hu?e qdark genefatioﬁé, however, may alter our fesuIt, as

discussed in Appéndix C, p.58.
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Appendix A -

Higpgs mass matrices.

N\

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

derived from the following general scalar potential

ve- a2ty + o) areten? 4, rstedte) + 32, (1e(e™Y + e’
+34, @8 —r@on? v, e EH + 3 @e(6TTH +hcl)

2, + + o2 + .2 + 4+
=y O xp Fxg Xg) e (kg xp) T (g XR)T) ey Xy X Xg XR

+

+ + + ' + + +
+
@y Tr(d ¢) (xL X+ Xg XR) + 0, (xL & X + Xg ¢ ¢XR)

++ +Hn :
+ a'z (_xL 0 x; + xg ¢ g) (3.A.1)

where 3 is defined by (1.17). 1If we relax the arbitrary requirements
made in Ref. 6 that the minimum of V occurs for <x£> =vy'=0and k' =0,
and only maintaiu k' = 0 , new terms appear in the mass matrices at the
elements marked * below (zero if v' = 0). The zero-mass eigenstates
of thesé matrices become longitudinal degrees of freedom of massive

gauge bosons. The matrices are the following.

i) Charged Higgs sector :

+ -
¢2 [ * * 0 0 )

+
X * (p, = 2p )v2 + Ao k2 0 0

L 2 1

+ , o 2 (3.A.2)
¢1 0 ‘ »0 bo v 8o kv

+A
Xg | O 0 Ao ky Ao k2 J
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where Ao = a, = a’, . The only massive eigenstate with fermion couplings
is A + .k + -
v X
+
¢ = ~L R H M2 = Ao (k2 + v2) v O(M(Wz)z)
v2 + k2 :
ii) Neutral Higgs sector :

o ( (] ’ ) N
LDA A * 0 0 W
X °_ * - B : 0 ' 0
L .
v y (3.A.3)
o / ] R ]
41 . 0 0 ik (Al +Az) ZkV(ql + a 2)
° : . : 2
XR ; { 0 : 0 Zk“(ﬁl +f.’i'2) ‘ODlV J
o f
o3 | A 7 o 0 1
Xy %L * B 0 0
Li (3.A.4)
2° |0 O * *
Xkol { 0 a * *

A, A' and B are complicated expressions of the Higgs potential paraﬁeters 5
but. 211 contain a v2 piece. The physical neutral Higgses are thus :

(a) Two heavy neutral Higgses ¢2°r and ¢2°i with masses O(M(WZ)) ;

(b). One light neutral Higgs with mass O(M(Wl)), and one with mass O(M(wz)),
both linear combinations of ¢1°r and XRQr ,» which only couple to U-type
quarks ;

(c) Two heavy Higgses XLpi . which do not couple Lu quarks.

3

If we relax the condition v' = 0 (see Ch.I,A), but keep v'' << 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 . i
v , so they will not affect the mass spectrum of the Higgses signifi-



cantly. Moreover, there still will not be any mixing between 91 and 92 R
neither in the charged nor in the neutral sector : the mass matrices will
remain block—diﬁgbnal. because-there is no term in the Higgs potential
(3.A.1), despite its appearance and its generality, to mix ¢1 with ¢2 .
Thus the couplings of the ﬁhysicaliﬂiggses'to fermions will only be
changed by O0(v'/v) or less, and our result (3.56) will not be greatly

affeéted.

-
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Appendix.B

. Cabibbo ‘angle in fullggenerali:zé

We have seen (cf. (1.21)) that the Cabibbo matrix appears as :

R=rlR - AR E BN L

where RU and RD are the rotations needed to diagonalize the U- aud D=
quark mass matrices respectively. However we carried out our computatiovu

with the simplifying assumption :

-1

R=R, ; Ry=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 retation § on both

the U- and D-type fields
D° = SD ; U° = SRU _ ‘ ' (3.B.3)

The various elements of our calculation are changed in the following
fashion

i) gauge boson couplings

The Z's couple to fermions diagonally : D°D° = DD , unchanged ;

The W's couple to fermions according to : D°U° = DRU, unchanged.

ii) fermion masses and Higgs couplings
The new Higgs couplings. are, after (1.22)

-1 :
et Ll )
fgr ¢1 : ¢1 [UL(R (SAS))DR + LR( R 7(S BS))DL

J

1
AS)R)UL)

+ ¢1' BZ(-(S_IBS)R)UR + 5;((5'
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+ b4 + ’
for ¢2 : same, ¢1 R g ¢2 s A «— =B
. (3.B.4)
for $.°: ¢.° 0. ®R™L(s" as)R)v, + D_(s”IBs)D;

1 1 L™ - R R™ L

| — 1,1 — -1
o
+ ¢1 [UR(R (s AS)R)UL + DL(S BS)DR)

for 9p%: samey §)7 > 8,70 5 A 3B
Therefore the new rotation S amounts, not surprisingly, to a rotation of

the coupling matrices A and B :

A+ A s's-lAS s B > B' = S—IBS ) (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 :

A = = \J talt . 2 140 -
) L(kB' + k'A') ; de. kB, +k'A'/, =0

.Theh, for kk' = 0, we still have :

2 2
) 2

2 ' '
(k™ + k 12 + B 12,)

. ' ) )
\ = ' tnt
(A (kA_12 + k'B 12) 3

¢

And the crucial equation (3.21) remains the same i

2
MW,) 5

: 2 2
- $ 0 = Al
(mc mu) cos QC sin” 0, ——;f—_— (A

(3.B.6)

iv) diagrams to consider :

They are unchanged, since the spinors in the scattering amplitude are

physical states (unaffected) and nét weak eigenstates (rotated).

In the end, a redefinition'of A and B (3.B.5) is. the only consequence
of the introduction of S. Our final feéult,.ﬁhich does not depend on A

or B, is unaffected.

. M(wl)2 = 522 + k'

57

2

)



58

Appendix C

" More quark generations. .-

The factors arising in the Feymman integral from the U-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

2 1 2 -
. - =1
R |———=| R
[kz - m.z] 12
. . 1 - , . .

biw

12

(3.C.1)

(3;C.2)

where R is the generalized (real orthogonal : no CP violation here)

l(mi)
Cabibbo matrix, and [ 7
k™ - m,
1
.t
1(m )
u- -
2 2
kK" - m X
u —l(mc) |
22
c

).

2} gtanda for the diaponal mae¥ix :

The difference between (3.C.1) and (3.C.2).cqm¢slfrpm the fermion

helicity-£flip (see,(3710;a‘and b)).

For one given heavy quark with mass

m << M(wl) , the amplitude is.p;opo;tional.;o,:.

2
m.H for ALL

M(W. )2

m, Log > for ALR
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Hence if ALLlis'corrected by a factor (1 + AH) to allow for the presence

of L ALR wil; be corrected by a factor

Log (1(W ) */m, %)

1 + 0lq
H Log(m(wl)z/mcz)

‘Our 1imit (3.56) was essentially obtained’by stating :

Aate)

A+ A(g) >0 ? or 1+ AL > 0. | : t (3.C.3)

where ALR is'pfopdrtional“to 8 . Equation (3.C.3)‘now becomes (for “ﬂ small)
. A Log(mczlmuz; ' ALR(Bj
1+ 14 o 53 >0 (3.C.4)
, { ) Log(M(Wl) /mc ) ALL
which yields a new limit BH instead of B, such that :
A 2 2,
. , Log(mH‘/mc.) ¢} .
By % B 1A+°‘H - (3.C.5)

Log 1w )) 2/ D))

B is pushed up, and the lower bound on M(WZ) is pushed down (GH is posi-
tive if one just "adds" a"new quark generation, whatever the mixing

angles, because the couplings are all squared in our box diagrams) .,

The problem is to evaluate Gy Many calculations have been performed

35
of ALL in the standard model with three quark generations . They all

express the basic fact :
2 2

sin '
t 9

Y vOl=3 2 (3.€.6)
c sin %:

where ¢ (actually some function of 92 and.ej ih the Kobayashi-Maskawa

matrix) represents the mixing between the third generation and the first

two. Since m_ can be anywhere from ~ 20 CeV (the present experimental
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limit) to ~ 80 GeV (the W-mass : our cal;ulatipn has assumed throughout
that mq << M(wl), and it would need a more detailed treatment for:heavier
quarks), it is cruciai to obtain limits on 82 ande3. One knows tﬁat
sin293‘a 0.06 from separate meaéurements of coszecvand sinzoc . But
most bublished limits on 62 are useléss, since they are based on the
assumption that the Gaillard-Lee calculationAof AmLS-should not be upset
by the presence of a top-quark, wh;ch'is precisely the hypothesis that
we want to check. The only independent limit, ohtained from fnﬁ—quark
gontribu;ionc to K - p+p7 ,.does not siguiflcantly restrict 6236 .

So we caﬁ only assume reasonably that ¢'i Cb (the wider the mass gap

between two generations, the smaller thg mixiﬁg) H ay can still be

much greater than unity, and push downAour limit on M(WZ) considerably.

As an extreme case, let us imagine that m, O(M(Wl)), and ay >> 1.
Then the KL -‘KS mass difference comes mostly from the top-quark
contribution. We can repeat our calculation of III,B and C, simply

replacing the charmed quark (now negligible) by the top quark.

Log(M(wl)Z/mtz) is now ~ 1, so (3.51) becomes :

1 - 3a(28 - %(p+ =) 0 ‘ (3.C.7)
. 1 P S : :
or B '\435 +% (b - 0% (3.C.8)

+
(p - p°) is more likely to take values far from zero, since M(wz) is

now closer to M(Wl). Therefore :

1 1 1 '

Whether we believe in low or high current-quark masses does not make

much difference at this point. For a =1, we obtain :



1
*32

Wirs

8

<
N

or M(W,) 3 105 GeV ‘ : ‘ (3.C.10)

The presence of Higgses and/or W2 justﬁabove 100 GeV is now required

to cancel the huge ALL amplitude generated by heavy t-quark exchange.

Our limit (3.56) is therefore quite sensitive to the presence of
heavy quarks if they are sizeably coupled to s and'd . The prevailing

opinion, however. is that a should be 0.1 or less.‘ 3ne may generate

37

H.
more - self-confidence in that opinion by checking MIT bag results

developed for any combination of operators between K°® and K°. They
reproduce our results for ALR 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(wz) is valid for two generations, but that‘we
need more data to confirm its validity-in a 3-generation world. lt

might be pushed down slightly, or in the worst case to " 105 GeV.
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Chapter 1V.

Other processes investigated.

Although the K°® - K° system considered in Chapter III ‘is a "clean"
system which can be described in detail as far as weak interactions go,
.the large uncertalnty (a factor ; 3)‘in strong 1nteract10n effects
11m1ts its attractlveness. vHere>we study other processes whose mecha-
nism cannot be descrlbed in complete detail but which can oe analyzed
in terms of current algebra and soft plon theoreﬁs whose accuracy is
believed to be ~- 10 / ( y1eld1ng potentlally better 11m1ts overall than
K° - K° ) . We will look at non-leptonlc hyperon decays (part A) and

K decays K, and K (part B)

2n

A. Non-ieptonic hyperon decays.

Apart from I® + Ay , which is electromagnetic, non-leptonic 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 :

1725 » 172t 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 ampli-

tude as

Ho= Ty () (A4 Br v, (p) STRY

init

+
g

1]
F*
o=}

or, making a non-relativistic approximation, with S = A, P £
‘ fin fin

+ >,
Me xTp (S -PO.D) xy (4.2)
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where § is a unit vector in the direction of the momentum-a of the
final baryon. This expression makes clear the appellation of S and P

for the S- and P-amplitudes.

S and P can be determined from experiment in the following way :

: £
i) For a polarized initial hyperon with density matrix xx = %(1 + 3.3),

it is straightforward to calculate the differential decay ratio in the

direction g :

*
M2 a1 - ZREB 54 (4.3)
s + |p| |

ii) The phases of S and P are determined independently. If we safely

neglect minute CP violation effects, the Hamiltonian ‘is T-invariant ; then

- . = < P .
the ltwave amplitude a, out Bn|H|Y>in Vsatlsf1es

, o o .
2 = out BTIT THT[Y>, = out<Y|H|Bn>in _ (4.4)

where spins and momenta have been reversed. But we are in a frame wlere

does not depend on spins ; so

Y is at rest, and a,

g = in<Bn|H|Y>out

- .2

ié ' .
Now |Y> ¢ - |Y>in 3 and |Bn>in.= e 2 |B'n>out defines 62 . the

ou

phase-shift due to final state interactions. Hence :

N Y
atee 2162 a

M N (4.5)

The phases of S and P are 6%_ and 65+ . phase-shifts which can be
measured from low-energy Bn scattering in principle.

iii) If needed, additional information on the relative magnitude and

phase of S and P can be obtained by measuring the polarization of the



64

final baryon (for instance by measuring the differential cross-section

in a subsequent scattering experiment).

S and P can also, in principle, be fitted to the:data fér all the
décays of Tablg 1 with only two parameters D and F, if one assumes SU(3)
symmet?yvand octet AOminancé. The weak Hamiltonian, which.consists of
the symmetrized préﬁuct ofhtwq ocfet—currents,vcan 5e decomposed into

SU(3) representations according to :

Under the assumption of octet dominance, the 27 part of this decomposition
is suppressed, and the weak Hamiltonian transforms like an octet. Applying
a soft pion theorem to any of the hyperon decays that we are considering

yields :

llmq»+0

<Bﬂ(q)iHP€|Y> == <B|HPX|Y> + pole terms containing a faétof
i :

s

|

P .
<B1|H 9|32,

where HPC and HPV are the parity-conserving and parity-violating parts
of the Hamiltonian H, which mediate P- and S-wave decays respectively,
and o is a function of the isospins of m, B and Y. Now, by SU(3) sym-

metry and CP invariance

<B|HPV|Y> ="§1|HPVIUZ’ =0,

so that only the smooth first term (equal-time commutator term) will

contribute for S-wave, and only'the pole terms for P-wave decays.

Furthermore, since H is an SU(3) octet, the non-zero elements <B|HPCIY>

and <B IHPC

1 |B2> are the projections on an SU(3) singlet of (8 x 8 x 8).
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and thus can all be expressed as functions of only two independent

parameters, because ;
8x8=1+8 +8 +10+10+27.

‘These parameters are called D (coubling strength of the symmegric octet)
and F. (for tﬁe antisymmetric ocfet): Given D and f, the data of Table 1
should bé éq;aiiy\well fitted for ail hipefon dééays, énd for é— and
P-waves. Actuaily the fig‘éan be'ﬁade vefylgood for S, but remains
father ﬁbor'f;r P ;'fhe P—w;ve predicﬁibns are:too small by a fairly
cénsisteét fécfér éf.& 2 isee fabie 1 and Ref.38). The disagreement with

experimental data can be expressed by :

p = (B/A)éi _ / (B/A)th‘ vo2 (4.6)

P

Let us now change the Hamiltonian from its expression in the standard
G : '
. F S L
model, — J. J » to what it would be in a left-right symmetric model,

5z L

namely (2.1){ The coefficients in front of parity-violating and conser-

ving terms are :
-~ S-wave (PV) :. ~(VA + AV) (1-8) cos2r o (4:.7a)
- P-wave (PC) : (VV + AA) (14g) + (VV - AA) (1-B) sinz cosg (4.7b)

where g and ¢ , defined in (2.1) and (1.7b), are the squared mass ratio
and the mixing angle of the two charged weak bosons. If we first assume

¢z = 0, then the rati§ p (4.6) is modified- according to :

o] .
LR _ 1+ & o
T 18 (4.8)

Pus

- A correction by a factor 2 would then be achieved for 8 = 1/3 , ie.



M(Wz) v 140 GeV (4.9)

This prediction however looses its validity when one considers the

general case [ # 0.

In that case, it has been argued 39 that the left-right (VV - AA)
Qpefator must be Fierz—tfansforméd, which brings about a combination
2 (SS - PP), and that the amplitude obtained from a PP operator is much
larger than the one obtained ffom the usual AA operator. The reasoning
is quite similar to that in Chapter III,C : even fhough the mathematical
justification for performing a Fierz-transformation on the left;right
operator is rather complicated, the'enhancement of the L-R amplitude
which results is very natural.

The decay Y - Bm can be described by the quark diagréms.of Fig.4.la
and 4.1b. The weak interaction is point-like howgver; so that diagram
4.1b is sﬁppressed Qith respect to 4.la by a factof proportional to ghe
overlapping of the wavé;functioné of theAtwo weakly in;eracting quarks
inside fhe hyperon. For this reason, we will only consider the spectator-
quark diagram of Fig. 4.la. The quark and antiquark which make up the
pion in that case are produced at both ends of the w—propagaior; and
will have the same Helicity (eg. qLEL = qﬁ?E;Y ) only in the presence
of a L-R mixing operator ; but the pion isla pseudoscalar, and outgoing
fluarks qLKEZY » produced by the usual L-1. aperator, could never make -

a pion if they were massless. Therefore the regular L-L amplitude is
suppressed by a factor O(ﬁa/m") with respect to the L-R term. More

precisely :

fBTTl OLR |Y> -.-2<B|j5|Y><n|j5|0>

<B;;| OLL lY> <Bl3p |Y> <11|j1-" |O>
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<a]3”]0> = 5= 2 <n|377]0>
. q A
) . 1 B 2
and <B|j7[¥>'= ——— 3 <BIJp [Y>

s q _ . : .
where ﬁq represents a lighﬁ quark mass (mu,md) <<”ms . Hence :
2 .
L.

" S : ' (4.10)
Y> 'chm5‘+'mq). o _ A

<Bm]| oLR.|¥> . -m

'7<.BTTI OLL |

The'quark masses to be used are again ambiguous, but Ref.39 claims that

the above ratio is about 20. Then :

P 1

cos2tg

LR , [i+8 (4.11)

- = 20 sint cost ]
Pus :

One can see that a very small (<0) mixing angle { is sufficient to explain

the discrepancy (4.6), for any value of B,' Iq}fact it makes more sense
to coﬁside? fﬁig result as a limit on Z, independent of B, which brings
. further a pogferiori justification to'qur‘setting ¢ =0 in Chapter III.
The anglysislof Reff39 is more refined in that it considers stroﬁg
interaction effects ("penguin" diagrams) which bring a further enhan-
cement by a factor ™~ 6 to the mixing terms ; but it ignores altogether
the possible influence-of a second, mostly right—handéd, gauge boson.

Incorporating such a color enhancement factor in (4.11), one finds :

- 120¢ : (4.12)

from which one concludes

lels 1072 . | - - L (4.13)
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This is the same result as in Ref. 39 , but we have shown here that it is

essentially independent of the mass M(wz).

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 aﬁplitude is proportioﬁal
to the pion momentum, ana therefore vaniches in the soft pion limit q - 0.
For that reason the disagreement bctween theory and experiment indicated
in (4.6) 1is génerally believéd not to be a compelling reason to modify
the standard structure of the weak hamiltonian ; thus (4.9) shoulé not

be taken too seriously.

B. Hadronic K decays.

The decavs'K“ and Kw

2 3

- by the use of soft pion theorems, under the assumption that the weak cur-

have been ouccessfully relared to each other

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 -iv2 i A
llmqu_> o <BT (q) |ala> = _?;- <B| [Q5 LJH] |A> (4.14)

where Qsl is the axial charge :
i 3 i
Q5 (t) = _[d x A0 (x,t) _ (4.15)

AO is the time-~component of the axial current (and i is the isospin
index of the soft pion7uhder consideration). The theorem is valid for
any - local - operator H, in our .case where the external particles are

all pseudoscalars.
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Now if H is the usual current-current Hamiltonian, the right-handside

of (4.14) can be simplified beéause :
i i
fog", B] = IQ", H] , (4.16)

This stems from the simple formal identity between any two operators
labelled V and A :

IV, (V-a)) : 7 (4.17a)

IA9 (V-A)] =
However :
[A, (V4A)] = = IV, (V+A)] - T amy

'Therefore, if H (V--A)2 + 8(V+A)2 , Which is the form of (2.1) with

z = 0 (no mixing)
i . i 2 a2 .
IQ5 , H] = [Q", (V-A) = R(V+A) ] - (4.18)

_ That sign change ruins the usual relations :

i P C
[Q51’ - V] PC \Y

. P . . p
=, H ] ; Io . W 1=10°, H'] (4.19)
since here HPV = (1—8)(-AV-YA) : H?C = (l+8)(V2+A2). The new
corresponding relations are
i PV, _1-8 i PC .
i P 1+ i J ‘
[Qsl, H C} iy IQl, HPX] ' (4.20Db)

Such extra factors appear in particular in the correspondence between

K1T2 and Kn amplitudes. With the assumption of CP invariance, one can

3
.relate, for instance, the amplitude aL(p+,p_,p0) for the decay

describing the 2n decayé

+ - [ v . .
KL f ™7 yn:. to‘the an émplltudes a_,a,.a

S
=+ '
of K ,K .Ks.by taking successively the zéro-limit of P, P_ and Py ¢



a (0,p_,py) = a_(p_,p,) (4.21a)
L ¢ 1-8 "7 ° |
+4 1+ 8 .
a, (p,,0,p,) = —— a,(p, »pPp) (4.21b)
L+ 0 f"JE 1-8 +7+°70
-i 1+ 8 .
a, (p,,p_,0) = —— a (p,,p) (4.21c)
LA £/2 1-8 S °F

(4.21) (a) and (b) are related through CP invariance ; so we have two
indcpcndent equations.

Fur comparlson wich experimental data, a_ must be extrapolated into

L

the unphysical region where only two of the pians are on shell, to the

. .point where their momenta satisfy, as required by K + 27 :

2
p1=[ﬁ('_%_-pz )l’o _;.K] H p2={-pl~’ :;K_] (4.22)
N .

where we work in the K rest-frame, and m., ¥ are the kaon and pion masses.

The Kn3 amplirude 18 ofteén parametrized linearly in the form :

a(p)sPyipg) = A (1 + ;95 ws ) (4.23a)
n

where A = a(p1=p2=p3xc is called the slope parameter, and :

T s, (4.23h)

1 ' 2
w, =8, -FI s, Sj=(Pj'P(K)) ; S, = 3 55

0

[y e

The pion s in (4.232) is the "odd" pion, the anti-particle of which is

not produced in the decay considered. The unphysical point ofiinterest

defined in (4.22) corresponds to sy = mK2 » 81 7 8, = p2 3 so
m3=§(mK2-u2) ; “'1=“’2='% (sz—uz)
Our two soft pion relations from (A721) become :
A(1l+ —93 (mx2 ~plyy =i LB as(n+n-) (4.24a)
3u £/2 1-¢
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i

S

a (ntno) (4.24D)

A(.l"'LZ'(mKZ"pZ))"+i 1+ 8 .

6y fiff 1-~28

The |AI] = % rule réquires a+(n+n°) = 0 , so that one should have.:

oxs—s v 0.5 ;  (4.25)

the experimental value being ~ 0.6 (see Table 2). This result is indepen-

dent of B. A is also determined from (4.24)

i 1+ 8
3/2 £ 1-8

A

as(n+ﬁ—) o & (4.26) =

6

Experimentally the left-handside is (0.82 +.03).10 ° , and the equality

is satisfied for :

A 85 + 5 Mey (4.27)

Formula (4.27) mﬁst be coﬁpared with the vélue obtained from the
Goldberger—Tréiman relation fn ~ 87 MeV, and that measured from T =+ uv
decéy»f“ = 93 MeV. ‘- In Chapter II,C , we already mentioned that fTT would
be larger in a semi-leptonic process than in a hadronic process by a
factor ~ (1 + 2z). Other attempts have been made to explain at least
part of this apparent increase by neutrino mixingao'; so we would rather
trust the lower value of f“ here. In any case our result (4.27) is -

consistent with g = 0. We can only conclude :

l-18 80 . . . . 75 . . .
1+ 8 2 93 ° allowing for lo deviations in (4.27), or 93 with 20 deviations,
or M(Wz) 2 280 GeV for 1o deviations (240 GeV for 2¢) (4.28)

+
The same treatment as applied here to KL >n 7w 7°

can be repeated on

.other KTT3 amplitudes. All the results are consistent with 8 = 0, and
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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 K amplitude is a genuine

3
K“2 amplitude : namely the two 'hard" pions might form a mixture of L = 0

and of higher angular momentum states, accessible in a Kﬂ decay but not

_ 3
in K » 2m.

The fact that the total angular momentum of the 3 pioné must be éerb,
And that the total wave-function must be symmegric under the interchange
of any 2 pions, together with CP invariance and the |aI] = % rule, res-
tricts the angular momentum of a pion-pair to even values, but not exclu~
sively to L = 0 (see Ref.4l). True, centrifﬁgal barrier effects will
teﬁd to suppress high-L states, but there may be a sizeable L = 2
fraction among the 371 final states. Such an admixture would ruin .the
Kn3 - an‘:elationship. Then the appargntlsuccess ot such relations might
be due to a lucky canéellation betﬁeen L=2 cﬁntamipation and right-

handed boson effects (with M(wz) < 280 GeV) !

" The wave-function describing a 2ﬂ L = 2 final state must be of the

form :
v 2 v 2 : |
W = q¥q” + 5 pPpY - 1 g | (4.29)
3p '

where q = P; - Py and p = Py + Py » since it is a rank-2 tensor
.satisfying :

U uo_

vi,=0 5 p v, =0

A corresponding rank-2 tensor can be built for the third pion from the
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single vector Py ¢

‘ A g N | o
wv _ _u_ v _ w3 . :
T Py P; ~8 | : (4.30)

So the ampli;ude for K - nl(pl)Aﬂz(pz) n3(p3) with L(nlnz).= 2 will be :

2 {(p.py)?

. 2

A= VT = (q-1>3)2+-"--3 ———23 - P,
P

v (4731)

If we now express the right-hand sidé in terms of s1 2'3 sefined in (4;23b),
) . . 9 9’ s . ) ]

(4.31) becomes :°

2

’ 2 -3 2 2
Ae 141 Kk~ | (s375g)" + (s475,)
: . 2 2 2 2 :
(Sn - m /3) (2u - my /3)
+ cubic terms (4.32)

I1f we finally symmetrize A properly and'seléct W, as the’"odd" pion,

3
we get :

AR+ 31%) = 1+ 28 (8,502 + 2a (s.-s.)? + cubic terms (4.33a)
_ 73707 3 172 . : '
AK > m 7w, 1) =1+ éa (s.-s )2 + l-a (s,-s )2 + cubic terms (4.33b)

123 2 3°0 2 1°2 N "

2 _ 3ﬁ2
where a E-% 5 mg 3 2'
- (5p - oy /’3)(2u - my /3)

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 (thé data are not accurate enough to test higher order terms).’
ﬁquation (4.33a) shopld;not éontain any linear term anyway, because the
three pipné érelidehtiéal, 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 ¢,a,8 ;

2. 2
. (s.-s.) (s,~s.) (s,~s.)

= — = _. s _3 0 o 370 B 172

A(K + 3n) = A(sl—s2 s3) 1 7 5+~ 2 + = I + ..
‘ ! 23 M 62 o
| (4.34)

2 mK(mK - 3
where ) = &+ ————0
} 3 u2

The minute differences in 7 and K masses for the various decays bring
very Sigﬁificant differences in p énd a‘.lsn WE averagad.ékzluzccparutely
for each process. Comparison between the predictions forld:and g if the
final state is all L = 2 forvthe two pions _and the measured values is
difficult, since there are very'féw experimenﬁal resultsvand 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 quadratic terms in the ampli-

tude, they are not present above a level < 1-2 %

This result gives us increased confidence in the validity of the
K"3 - an rclations, and iu the limic derived through them (for zero-

*
mixing angle 7 )

M(Wz) 2 280 CeV.

* Unfortunately the commutator [Qsi, (V+A)(y—A)] cannot be reduced to
an isospin commutator, and the effects of a L-R mixing term have not been

determined yet.
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Conclusion.

bur criterion in choosing ways to determine the mass-scale for
parity-breaking was model-independence. All.the processes investigated
here depend essentially on the charged weak sector, which is rather:.
rigidly determined by the choice of the gauge group SU(é)L X SU(Z)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 kno&n strong interactions. Model—indépendénce

was thus achieved at the expensé of accuracy.

We could in‘several cases take advantage of a - high, but numeri-
cally ﬁncertain - enhancement factor of new mixed.left-right terms over
the usuai.W-S terms, thch 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 Qur results
1) ‘Ffomthe K® = K° system, the limit(cnnservative in some sense - see_ p.51)

is

M(Wz) 2 370 GeV.

But strong inféraction effects are very difficult to evaluate. And
model-dependence reaﬁpears in the Higgs contribution to the KL - KS
mass difference. Furthermore, the influenée of the top quark may be
very important, bﬁt has been ﬁeglected‘for want of data. 1In case the
top qhark indéea has sizeable couplings to the first two generations,

the mass of wz may very well lie in the 100-300 GeV range.



ii) From hyperon and kaon decays, the limits obtained were :

M(wz) 2 0(280 GeV), depending on the precise value of f“ and the
allowance for theoretical uncertainty.
|tang| < 1-2 % :
Besides other related approximations like SU(3) symmetry, the theory
behind both processes relies on soft pion theorems, which should not be

expected to be verified within a better accuracy than-~ 10 %.

Thus 1in both cases i) and ii), it seems difficult'to reach a better

limit than :
”M'(Wz) 2 0(300) GeV.; -

which already corresponds to a change in the usual W-S aﬁplitude by less

than 10 Z%.

| When wviewed in tﬁe chtgxt of a grgnd unified'SO(lO) model, these
results are,.unf;rtunétely, not.quite’oufficieuL to rule out a 10; mass
for wz . The grand unified left-righf symmetric model has many mofe
parameters than the sﬁan@ard‘SU(S) mpdél, gnd'is.therefore much more
édaptable'to phenomenological reﬁuirem;nté. For thatlreaéon, the accu-
mulation of more low-energy data and the improvement on the accuracy
of the neutral—currept data will not likely be able to rule out the
left-right symmetric moael, aithoﬁgh they might give tﬁe standard model a
less firmly esfablished ététus.‘ It seems however that the presence
of a fairly light (leés than ~ 500 GeV) w2 would.place so many constraints
on the parameters of our model thét’several pieces of indirect evidence

should be accumulated very soon in such a case, to help us differentiate

76



between SO(10) and SU(S5) :

i) No proton decay'should be observed in the next generation of expe-
riments, because the grand unification mass in S0(10) is too high.

ii) Neutrinéless double-B decay should be observable soon, provided
that the righﬁ-ﬁanaed neutrino haé itseif a ma;s of order 300 GeV.

iii) The mass spectrum of the usual W and Z should be shifted down,

with' M(W) < 80.5 GeV and M(Z) < 92 GeV .

These experimental results will soon decide the fate of the left-right

symmetric model.
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Table i : Non-leptonic hyperon decays (after Ref. 10 and 38).
Hyperon lifetime decays (B.R.) A/A B/B p (4.6)
10 th. th.
10 sec.
+ ‘ + o -
X 0.80 nn (48.4%) 0.06/0 19.05/6.5 -
p 1° (51.6%) 1.48/1.3 | -12.04/6.3 1.7
T 1.48 nt 1.93/1.9 | -0.65/+0.05 —
A° 2.62 pn (64.2%) | 1.48/1.55| 10.17/4.7 2.2
n n° (35.8%) | -1.08/-1.1| -7.28/-3.3 2.2
z° 2.96 A°q® 1.53/1.6 | -5.90/-2.5 2.4
= 1.65 A°n 2.04/2.25] -6.73/-2.5 2.1
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Table 2 : Kn3 decays (after Ref. 10 and 42).
m” 0
' . 4 a TS g (9 )
Decay | —3 (o ) A a/u all L=2 ©XP all 1=2 ©XP
¥ lav. exp.
+ -0 13.0 0.50 1.46 | -2.41 -10.3 -30.8
(.58-.66) (-0.05- -0.30)
+00 13.1 0.49 1.49 | -2.66 -29.5 -17.7
(.50-.55) (-0.38- -0.41)
000 13.6 0 1.69 | -4.80 -55 ‘ -55
((a+8)exp.= -0.02- +0.26)
+4-| 12.5 0.26 1.27| -1.58 -12.7 -7.6
(.21-.22) (-0.03- +0.08)
((a+8)exp.= -0.02- +0.06)
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Figure captionms,

Typical evolution of the running coupling constants in an SU(5) or

m* %2

and, with a large uncertainty, of g are determined by experiment.

S0(10) grand unification scheme. The low-energy values of a

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 my changes

betwaen an SU(5) and an S0(1Q) grand unifying group.
The eight helicity combinations contributing to sd - sd.
The two diagrams to consider in the standard modei.

The Feymman amplitudes for the logarithmically divergent diagrams.
They have been evaluated iﬁ unitafy gauge, by dimensional regulari-
zation. The expression ﬁnder each set of diagramsArepresents the
corresponding amplitude, up to a factor g2A122ALR/4“2 (see p.41).

One can see how the divergences cancel.
Examples of vanishing or negligible diagrams.

C s . . . : +
Variation of the normalized Higgs contribution p or p° to the
KL - Ks mass difference as a function of the Higgs mass. See-

Eq. (3.50).

Variation of the lowerlbOuﬁd on M(wz) as a function of the enhan-

cement factor a (3.49),'ﬁn&er the following assumptions :

: +
i) maximum Higgs contribution (M(¢ ) ~ M(wl) s M(°) v =) g



15) MY A mE) ;MR v

iv) no Higgs at all (M(¢+, $°) A «).

4.1, The two quark diagrams which mediate the hyperon decay Y - Bw.
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