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ABSTRACT

Gauge Models with Right-handed Currents

by

Gustavo Castelo Branco
Adviser: Professor Rabindra N. Mohapatra

We discuss gauge models of weak interactions with the new right-handed
charmed current (R.H.C.C,) and AT, "zT rule, based on SU(2) x U (1) or
8U(2), x SU(Z)B x SU(4) gauge groups.

We verify the compatibility of these models with constraints derived
from low energy weak interactions, and analyse some of the predictions of the
R.H.C.,C, concerning new phenomena. In particular, it is shown that the smallness
of the KL—KS mass difference can be accomodated within these models and that
a good fit for both s and p wave hyperon decays can be obtained. The structure
of the neutral currents is analysed in detail and we point out the most important
features of the various models, by contrasting them with the Weinberg-Salam
model. The various decays of the "charmed" pseudo-scalar mesons to
normal hadrons are analysed in models with the most general structure for the

right-handed currents .' Implications of the R,H,C,C, for the Spear Charm Search

are analysed.
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Chapter I

Introduction

1.1 The Left-Right Symmetry

In the original Weinberg-Sa lam‘ unified theory of weak and electro-
magnetic interactionsthere is a striking asymmetry in the treatment of left-
handed and right-handed fermions. While all the left-handed fermions are
placed in SU(2) doublets and thus couple to the charged vector meson, the
right-handed ones are put in singlets and therefore do not participate in the
charged weak interactions.

However, it remains to be seen if this asymmetry corresponds to a
fundamental law of nature, valid at all energies or if it is, on the contrary,
just a prejudice of the low and medium energy interactions (or perhaps of the
"light fermions"). It is then clear that in order to recover the left-right sym-
metry one has to introduce right-handed charged currents. These currents

were in fact introduced in the theory of weak interactions in two distinct ways:

1) One was through the works of Pati, Salam and Moha patrazwho con-
jectured that nature is intrinsically left-right symmetric, but that in order to
see this symmetry one has to go to very high energies. This idea can be im-
plemented in the framework of unified models by postulating that the right-
handed fermions also couple to charged vector mesons. More specifically,
in the context of the group SU(Z)L X SU(Z)R x U(1) (or a larger group contain-
ing this one as a subgroup), the left-right symmetry can be introduced by re-
quiring equal bare coupling constants gy, 1 g’R . The observed left-right asym-
metry would then be attributed to the heavier masses of the right-handed gauge
mesons Ws, as compared to the left-handed gauge mesons. WE. One ex-

pects then the predominance of V-A over V+A couplirgs to disappear at energies

-1-
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E>>mWR . It has been further shown that this left-right discrete symmetry
can be maintained as a natural symmetry, provided that it is not broken in
the Lagrangian except through Higgs meson masses. |

Apart from their aesthetical beauty, left-right symmetric theories
have the advantage of providing some understanding of the origin of the break-
down of Pand CP invariancez. Namely, in left-right symmetric theories it is
possible to construct models in which P and CP are exact symmetries of the
Lagrangian, only violated through spontaneous symmetry breaking.,

4

2) Another development was originated in the work of Mohapatra who
has shown that it is possible to introduce CP violation in the context of a
simple SU(2) x U(1) gauge group and without proliferation of new particles,
provided that a new right-handed charmed current (R.H.C.C ) is introduced.
As far as CP violation is concerned, this R.H.C.C. could be of either (;<n)R
type or (x M) ptype, xbeing the charmed quark. Note that this R.H.C C is
coupled to the same charged vector boson as the usual weak currents and
therefore it manifests itself with strength equal to the conventional V-A cur-
rents, -even at low energy.

It has been recently pointed out by De Rujula, Giorgi and Clashow.
that the Mohapatra charmed current has the virtue of providing an elegant ex-
planation for the well extablished Al=4rule, together with some interesting
predictions such as production of dilepton final states of the type uw pw along
with p,+u,- in deep inelastic neutrino scattering. equal fractions of strange

+

and non-strange final states above charm threshold in e e . etc. All these

predictions seem qualitatively in accord with present experiments and have

6
stimulated the construction of new models with right-handed charged currents.

-2 -
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These models consisted essentially in generalizing Mohapatra's idea by
allowing the right-handed parts of all the quarks to participate in the charged
weak interactions. Since constraints on low energy weak interactions forbid
two right-handed light fermions to sit on the same doublet, one is at once led
to the introduction of new heavy quarks, and then heavY leptons. by lepton-
quark symmetry.

1.2 Cauge Models with Right-handed Currents

For future reference, we will present here some of the gauge

models with right-handed currents that have been proposed.

Pati-Salam Model
This was the first gauge modelzin which all the elementary
fermions (i.e. quarks and leptons) were treated on an equal basis, having
four colors and four flavors and the lepton number being the fourth color.

Their original model is based on C= SU(4)L X SU(4)R x SU(4') and the fermions

are put in two 16-plets:

—pa pb pc pd:V-
. n_ ny ng ndse:
! Ka )Lb Xc Kd’——'l-b

I_xa X = Xc Xq= ;ﬂ

transforming as FLE (4,1.3). PRE (1.4.4), and where a,b,c,d. represent the
four colors.

The phenomenological implications of this model have been
extensively analyzed. Most of the essential features of the model remain
unchanged if one works with a subgroup of C, like SU(Z)Lx SU(Z)R x SU(4').

or SU(Z)L X SU(Z)Rx U(1).
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In principle, the left-right symmetry manifests itself in these
models only at very high-energy (i.e. E>>MWR). However, we will point
out in the next chapter that within the framework of SU(Z)L X SU(Z)R x UQ1)
model the left-right symmetry may become apparent, even at present energies .

through the structure of the neutral currents.

Mohapatra Model
4
This was the first model in which R.H.C.C. were introduced
and it was motivated by the need to incorporate the observed CP violation in

the framework of a unified gauge model. The assignment of fermions is as

follows:
P X X
L L R¢ @ 1)
n.(A) A (8) n, )
BO
L hL R (%.-1)
°L b, €Rr
where

nR( ¢ )=chosf + i)\Rsin ¢
AR(¢)=inRsin¢ + chos¢

(1)

and ¢ is chosen to be of the order of 10_4, to reproduce the observed mag-
nitude of CP violation. The remaining fermions, BE. p._R. N AR(g‘) are SU(2)
singlets. The new heavy lepton E°is introduced in order to make the theory
free of triangle anomalies.

As it has been pointed out in ref. 4 , CP violation and low

energy phenomenology are correctly reproduced if we interchange npee AR( ¢) :

-4 -
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placing np in a singlet and )LR( ¢) in a doublet. However, the two alterna-
tives lead to quite different structures for the neutral currents. Namely

when the doublet is
XR

xg($)

the structure of the hadronic neutral currents involving p and n quarks is
the same as in the Weinberg model. On the other hand, when np is placed
in a doublet, the structure of the neutral current changes drastically. In
particular this choice leads to an asymmetry in the assignment of Pp:p
quarks, and this asymmetry manifests itself through the appearance of an

axial isoscalar current, which is a unique feature of this model.

Harvard Model

This model has been proposed by De Rujula et alsand suggests
an interesting way of incorporating the Mohapatra R.H.C.C. in a unified
gauge model and providing thus a new and simple explanation for the observed
enhancement of AI=% non-leptonic weak processes. There is in this model
a proliferation of quarks. motivated in part by the experimental value of
R= oéxadroni@/c@+u_}. Recall that R equals approximately 5 at center of mass
energies of 5 or 6 CGeV while one expects R=1 0/3 in the standard model with
4 quarks and no extra leptons.

Among the various theoretical possibilities, De Rujula et al
have opted for a vector-like theory, in which all fermion fields are placed in

doublet representations of SU(2). A theoretical motivation for this choice

comes from the fact that vector-like theories are always free of amomalies.
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Obviously, a model like this, requires at least six quarks, the two extra
quarks being the partners of PR and AF, in the two new doublets. The as-

signment of quarks is as follows:

p c t P c t

.
-
oo
e
N

where c is the charmed quark, used to implement the CIM mechanism.

Princeton-Caltech Models

This model is very similar to the Harvard Model, being also
a vector like theory with 6 quarks. The most important difference is that

these authors introduce the doublet:

C C

instead of

A n
R R

As far as the neutral currents are concerned, these models
lead to the same structure as the Harvard model, namely. a purely vector
neutral current. As we will discuss in chapter IV the best way to distinguish
these two models is through the study of charmed hadrons decays. In these
models, the Al=irule is not automatically satisfied, and one has to rely on

a possible dynamical enhancement.
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9
C.C.N.Y. Models

These models are based on the gauge group SU(Z)A X SU(Z)B x SU(4)'.
and use 8 quarks and 8 leptons, If we take into account the color degree of free-

dom, one has altogether two sixteenplets of elementary fermions:

P, Py P Pgq =V T
na l’lb nc nd =e
)La kb 7(0 Ad =p
Xa Xp Xc Xg =V’
r 1
D, Py P py =E°
n'a n]'D né n(':1 =E
Ay A A Ay =
X3 Xb Xc Xy =M°
- -

where p_, P, P, ... are the heavy (mirror) counterparts of P, Py Pg- and

E°,E_M° M~ are heavy leptons. The assignment of fermions is as follows:

i’

Model 1
Py, XL, XR PR
(3 0,4
A1(0) Mgy | PR AR
Quarks:
PR XR PL XL,
(0.2 4)
nt X! ny A
-7~
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[o] (o]
VL v (@) Er Mg
(30.4)
er | by, €R Mg
Leptons:
' [o] o
VR ML(a) \)}J'R EL
(0,% 4
Ep My bR Eg

This 32-plet of fermions can be used to unify all non-gravi-
tational forces (weak, electromagnetic and strong) by using a larger gauge
group, such as SU(4) x SU(4'). One obtains then only one coupling constant
by imposing the discrete symmetry prime a— unprime. The introduction of
the heavy fermions finds then a theoretical justificationz, since this unifica-
tion is anomaly free only if the new 16-plet of mirror fermions is incorporated
in the unified model. CP violation can be accounted for by introducing a com-
plex phase in ;1R,7LR, as it is expressed in (44). It is then possible to esta-
blish a connection between CPViolation and the magnitude of the x- ¥ mass
difference. In this framework, CP would be conserved in the symmetry limit
my=my' and the interactions which violated this symmetry would be also re-
sponsible for the observed CP violation. It will be shown in chapter III that
the effective A S=2 Lagrangian receives a new contribution from the right-

handed currents, which looks like:

AS=2 AS5:=2

i“’ﬁ’ = GLR 43 —;;(l-b'.an-x-%(l-b's)n +

+2 0, (- g)n o %("”S)" +h.c

-8 -
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It turns out that in this model cAS=2 g of order C2m§00529
LR F c

and thus quite larger than in the standard model, due to the absence of Cabbibo
suppression. This has led some authors to suggestqthat these models are in
contradiction with the observed value of KL—KS mass difference. It will be
shown in chapter III that this conclusion is ba sed on a unjustified approxima-
tion and therefore should not be taken seriously. However, we will present

an alternative model, based also on the SU(Z)A X SU(?.)B x SU(4)' gauge group.
in which this question does not even arise. The lepton sector is unchanged

and the assignment of quarks is as follows:

Model II
Py, XLCOSQ. + pisina chosf + phsin[’ xh
' (30,4
Quarks:
Pr —stinﬁ + phcosﬁ —pi‘COSa + stino, Xi'_.
(034
nk )Lh ni KL

It is clear that when the mixing angles a, p are small, the
Al=3 rule will be satisfied. On the other hand, ore obtains for Gy

2
as=2, CF 2
CiR & Zn2 ( mycosacosf + mp'sinasinf )

AS=2
One can then reduce the strength of { off| LR by choosing
( mycosacosf + mp'sinasinf ) small enough.

Finally, we note that in the leptonic sector, a mixing of vy Mf

-9 -
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was introduced by defining:

: .
YV, () = cooet ), + St ML

o
M:_(,e)r_-s-hx& + e ot My

This was done in order to provide a possible explanation for the Kolar-mine
"

events. The observed tracks would be the result of electromagnetic pro-
duction of Mi pairs by cosmic rays. followed by decay into M°which in

+

turn decays into p' + hadrons, with a long life-time.

The mixing angle a is of order 10"3 to avoid conflict with p-decay data
and at the same time give a long life-time to E°.

1.3 Viability of Gauge Models with R.H.C.C.

In the next chaptepwe will verify the compatability of the
new R,H.C.C. with the observed weak interactions and at the same time
investigate some of its consequences concerning new phenomena. In
chapter II we analyze the structure of the neutral current in the various
gauge models and look for constraints imposed on them by present ex-
perimental data. In chapter III, we show how the smallness of KL—KS

mass difference can be accomodated in the new models. Chapter IV will

- 10 -
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be devoted to the study of the non-leptonic decays of the new "charmed
hadrons, " that are predicted by these gauge models. In particular, we

will analyze the consequences of the new charmed current to the Spear
Charm Search, and we will show that it is easier to understand the present
non-observation of particles carrying net charm, in the framework of models
with R.H.C.C. In chapter V we analyze the changes introduced by the

new current in the structure of the AS=1 non-leptonic Hamiltonian and we
discuss in detail its consequences for hyperon and K decays. Finally in

chapter VI our conclusions are drawn.

-1 -
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Chapter II

Neutral Currents

2.1 Introductory Remarks

Neutral currents have been a subject of great interest in the theory
of weak interactions, long before unified gauge models of weak and electro-
magnetic interactions were proposed by Weinberg and Salam. However,
these theoretical developments played a crucial role in stimulating the var-
ious experimental investigations which ultimately led to the discovery of
the neutral currents. Although the existence of neutral currects in itself
does not constitute a proof of the correctness of the unified gauge models,
the knowledge of the detailed structure of the neutral current is of great
interest in distinguishing between different models and thus in narrowing
down the number of realistic candidates for unified gauge models.

In this chapter we will analyze the structure of the neutral currents
in various models with R.H.C.C. and we will discuss some of the experi-
ments that can test them.

'In analogy with the effective current-current interaction for charged
currents, we define the effective neutral current interaction as

J; . r L0

eff /2

where

-12 -
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2.2 Structure of the neutral currents in models with right-handed charged currents

2.2.1 ILeft-right symmetric model based on SU(Z)L X SU(Z)R x U(1)

We illustrate here, in the framework of a simple model, a

way in which the left-right symmetry may manifest itself at low energies.
For simplicity, we will work with a SU(Z)L X SU(Z)R x U(1) model. The fermions

are put in left-right symmetric doublets:

Leptons Representation
Vo Vu
(3.0.-1)
e wo
L L
Quarks
p X
(3:0,1)
B Ac
L L

And similarly for the right-handed sector with L+R and (£,0,v-(0,%,¥). In
order to preserve the left-right symmetry. we put g1.=*9R=9 and define the

electric charge by:
Q= Ty +Typ+ ¥ (2.9

The electromagnetic field is then fixed and given by:

sinA sinA 3
Au = cos QB”‘ + /2 Wi + /2 WR ! (2'4>

- '
where A= tan 1 @gg_ . The electromagnetic field defines a direction in
?l; space. The two neutral gauge bosons will be in a plane orthogonal

to this direction. If we define

B WS, W
w

- 13 -
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1 3 w3 -
T, =5 Wy - W) T,=h xT 2.9

Then the two neutral gauge bosons can in general be expressed as:
Zp, = cosyT, + sinyT,

@9

Uu = -sin;oT1 + cosy_’T2

The structure of the 2 currents coupled to Zu U, is then a function of ,%
and their relative strength depends on the mass ratio Mzu /MUu. In general.
there is of course still another parameter. e. which specifies the over-all
strength of the neutral interactions. We.will have to choose the Higg's
system in such a way that MWR >>MWL, for obvious reasons. However,
no such constraint exist for the neutral sector and one may very well have
sz‘ :MUM . The point we wish to emphasize is that the left-right symmetry
may manifest itself through the neutral sector, even at low energies. For
definiteness and in order to illustrate our point, we will now specialize to
the case in which the neutral current interactions conserve parity. This

can be achieved by choosing w=7/2 in (2.6). The two eigenstates of the

neutral boson mass matrix are then:

O s cosA ;3 , cosh 3
Z_p‘- smnBu +. 7> WL +_—f2 WR

3

&,

!
+ Wy

U=-Wwp
7z /2

W

From (2.7) one sees that Zu couples only to vector currents while Uu
couples only to axial vector currents. Note that the neutral current ef-
efective interaction will receive contributions from Zuand U‘_b and thus
in neutrino-electron interactions for example both g, and ga will have

non-vanishing values. The fact that parity is conserved distinguishes

- 14 -
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this model from others with .che same value for gy, g,. We will have

now to choose a Higg's system which is consistent with (27). It can

be readily seen that a possible choice is:

Higgs's boson

+
y
AL

Representation Vacuum expectation value

o) (.
(o, -;—;:) <7(’R>= (3
(51419 (0

(o 1) &= (3)

We see that the left-right symmetry is only broken through =, whose

role is to suppress the charged right-handed interactions. by choosing V

sufficiently large. The neutral sector acquires masses only through X2 XR? (0

-15 -
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(which respect the left-right symmetry) and this is the reason why the

neutral current interactions conserve parity. One can ea sily verify that

Zu 'Uu . defined in (2.7) are, together with Au , the eigenstates of the

mass matrix and the mass spectrum is given by:

M;# = ;'.. (c}"’ +2 g’? u® Mz . = A 6/’+ uz+kz+k'9

R

2 2 2 2 12 _ 22 2 ,2 klZ)
Muﬂ':—-" _g_—é_\»z(k +k>> MW:—T<u+k+

2
2 M 2 2 /142
. = M = L 14 ot
from where it follows M .Z'” 30 (“' °9 u + ,

with ofd = X *X_ | The Fermi constant is related to M, by 9E - .
ut WL Ve 8ME
L

We can now write the structure of the neutral current as

manifested through the scattering of left-handed neutrinos on electron and

nucleon targets. The effective interaction can still be written as in .n

and one obtains:

.. z . - _‘_— L
9«\,=-—;-(l+o9(l—25~“9) ! W=7 T2
= 2 ; oy = 4 % @9
V; = (|+09 e 6 ; 3=+ .

8 "o o .
WY e DES N aAs A

~ ~
where V°, A°are isoscalar currents. not containing p,n quarks. For a=0

one sees that this model coincides with the Weinberg-Salam model, with

the correspondence sinze -oZSinZBW.

-16 -
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2.2.2 Models with R.H,C.C. based on SU(2) x U(1).

We will examine here the structure of the neutral currents
in a general class of models having the left-handed sector coinciding with
that of Weinberg-Salam model and in which both the right-handed fermion
sector and the Higgs system are arbitrary. Our only assumption is that the
right-handed fermions have definite weak isotopic spin. The structure of
the neutral currents depends only on the value of the third component of
weak isotopic spin of the fermions. Furthermore, for most practical pur-

poses (i.e. scattering of neutrinos off electron and nucleon targets) only
3.3.3

te’tp’tn matter. One readily obtains:
3

- 3
}v=e__;_+zsx~39+feg] i 94 -‘z"teg]

| . Py 3 ) (2.10
V3 = & 6— 254""39)4—("5;»,z -tns) : Az = £Ef,,g+ tn + 'J )

B 3 3 3 3

o

where € is a parameter which measures the over-all strength of the neutral
current interactions, and depends only on the Higgs system we choose. One

has in general £ >/1 with :the equal sign corresponding to the simplest Higg's

. 3 .3 _.3 _
system. The Weinberg model chooses teR = tpR = tnR = 0., The Mohapatra

model is the minimal model with R.H.C.C. and corresponds to the choice

t3 =-1/2, th =-1/2, tzR = 0. If one requires that all fermions should be

€eRr

3 3 3
in doub , then t =t ==1/2. t
in doublets, then er - tnp / bR

theory presented in the previous chapter.

= 1/2, and one is led to the vector-like

-17 -
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From (240) one sees that the values of the axial vector parts of
the neutral current do not depend on the parameter © . This makes the ex-
perimental determination of g as 335 30 extremely important in providing
clues for model building. Thus the knowledge of day 23/ a, is sufficient
to determine uniquely the "correct model”. or rule out all gauge ;nodels based
on SU(2) x U(1). It is also apparent that a, is non-vanishing only in models
where th + tflR #0. Besides the Mohapatra model, another possible model
possessing a axial isoscalar current corresponds to the choice tpR=1 /2

t =0. This would of course imply the introduction of a new heavy quark

and a new doublet:

Fr

br

q
2.2.3 C.C.N.Y. Models

Here we will analyze the neutral currents in the C.C.N.Y.
models described in 1.2. As far as the p-n sector is concerned, the neutral
currents in models I,II coincide. For simplicity, we work with the g'roup

SU(2), x SU(2), x U(1). and define electric charge by:
A B

Qe Ta+ T+ £+ @

Obviously, this model shares some of the features of the left-right symmetric
model described in 2.2.1. There are however some important differences,
that we will point out. In general, the neutral current interactions receive
contributions of the two neutral gauge bosons Z‘ ) u M ’defined in (2.6). and
the structure of the neutral current depends in general on three parameters
Mz,

M

X Y-
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Note that this model has also a nonvanishing axial isoscalar current. This
"is due to the fact that we placed np in a SU(Z)A doublet while Pp is in a
SU(?.)B doublet. Had we put both Pr and N in SU(Z)A doublets, the axial
isoscalar current would not be present. A distinctive feature of this model
is the fact thata, = ag. independently of any parameter of the theory. Since

we placed both er and epas SU(Z)A doublets. we obtained gp = 0. and the
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leptonic neutral current is purely vector. If we choose =0 and A~o
one obtains the interesting result:

"gv"‘v""’ Vi = a3 = Q, = -5—6_34»39) (2"9
and all the neutral currents enter with equal strength, For4p=7/2 and Ao
one gets a purely vector hadronic neutral current. However, it can be
easily seen that in this model, it is not possible to couple the two vector

bosons respectively to a purely vector and axial vector currents. as it is

the case in the left-right symmetric model described in 2.2.1.

2.3 Physical Constraints From Neutral Current Experiments

2.3.1 Purely leptonic interactions

The structure of the leptonic neutral currents can be best

tested by studying neutrino-electron scattering. We have four reactions

of interest:

Y,
ff + e — < se @1
A 7,
, |
* re— 2,e 19
A A

Reactions (215) are due to neutral currents, while 44) receive contribution

of both neutral and charged currents. A computation of these cross-sections

gives:

o _ 26mE [4, B(-)-C (D)

"Jg" o
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eutral-curre uplin stants

[able 2.1.

Iy 9a v3 a3 | YoV 8 %o
vo VO = avozz;
, _ ~23sto V, +
. --;-(.-l,s.m‘e.) -L | - zsmzew { V_; w 8
ks + Y
5
(]
=
vV . o
° e a°A=
-1 O 3 inZ L : 3 A
o +2om G, 01325476, |3 ,(.zs.wa-’?)V, "!;'A8+A°
e
B ~
S + Vo
=
vl =
~2\F 520, Vgt o A= A
2 [~ 1+2s20, | |2(1-2sf8y |O N
: +V,
3]
2
N a1 % Voo a, Ao =
X o~
-~ !
o _ . | D AT e
\-.}.,'J -;:él-l-&wle) 0 -'5-(!-/»'39) {, 2 '+$“9\/8+-2E6-%0>V’
s S|, 7
= + V° Z
o) + A,
O
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where j .—._EQ , Ee and By being the recoiling electron and incident neutrino
energies, reyspectively. If we assume electron-muon universality, A, B, C,
can be expressed in terms of only 9y 9p defined in (2.2). We drop hereafter
the last last term in (246), assuming Ey > m,. The values of A, B for the

four reactions are given in the table below, where we introduced G__:-. -2'—(3 v 3 9

= -L- . i f .
G_,_- = (3v + 39 Integrating (216) one gets:
o=2p [A + % B] (2.17)
*mE G? |
with P_—: _E_’ﬁ_.!’. = 2S5 . Since we have four reactions expressed
™ 2T

in terms of only two coupling constants. constraint relations can be deduced.

Namely, from table 2,2 and (24) one obtains:

O.— — — as— Cad  omam
%€ 30;4e = a—&e 30)}e
(219
¥ z
L 2 =4
[028’30123] i[oa;e""sl'q};:e] "'.3/3

where the X sign means that one of the two relations should be satisfied.
10
These relations, first derived by Sehgal, are quite general and test effective

locality, muon-electron universality and the V,A character of the interactions,
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Table 2.2

Coefficients

Reactions A B
% € (+6) G-

N
s

i
'Q
fo

We are interested here in finding constraints implied by
the class of models under consideration. These can be found by looking
at the domain in G+ C_ space covered by the different models. We will
first consider models based on SU(2) x U(1). In vector-like models,(?+= C_,

which implies, among other relations:

(2.19
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d G e el doge| | Al | A%
5 | T T | Ty | T T
J=1 J=1 J= J=0 Yeo

In non vector theories (i.e. t # -1), we note that

By =2 (Q% Ub, U By

(2.29
D, D (Dyz UDyUDy U Dz"‘)

where Dj is the domain of the model with t‘;R = j and arbitrary £, 6 .
Using (221) one sees that either G_,_S(—;’:-l- Q_)or G+>/(-z" +G) which implies

that one of the two following inequalities should be satisfied independently

of @, € ,t:R(buttzR#-%:
E-M\< %P+%WE , or (Z.Zg)
E-M>2Ep+3Vp E

where E= (30" - - ) and E= (305 ;- — - ). and similarly for M, M.
) A4 VC

In the minimal Wemberg model the following relation shold be satisfied:

(E-M)z::‘g?_ (E-l-l"l—ZE) (2.23)

Note that (223) is independent of 6 and it is thus a crucial test on the
Weinberg-Salam model, especially when more accurate experimental data
becomes available. Another point worth emphasizing is the fact that the
class models based on SU(2) x U(1) and definite isotopic spin for ep: do
not cover all the plane G +G_ (obviously. this is why constraints can be

derived), as illustrated. jn fig. (20
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Domain-in G 4 G_, for models based on SU(Z)Fx »U(‘l)"and-with definite —e-—ﬁ»spin-

Fig 2.

Domain in G +G_ for left-right symmetric models

3
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Wefinallyanalyse the left- right symmetric model considerd in 2.2.1.

Noting from (29), that:
G, =6 -+ |+ o (2.2%)
+ - V- l T+ 2K

one can easily obtain the allowed domain, shown in fig., 2.2. It is apparent
that this model covers some of the domain excluded by the SU(2) x U(1) . which
may be of interest, if the previously derived constraints are not satisfied.
However, the most interesting feature of the left-right symmetric model stems
from the fact that it is parity conserving, with non-vanishing Iys9p- Parity
violations can be detected by studying electron-positron annihilation into

muon pairs:

et s — TN @29

In general the effective neutral current interaction Lagrangian is:

o["ﬂ’ Gz, tov V. WV + 29, VA" + Gas AN a9

with - )’
VM = = Xﬂ- € + I" (2.2,9
A.= ExY.e+ RE %M

In models with only one neutral vector boson one necessarily has %;A = ?VV 7/414 ’
but if there is more than one vector meson this relation does not hold in

general. For example,in the Les R symmetric model Iy vanishes while

gyve Ian are non-vanishing. The parity violating effects are due to the
term in Iva and can be detected by evaluating the longitudinal muon po-

larization. A clear signal favoring the L-R symmetric model would be the

confirmation of non-vanishing TN from % e scattering, together
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with non-observation of parity violation effects in €+e—-—> M+M—
This is a way in which the left-right symmetry proposed by Pati-Salam-
Mohapatra could manifest itself even at present energies.

Finally, we analyze the implications of the presently
available data for the various models considered. The data is summarized
in fig.2.3 where the ellipses denote the bounds on- C-‘+ from C-‘arg;amelle.
neutrino experiments,and Reines reactor experiments. -We note that among
the SU(2) x U(1) models only the ones corresponding to teR equal to 0.-3.-1.
are not excluded. These experimentél results imply bounds on the para-

meters of the various models, and we obtain:
. .2
Weinberg Model: . 1<£ Sin ew ( 3
Mohapatra model, vector-like Models: A1 <£ G.i_ + Sw»fe) <.2,3

L-R symmetric Model -2 < Sin© < 6 for L =0 (2.2§)
.26 {0 -6 for ot =1

C.C.N.Y. Model

(witk §=o0, A0 .22 {E(-520) {46

2.3.2 Semi—léptonic interactions
One of the most important questions concerning the hadronic
neutral currents, is to know whether Vi ,A:; , belong to the same isomulti-
plet as the charged hadronic currents, If one assumes that this is the case,

one can deduce some interesting constraints on the various parameters of
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! Mohapatra and Weinberg Model

Vector-like

fig z.5
The physical region determined by present experiments is the inside of
the three ellipses, with the dashed ellipse excluded. The various solid
lines are the loci of the various models, with€= 1 and sin"@ varying

from zero to one, from left to right.
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the hadronic neutral current. Consider the cross sections:

N_. — U | o (vn - V+-
o = 0’()'}0 V+ > + ( ) (2.29)

1

- = 0‘(1/#——/&'1-—-) + O (Vn—>,u‘+-->

with the corresponding antineutrino cross sections denoted by 'G',N , ;C .
If Vi ,A?; belong to the same isomultiplet as the charged weak currents.

then o-«N and O'C are related. and Paschos and Wolfenstein have used

this fact to deduce the following inequality:

. 2 2

N — N v, a A

R o 4+ O >/ I 3 V + %3 (2.39
T ¢Sy &€ 2 V+ A

where V, A are the contributions of Vj ,Ai . to the cross section. Assuming

that VA~ A, one obtains:

R >/7;_v_',z+a§> @3

From the experimental value for R=.27 t .09. one constraints V3- 84 to lie
within the circle represented in Fig. 2.4 . Using Schwarz inequalities.
Rajasekaran and Sarma:qwere able to further restrict the values of V3,a3 to

lie within the octogon of Fig. 2.4 . We now analyze the implications of these
restrictions for the various gauge models. In the case of the Weinberg model

one obtains:

S B, .36 (2.3
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az

~ .--* Weinberg Model

—_

-
.
-
. ®

Vector—like
Models

f‘ig 2.4

Allowed ranges for the isovector coupling constanis v3, a3.
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If one takes into account experimental errors. (which were not included
in Fig.24 ) this is in agreement with the constraints (2.25) derived from
the leptonic sector. Note that only the value E~1 is consistent with
experiment and therefore only the simplest Higgs system is allowed.
Let us consider now the Mohapatra model. Since in this model a3=% .
in order to be within the octogonon in Fig. 24 we need:

Vz {7

while using constraint (2), we obtain (putting € =1):

05 Lv3 .27

The Mohapatra model is thus in agreement with both leptonic and hadronic
data when .61 <sin26W < 73. We choose €& =1 for simplicity, but it is
clear that other values of £ are also allowed. A similar analysis can be
done for other models and we present in Fig.24 the locus of V3,a3 for
various theories by letting QW to vary within the range consistent with
the leptonic sector. We will now point out the most important features

. of the hadronic neutral currents in models with R.H.C.C., as compared to
the standard Weinberg-Salam model. For the standard model, one obtain;

using .32 and table 2.1 :

Weinberg-Salam:

V; .30 ; az=| ,-(V;+a931.l

. z~
V,%—.23 ; @=0 j % .05
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For models with R,H,C.C. we obtain on the other hand:

Mohapatra:

2 2
-05<V3<.27 ; Q,Jz-% ;-25<v3+a3<.33

2 2
;.zs'<_v, {156 a,=-% H L%+,

Harvard-Caltech-Princeton:

5{-v4{9 ; @3=o 25 vy +a5 (. 8

15~ {1 ; G,=0 56 <v:'+a’; {1

For the C.C.N.Y. models, the structure depends very much on the various
parameters of the theory. For the special choice =0, A = 0, =1 we

obtain:

.l <—3v e Vo=+Vy = +a3z =40, <.23

It is clear from this analysis that the standard model has a dominant iso-
vector component, and a very small isoscalar component. In the models
with R, H.C.C. there is a general suppression of the isovector component
and a significant contribution from the isoscalar component. A distinctive
feature of the Mohapatra and C.C.N. Y. models is,of course,the existence
of an axial isoscalar current. All this indicates the great importance of
devising experiments that would allow a separate determination of as a, )
v3,v, . The axial-vector parts have special interest since in the case

of SU(2) x U(1) models, they do not depend on the Weinberg angle.
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Various suggestions have been made for experiments which would enable the
separate determination of the various couplings of the hadronic neutral current.

For example, the reaction:

V +d — ) +n+p (2.33

allows a separate determination of a 3 and is being studied by Gurr, Reines and
Sobel. Unfortunately, at present, the experiment gives only an upperbound:

a; {6
As far as the axial-isoscalar part of the neutral current is concerned, it can
be detected by studying elastic scattering of neutrinos and anti-neutrinos off

deuterium:
V+ J. —_— V-l-d

Y +d o 7od | (2.34)

Only the isoscalar parts of the neutral currents (both V and A) contribute. If
only V_ is present, the two cross sections@.3§are equal and thus a non-vanishing
q-y‘l_ 0_70(' is a clear signal for the presence of an axial isoscalar current.
The determination of a, is of great importance for model building, because a
non—vanisping ao would eliminate all models so far proposed with the exception of the
Mohapatra and C.C.N,Y. models. Independently of gauge models considerations, the
existence of an axial isoscalar current is also of special interest, dueto the
fact that while VO,V3, A3 can in principle be related through isotopic spin to
the electromagnetic and charged weak currents, Ao is necessarily a new current.

We will now consider the following ratios for the neutral and charged

current interactions:

RN '6:..N . RC-— a:c
N ) —
N o-C
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In the framework of a naive quark parton-model one readily obtains for the

neutral current ratio*

N L - sle, + 2 sile,
. 2 w 9
Weinberg model R —
2 - 350G+ 22 sinby

Mohapatra model

Vector-like models R =

N
Note that the vector-like models predict R = | independently of any parameter
of the theory . In table22we show the present experimental data. One sees
that the various experimental values are in contradiction with each other.

Namely, the Gargamelle results predict
N
R =.6€75%1.2¢%

While HPW-FNAL give:

It is apparent that the H,P.W-FNAL results are consistent with the vector-like
models, while Gargamelle rules out these models. Very recently, the H,P. W, -
FNAL group has changed their initial data and their new results also rule out
the vector-like models. Both Weinberg and Mohapatra models are consistent

with the Gargamelle data, within experimental errors.
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The predictions of the various models for RC depend crucially on our
assumptions for the masses of the new quarks.In table 2.] we give the predictions
of the naive quark model, in the various models with R,H,C.C., assuming

that the energy is high enough for the production of all new flavors of quarks.

Table 2.1

MoJelé R

Moha}:atra A

Harvard,
Princeton, {

Coll-Tech

2
-‘,I- for Q(m:

CCN.Y

| for Q?'»nsz

Table 2.2
R olio Ex')eriment Energy range Groo/a
o~(vN—-V+°9 .217t.026 1-10 6V Gargamelle
(N = 4+) 11 £.05 5-1506eV | H.PW-FNAL
o (FN—P+-) 43 £-32 =10 64V | Gargamelle
TN-4+) | 32409 5-150 6eV | H.PW.-FNAL
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CHAPTER 1II

KL - KS MASS DIFFERENCE

3.1 Introductory Remarks

A unified gauge theory with only the Cabbibo charged current, neces-
sarily includes a neutral current containing both AS = 0 and AS =1 parts.

This can be easily seen by computing the commutator
+ - 3 (l;) .
'5': [J: (")I J.- (3)] 5(x°—y> = J; (x) $ (&-y) + Swn?mw

+

If Iu is the usual Cabbibo current

J‘*‘_.,; b;(u-rz@[nweu séme] )

AL

I: will include strangeness-charging neutral currents which by gauge in-

variance should couple to the gauge bosons with the same strength as the
charged currents. This in turn has disastrous consequences such as com-
parable rates for decays like KL - p,+ n and K+ - u+\1 . A possible remedy
consists of adding an extra piece to I:, containing new quarks, new heavy
leptons, or both. Perhaps the most elegant scheme is the one suggested by
Glashow, Iliopoulos and Maiani (GIM) who added an extra piece ;( (-n sin @ c +
Acos 8 c) to the charged current. Although this serves the purpose of eliminat-
ing first order AS = 1 transitions, it turns out that one has also to analyze higher
order transitions. This is due to the fact that second order processes are, in
general, of order GF a while the experimental value for KL - KS mass difference
or KL - u,+ uw decay rate indicates a strength about three orders of magnitude
smaller. One thus needs an extra suppression. In this respect, the small-
ness of the KL - KS mass difference played a crucial role and enabled Gaillard

and Lee to place a rather restrictive upper-bound in the mass of the charmed

quark. The way this upper-bound on m X can be found is as follows: in the
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limit of exact of SU(4) symmetry the four diagrams in fig. 3./ cancel
each other and give zero net contribution to the KL-KS mass difference.
In the real world where SU(4) is badly broken, the amplitude is propor-

. 2 2 .2
tional to (mx-mp) / (mWsm QN) and thus leads to an upper-bound on

m
x.
In this chapter we analyze the KL-KS mass difference in the con-

text of gauge models with the R, H.C.C. xp Y, g We comment also on

the implications of our calculation for the standard model.

3.2 Evaluation of the effective A S=2 weak lagrangian

In this section, we evaluate the effective AS=2 Lagrangian in
the free quark model. The justification for the neglect of strong inter-
action effects resides in the belief that quarks are confined in a finite
region of space and that within the "confinement" they behave as if they
were free; In models with the current }Ryu Np. the following diagrams

contribute to the elementary process X+n-n+ A

NnL
: nR AL
fig3-!

The diagrams of fig.3.l are already present in the standard model

with only left-handed currents. Their contribution has been evaluated by

. . . 2 2 2
Gaillard and Lee who obtained (assuming mW>> m ., S>mp ):
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Ig% - G p) A -i-(H-Ifg)n_)—s ¥ & (+¥)n+he. 6.)

where

AS=2 g mo 2
= E £ Sin"@ e 3
G = - V2 4r \nw S Ow @l 62

We will concentrate our attention here on the diagram of fig.32,
AS=2
which is the leading new contribution to £ off - One finds in the free

quark model (see details in Appendix I):

AS:-2

8S:z2 -—
(D) - 65 [43e00n T+ .

+—>—\ oo, é(l-?fs)n—x U'MV-g':(l-é)n + h.c.

where AS:z=2 z . .
M e [ Zoéecém'%l" 9
LR = =~ Nz 47 \my sinOy X
o o
3.3 Evaluation of MY ~ % — AS=2
o [} —
In the evaluation of mf - K , the KO—K0 matrix element of [%ff:’LR ,

we assume that the contribution of the tensor term is negligible. Next we
demonstrate that the contribution of the scalar and pseudo-scalar terms
oppose each other in sign for all intermediate states with same charge con-

o ..0
jugation parity. To show this, we evaluate Mk K by inserting a complete
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set of intermediate states:

-G 2 {“"‘"""><'""i~lf°>+<k°lxxs»)~><mm»nf°>}
;.5

Noting now that:

-&n:-_ -557

=9
T\Zfsn = A (l".-i.@

we write:

K| Tnlm> = (k2] 54 Splm>
= (el 6" (55-257)4"41'9

= Cp, (K| Sg+4 37’”'>*
e Cpm m|S¢-isSz|®e>

69

and similarly
& -
(T ¥en|m> = i Con K- B 02 (-9

It follows then from (35) —a (38) that

Mko_k _As=2 Z {C K"‘,S A57’k.>'
- Cin | <ol R ~%IF°>I}

We are thus in the presence of an alternating series in which CP-Q_g_gi and
o

CP-even intermediate states contribute with opposite sign to MK -K . Next

[eo]
we evaluate the contribution of the vacuum (CP-even) and w (CP-o0dd)
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intermediate states.
a) Vacuum contribution:

Noting that:

-l € . ,7 .
=L 3. (Aﬂ i A,> )
we obtain 2

(o] BB R = - 47 ks 6.1

Thus we find for the vacuum contribution:

Mk°.|<° AS:-2 2~F,: m: 3 |
Vac. LR (mn_'.mA)z (‘3' 9

[o]
b) w contribution:

[o]
The © intermediate state will contribute to the scalar terms in (3.9).

(V ny V) (139

In general, one has for the matrix element of a vector current between

We first observe that:

In «—

pseudoscalar meson states:

(PO VA P®D = 4 [,r 6 (+9.+ FE@EE-D], €Y

where g=(p-k). In the SU(3) limit one has f_(q )=0. From (3.13), (344), one

<k°’)n' (k)>— z om -m,\ (m" - M’I) T, (?) (3'5)

K
™

obtains

o .

In order to estimate M o_K , one has to know the qzdependence of
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8
f+(q2). A parametrization of the K£3 form factor in the accessible range

of qz, which is consistent with experiment, is given by:

@)= (+ 2940 G19

where

-F+(o)2',.Q7 ord N, & .02 *.003 (3_,@

For the present purpose, we extrapolate this information for the
whole range of q2 by using a dipole fit:

). { @l&
-F'!'(?) ('4__%;2

Expanding the dipole fit for low qz, one gets:
2

M, = 2r ~ (L8%.3) G’ (.19

Using (.15) and (318) and integrating over the m° momenta, we finally

obtain: AS-2 2 R 2 3
M '~ G, & Ty Tk (>-29
ro = VLR %)) (m,,-m,Dz 12my (Moz— mzk)'*"

We now compare the magnitude of these two contributions:

M K S /i \ \
. 2 sz _ mzk K M |[m-m
M::;' g’__ 9( m ( = mﬁ)( Mf) ( M:I M +m)

Te |
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If we choose M% -1.8 (GeV)2 and mn: g% , this ratio is .8 whereas
for M% Z1.6 (GeV)2 is 1. We have thus shown that the vacuum and w°con-
°-K°

tribution to I\/IK ~5%" are of the same order of magnitude and of opposite sign.

3.4 Concluding remarks

We have illustrated the inadequacy of the convention approximation
of keeping only the vacuum intermediate state in the evaluation of MKO_E-O.
Although we have worked in the framework of models with the Mohapatra
right-handed current nyunR, it can be easily shown that our conclusion
also holds for the standard model with only left-handed currents.

Our analysis has important consequences for models with R.H.C.C.:
comparing (32) and (34) one notices the lack of Cabbibo suppression in
GERS=2 . This has led Kingsley et al to conclude that the new charm-changing

current is inconsistent with the observed KL—KS mass difference. However,

their conclusion is based on the approximation of keeping only the vacuum
contribution to MKO_KO. Since we have shown that this approximation is
unjustified, we conclude that there is no conflict between the right-handed
current X p Y, DR and the value of the K;-Kg mass difference.

Our analysis may also have some interesting implications for the
standard Weinberg-Salam model, with only left-handed currents. The in-
troduction of a fourth quark, as implied by the GIM mechanism, has inter-
esting phenomenological implications due to the fact that the mass of the
fourth quark is not arbitrary, and one can place an upper-bound on its value.
Otherwise, one could assume the charmed quark to be massive enough to

make its existence unimportant at present energies. As we have remarked in

3.1, constraints on the mass of the charmed quark come in principle from
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the study of the AS=2 transitions, such as ko 1r+\)'\7, KL-ou+u- and the

K. -K. mass difference. ' In the case of the Weinberg-Salam model, Gail-

LS
lard and Lee have shown that no constraints can be derived the decay
KL-O.p..+p,— . Namely, these authors have shown that the two contributions

to K = wTu", coming frorg KL-»W'*'W"-m"'p,- and K - Z-utu, exaétly
cancel to order G, « r—r;%\-,, making thus the amplitude for KL"F"+M— of order
GFocz, independently of the mass of the charmed quark, mx. Furthermore,
the present upperbound on r' (K+-m+v v)/ [ (kT+all) does not lead to a
very restrictive bound on mx. It is then only the value of the KL—KS mass
difference that leads to an upperbound on m X’ of order 2 or 3 GeV. How-
ever, in their analysis Gaillard and Lee used the approximation of keeping
only the vacuum contribution of {éfsfiz. Since we have shown that this
approximation is unjustified and perhaps misleading, the possibility of a
charmed quark considerably heavier than what is usually assumed, remains
open. The eventual connection between this possibility, and the present
non-observation of particles carrying net charm is, of course, a matter of

pure speculation.
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CHAPTER IV

DECAYS OF CHARMED HADRONS

4,1 Introductory Remarks

Although many interpretations have been advanced for the newl Y
discovered resonances, one of the most attractive suggestions is that they
confirm the need for a new quantum number (charm) in the description of
the strong interactions. In this scheme, the new particles are viewed as
bound states of a charmed quark and its antiquark. At present, it is still
an open question if this is indeed the case. Recently, this "charm inter-
pretation" has been challenged by various authors?',o who suggested instead
that the new particles are bound states of unconfined integer charge heavy
leptons. These heavy leptons would be the same objects which have been
detected in the SLAC experiments. Even if this last view turns out to be
correct, and the new particles do not have anything to do with "charm", the
fact remains that "charm" seems to be a necessity‘f if one wants to build
realistic unified gauge models of weak and electromagnetic interactions.
Hence, the great interest in finding a direct confirmation of the charm scheme,
through the discovery of particles carrying net charm. A detailed si:udyﬂ'ozi:‘zl23
the properties of these particles has been done, based on the standard model
of weak and electromagnetic interactions in which the four-quark model is
incorporated into the Weinberg-Salam gauge theory. As far as the weak inter-
actions are concerned, of particular interest is the question of how they break
the new symmetry of the strong interactions. The study of the decay character-
istics of the charmed hadrons seems to provide the crucial test for the different
theoretical possibilities. Since the new quantum number is supposed to be

broken only by the weak interactions, the least massive of these charmed hadrons

are expected to decay only weakly. Most of the previous analyses of these
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decays have been done assuming a ‘particular structure for the weak inter-
actions of these particles, namely, the one indicated by the GIM charmed
current. However, as it has been emphasized recently?? the possibility of
an SU (4) symmetry for the strong interactions, (with its implied mass
spectrum) and the problem of its symmetry breakdown by the weak interactions,
are two independent questions .

As we have seen in previous chapters, one alternative to the CIM
current consists of adding a right-handed charm-changing current. This

current will, in general, be of the following type:v

K - o Re¥ng +f Tptre + TR 52+ (@)

AL
where pR,anR are the right handed p, n, X quarks, and Xpr YRr ZR stand for
right-handed quarks, each one of themtarrying a new quantum number con-
served by the strong interactions. The dots stand for other currents, not
containing any of the quarks p, n, A. Eitherxory will coincide with the
charmed quark ¥, used to implement the GIM mechanism,

In this chapter, we examine the weak decays of the pseudo-scalar
bound states of each one of the x,y,z quarks with the three SU (3) quarks p,n, .
We call these bound states D:(xp), D;: (xn), F:{' (xX), and similarly for y, z.
It has in fact been recently suggested that the x,y quarks may indeed be de-
generate. It is clear that either DY, D, F; or Ds_, D;, 1-";; will coincide with
the D's and F's of ref. 21 As far as the decays of the charmed pseudo-scalar
mesons are concerned, one has two classes of models, corresponding to the
choices a) x = Xand b) y = X. We will deal separately with the two cases,
pointing out in detail their implications to the non-leptonic decays of the
charmed mesons DZ, D:, F:, (where a=x or y) and DCZ’, D;,Fg, and contrasting

them with the predictions of the GIM model.
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4,2 Leptonic Decays

4,2.1 Two body decays
We will analyse here the two body decays of T (x}),
p* xf), p° (xF). For completeness, we will review the predictions
of the GIM model and then deal separately with classes a) and b).
4,2.1.1 GIM model

These decays are similar to K decays and one thus ob-

F(”z,)— ¥ mp m,¢<|- - 26,

M (52L& 0 memi (- ) o
where fD’ fI-‘ are defined by:m
z-fr3/z z?o <o, J;c I D+@)> _ zi-ﬁ, 7}« Sin B,
(z@”’ 29 G| TE|FO) D> = - i fp et

as suming

tains

®

(43

one obtains

P(D—’ +9 ~ "‘D P(k"’ p9~leo (49
() = 2 A M) Sl

4.2.1.2 Class a) models

Due to the absence of Cabbibo suppression in the right

handed current (X n)p, one obtains now:
-1
r (Ff—.,d")) . F(D"'—-}A"'//) & 5 10 e (4.9
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4,2.1.3 Class b) Models

Note that in this case one has

J;cz.- —OZL b'M (—an»'«@i-xL“@*"iR x»)‘k (47>

e 0 T, G+ [+ TAD + (- XL N

Since only the axial-vector current contributes to the two-body leptonic
decays of pseudo-scalar particles, it follows from (#7 that the FZZ decays

are strongly suppressed. One thus obtains:

5 -1
t ., outy) 2 2x 10 nk
F(D M 19 x | (48)

M (Fi,,ﬁ;) &2 x 10 nte
It is perhaps worthwhile emphasizing that the knowledge of the decay
rates of the F and D charmed mesons allows in principle for a clear-cut

distinction between the three classes of models, as it is illustrated in

the table below:

Models GIM Class a dlass b
rEtauty)
— | 25 1 1072

4,2,2 Three body decays
4,2.2.1 GIM model

For the standard model, there is the selection rule AC = AS

and the enhanced decays are:
N LN

P+ 4“' +2++\) (ILQ)

Dt 4 K% +4h 4y
D° ak +4 +v
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where £ + stands for either e+ or u +. The magnitude of the decay rates

has been estimated in ref.2] . Assuming the usual f+ form factors to be
constant and equal for D 23 and K 23 decays, the order of magnitude of
the decay rates is predicted to be 2101! sec”?,
4,2.2.2. Class a) models.
It is obvious that in this class of models, besides (49),
the following decays are enhanced:
Ftake+ st ey
Dtamo+ 2T+ v (L, Io)
pt 7+ I,+ + v
DOan” + 47T + v
4,2,2.3. Class b) models.
The predictions for this class coincide with those of the
CIM model since it is the vector current which contributes to these decays.
4,2.3 Multipion decays
Due to the large mass of the charmed mesons, one in princi-
ple expects multipion decays of the type D°4+K°+ nrm + £ * 4 v to constitute
a sulnstantial part of the total semi-leptonic rate. However, this simple
conclusion is doubtful for the GIM model, as well as for class b). This is

due to the fact that for these models, the amplitude vanishes in the soft

pion limit of any of the final state pions:
S <'k' 'lT'i(‘i) , —’\-L Y. %0 ID°> =
o @419
= A <1;....][F;’, Y8.2,] B> =
tr
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where Pis is the axial charge. This argument is no longer true in class a)

models and one thus expects a significant fraction of multipion decays.

4,3 Non-leptonic Decays

4.3.1. Properties of the non-leptonic Hamiltonian
We will assume that the non-leptonic weak Hamiltonian

has the usual current-current form:
GE bt 4.
%w = Nz (HA H™ + H/' HM ( 9

The hadronic current Hu contains both the usual left-handed
Iu and the new right-handed Ku:
= K ‘
o= Tut 8y 13
I, = PLY, nL(ec) * XL Y, XL(BC)

where Ku is given by (4|) and

n (89 _ cB, >() ()
A/ \.

with 4 the Cabbibo angle. Recall that ydenotes the charm quark used to
implement the GIM mechanism.
As we show in the Appendix, this Hamiltonian decomposes

with respect to SU(4) as:

ywz_,_ ® l55+_2__+_£’ (Q.IS)

Note that, with the modified current, the 15 is now present in HW' contrary
to what happens in the standard GIM model.

We will analyze now the part of HW contributing to the
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charm changing non-leptonic decays. We will designate collectively by
"'charm" the new quantum numbers of the x, v,z quarks and distinguish
v’ Cz' We will analyze separately the two
classes of models mentioned before.

among them by calling Cx’ C

a) Class of models with x=y

We recall that in this class of models,' the ACX= 0. AS= =1

Hamiltonian is given effectively by

K, = SE ot A, @ tsna[EDFABHE)]

Where for convenience we have omitted Lorentz indices, ~ (1“9
and I, R stand for left and right-handed currents, respectively. The first
term5 contributes to AI=1/2 transitions only and is enhanced with respect
to the second term (which contributes both to AI=1/2 and AI=3/2 transitions)
by the Cabbibo factor (sin 9)"1 . The first term is further enhanced by the
large mass of the charmed quark y.

For the study of the decays of the SU(3) triplet of charmed
pseudoscalar mesons D;, Do, F';, we are interested in the ACX=1 part of

X
the Hamiltonian which is:

Cy Cx Cx
%w = %w(f.l.) + %w(eg

X% o ot ER - =o CAOR"

+ 0 s G [6‘- »L(SP)L' @ Q,_(R”)L] (419

vcfj‘@-_- o, (%) (3, + 56 AALHHL
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C
H X
W(LL)
Tts properties were fully discussed in ref.2¢22:23. We will direct our atten-
Cx
tion to the new term HW (RL) which appears in the right-handed current

is present in the standard gauge models with the GIM current.

models of class a).

With respect to SU(3), H.\(/:v. transforms as 8x3 = 3* x 6 X 157,

The states of these representations can be expressed in the basis of quark

current-current products, as follows:

* k
[-':é ],; = H,c‘k |
[_6_]'4 ek Hﬂ. " e“) H; ~ _"L-(sf Hi + Sj Hf‘) (419
I RSN AL XD
where
k , 9 . _
K o(f)ED- S WEY e
with

(% 94,5) =GP )

Thus we find that H Cx can be decomposed as,

W
Cx 22 , 23 33
%W(LQ= _l'T aéec[_é] 4+ o, sin b, [g] + Sin €, [.6] 3“_ (4.29

+ terms belonging to the 15 ’1'{/1 representation
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%C:(Rl) {we [é] + ain G [6_] +—-w9 [3_]
(42)

+ terms belonging to the 15 i/[ representation.
Terms in the SU(3) LS—K/I representation will be discarded hereafter, since

they come from the SU(4) 84. We recall that the 84 contains the SU(3) 27,

which is known to be suppressed in strangeness - changing decays. Note

. C i ©
. .
that the 3* is absent in HW(LL)’ but contributes to HW(RL) .

We analyze now the part of the Hamiltonian contributing

to the decay of the y-type and z-type "charmed" mesons. We obtain:

C
%wj(k') -@ ’Dp Y QLO”BC (7 'D“ G QL%QC (4.22)
4.22

w(gg—— CZDR ('Fn> cenb, 4—(292 ,Dme

These expressions can in turn be decomposed as:

%C] =1 {e»Q [§]u+ sin 6, [é]2.3+ %[3‘]'} +
weEp A ) | RL

(429

- %Gc[ﬁ]'z-r 2 sinb [3“]3 +o
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b) Class of models with y=x
It is apparent that models of this type conform to the

constraints derived in ref. 29 . The AS=+1 Hamiltonian is now given by
S
%W = -—\g'—"' con G s“"‘“9(‘, {(X 7'>R (7‘- "DL"" (XBL(F')L_ (QZ‘D
-(LXZ)L@Z '9,_} +h.c.

We see that the (RL) term, which contributes only to the AI=1/2 transitions.
is also suppressed by sin ec. Thus one has to rely only on a dynamical
enhancement (which, for example, may arise either due to renormalization
group arguments or otherwise ) to explain the AI=1/2 rule. Note that
this right-handed charmed current may appeér in a variety of gauge models,
as for example in those of ref. 6§ ( in some of these models one would have

to do the interchange n =» AR). We are interested here in the charm-changing

R
part of the Hamiltonian. As explained in eq.4.l7, there is a LL and a RL part
in the Hamiltonian, the (LL) term remains unchanged {(See eq.417) and the

"(RL) term is given by:

Cy, 22 . 23 2 o
6.[¢] + ZonE[3 (429
Xw(RL)= _‘.:_{wec [€]7+ st [€) + 2o 2 ]’}m_

Obviously, this coincides with (42) when y is identified with x. The AC_=1

part of the Hamiltonian is now given by:

%fv’;ﬂ) N R N
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which can in turn be decomposed as:

Cx 23 . 33
%W(ﬁl} = -'-'T {c«:@c [é] + sin6, [5.] + 3 onf [3“]'}RL (429

Cz . .
Note that NW(RL) is the same in both classes of models.

4,3.2 Analysis of non-leptonic decays.

4,3.2.1 Class of models with x=y

We will first analyze the various decay modes of D;,D° ,P;.

X
From (9), it is apparent that:
(i) Right-handed currents contribute todC=1 transitions via
both the -(-’—RL and the gﬁL .
(ii) Decay modes which were suppressed by a sinec factor
in the standard GIM model, can now occur through &]ZR]?
without Cabbibo suppression.
We present the tables with the relative rates (apart from phase space factors)
for the decays of D+, D°, P+ into two pseudo-scalars, two vectors, a pseudo-
scalar-vector pair and a baryon-antibaryon pair. Many of these results can
be easily obtained from those of ref.23 by taking into account (i), (ii). How-
ever, for completeness we present all the tables. We will now point out

some of their salient features.

1) Decays of FT,D'.
X' X

+ o+

It is interesting to note that for the decays of F', D" into two pseudo-
sca"lars, the relative rates can be expressed in terms of only two parameters

P, (Q+R) which will be defined in Table Y4, 6 This is due to the fact that the
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contributions of éRL and é—RL enter always in the same combination in P+, D+

decays. We will see that this is no longer true for D° It is easy to see
that the decay characteristics of D* are drastically changed. Recall that
one of the salient features of the GIM current is that it predicts (if one

assumes sextet dominance) no enhanced decays of D+ into two pseudo-scalars.

Based on this fact, it has been argued that for D+

, the semi-leptonic modes
may compete favorably with the non-leptonic ones. It is apparent from Table

(4.3)that this is no longer true for the new current, since there are decays of
D* via the bp1, and 3%. with no Cabbibo suppression.

2) Decays of D;

For the decay of D° into two pseudo-scalars, one can measure separately
the contributions of -éRL and 3% Note for example that D° +K° K° goes only
via —3-91§L and observation of this mode would thus provide a direct measure
of its strength.

Of particular interest for the current search for charm, are the decays of
D°into two charged particles. While in the GIM model, only 1r+K_ is en-
hanced, now the w1 n ", KK decays can go unsuppressed.

We will now analyze the decays of "y" and "z" type charmed mesons.
From expression (4.2 for HV?I{RL) , it is clear that the Cabibbo enhancement
decays of F;, D:;, D; will coincide with those of the F¥ D+, D°in the GIM
scheme. Since the SU(3) structure of the Cabibbo enhanced part for both
Hyr(ry) 34 H\ff{RL)

present a separate table for these.

has the same SU(3) structure. We. therefore. do not

The decay of the z-type charmed mesons are given in Table 45).
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4,3.2.2 Class of models with y¢
‘1) Decays of F7, D}, D°
X ¥ X ’ G
From 4-25 one sees that the Cabbibo enhanced part of HW%(RL)
C . ,
has the same form as HW)SLL) (recall that the LL part of HW is the same in
all models and coincides with that of the CIM scheme) The term in sin ec
is however modified by the presence of [3*]RL . It follows then that as far
as the enhanced non-leptonic decays of y- charmed mesons are concerned .
the predictions of this model coincide with those of the standard model, ex-
cept if the reduced matrix elements of the [3* ]RL are considerably larger than
those of [6]RL IL (i.e. larger enough to compensate the Cabbibo suppression
factor).
2) Decays of rt pt D
X X X
From (14) it is obvious that the decays of P; D; D; can
be obtained from those of Tables 4.2,34 by simply setting P=D=S8=A=a=0.
4.3.3 Implication for Spear Charm Search.
We now analyze the impact of the prediction of right-handed
a7
current models on the Spear charm search. Boyarski et al have looked for
narrow peaks in the invariant mass distribution of various combination of

particles, such as S K+K_,K:F1r*11*.

etc. WNo convincing narrow peaks
were found in the invariant mass distributions and therefore it was possible

to place upper limits for inclusive production cross section times branching
ratio, for various decay modes and mass regions. In order to interpret these
results, one has to make some assumptions about the magnitude of the charmed

particle production cross sections, at /S =4.8 CeV. In making this estima-

tion, one may take two different points of view:

1) The excess of hadronic cross section (o hadronic) above
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the value observed at /S ~3.7 CeV (R™2.5) is all due to charmed particle
production.
2)' The observed excess of the ¢ hadronic is also due to
the production of a heavy lepton, with a cross—-section of about 2.8 nb.
Here, we will assume 1) but the analysis can be easily

repeated for 2). Furthermore, we will assume that the charmed final states
necessarily include one of the pairs ptD~. DoD®. FTF™ and that all these
are produced with equal probability. From the experimental value for R
(R~ 4,83 at /S=4.8 CeV) one deduces that each of these channels has a
cross-section of about 3.14 nb., at /S=4.8CeV. Using table(‘l.f)one easily
obtains the upper-bounds for the various branching ratios. We assume that
the relevant mass region in table(‘l.D is 1.85-2.40 CeV. The most serious
challenge to the GIM current model seems to come from the following upper
limit:

B(D%K w1 <2.9% (4.28)
In the standard GIM model (with the assumption of sextet dominance). the
K_1r+ rate is 1/3 the raté for D% PP. Hence one gets rather low bound.

B(D®+pp) <8.7% (4.2?>
The other upper bounds, relevant to our discussion, are known experimentally
in the following channelsi’:v

B(D%r ) <4.1%

B(DSK'K) <3.8% ¢-39

B(D% wtn” and K'K7) £5.1%
These experimental bounds are not restrictive at all for CIM model. In the
models of class a), however, the above decays are not Cabibbo suppressed,

thus we have to examine what sort of bounds on branching ratios result from
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them.

First, we will show that the bound of (28) becomes less re~-
strictive in the class a) models. For definitenéss, let us assume that only
the sextet is enhanced (the final conclusion does not depend on this assump-
tion in any important way). We will further assume that < 3] 6LHSS>

= <3|j6p;ll 85 >. One sees then from Tabled4 that in the right-handed cur-

ril
rent model the K_1r+ rate is about 1/10 of the rate for D°+PP. Thus one ob-
tains the much less restrictive bound

B(D°+PP) <30% (4'39
Wy, further ‘notice that since K nTgoes only via the 6,y if one assumes
(<3||6RL|| 88»>(<3” 6LL” 84), following renormalization group arguments,
then the bound becomes even less restrictive.

We analyze, now, the significance of the upper-limit (t-29)
for the models of class b). As mentioned earlier. the situation will not dif-
fer significantly from the GIM gcheme, unless if the [3*]RL is substantially
enhanced with respect to the [6JRL. LL" If this enhancement does not take
place, then one gets still a rather low upper-limit for B(D®+PP).

1Let us now examine the significance of the bounds. given
by (439 under variowsassumptions. First, in the case of 3*-dominance .one
obtains:

4 oo .32
B(D®#w w )=B(D®+K'K ) = | /4 (D% PP) (q )

From (430), it follows that
B(D°+PP; 39510.2% @39
On the other hand, if we assume sextet dominance with <3|| 6RL” 8>
g (3l|6 |8g). one gets:
B(D%swtn)=B(D%K 1K) = 1/9 B(D®+PP), (439

And we are led to the much less restrictive bound.

11
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B(D°+PP:6)<23% (4.39
Finally, if we assume equal contributions of all reduced matrix elements.
we find,
B(D°-PP; 3*and 6)$16% (4-39
From the experimental bound
B(DT»k°kh) + B(FT+Rkh) <10% (.37)

and taking into account that (assuming again sextet dominance and

<3| 6LL" 88 >:<3" 6RL” 88> :

B(DT+&°k*H=1/3 B(DT+PP) G.39)

B(FT+& xkM=1/6 B(D+PP) @39
one obtains

B(Ft+PP) + 2B(DT+PP) <60% o

which is not a very restrictive bound.
The upper-limit obtained by Boyarski. et al on B(D+-»ﬁ°-rr+

or K_1r+1'r+

B(DTak%™ or K o'nh) <7.2% b.4)
does not present any serious difficulty. The point is that these decay modes
are not supposed to be enhanced either in the GIM model or in the present
right-handed current :models. |

Finally we note that if we assume that a heavy lepton is

already contributing to o@madronic) all the bounds become somewhat less

restrictive.

4,4 Concluding Remarks

We have alalyzed the various decays of the charmed mesons in the

framework of R.H.C.C. For the case of purely leptonic decays. we pointed
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out that they allow an easy distinction between the CIM model and each
one of the models with R,H.C.C. Our discussion of purely leptonic decays
is of little practical interest if fD=fF=fTr' since under this assumption these

24 than the non-leptonic ones

decays are expected to have much slower rate
However, if the leptonic decays are enhanced, as suggested in Ref. 25 our
discussion becomes relevant.

For the non-leptonic decays we have pointed out that when the cur-
rent (>_<n)R is present there are decays of D+ unsuppressed by the Cabbibo
factor, and thus we expect the non-leptonic decays of D' to dominate over
the semi-leptonic ones. With respect to the results of the Spear Charm search
we have shown that the new current (;(n)R can accomodate the upper limit set
for B (D°-»K_1r+). In general, one notices that in models of class a) there are
many more enhanced decays (each one with small branching ratio) than in the

CIM case. This has implications for the current search for charm. since it

makes the detection of a charmed particle somewhat more difficult.
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2

ode Mass Region (GeV/c“)
hecay m 1.50-1.85 1.85-2.40 2,40-4.00
-t Kkt 0.25 0.18 0.08
§°12f+f;§ 0.57 0.40 0.29
St 0.13 0.13 0.09
ktk- 0.23 0.12 0.10
K rtmt and KTt 0.51 0.49 0.19
ket ard kST 0.26 0.27 0.09
K K" amd k;k_ 0.54 0.33 0.09
rrrert and THRTTS 0.48 0.38 0.18
K% 7t Fowtnand kv?r- | 1,16 0.90 0.58
ktie- 'a.d wrwe 0.23 0.16 0.15
kiwt 7t Fextand 7% 0,64 0.51 0.30
Kok, Kokt ad T | 110 0.76 0.29

TABLE‘I;’LLa,rgest upper limits at the 90% confidence level for inclusive
production cross section times branching ratio.., in nanobarns, for
various mass regions. (From A. Boyarski et al Phys. Rev. Lett. 3 196

(1975) .
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TABLE 46

TABLE FOR_REDUCED fLATRIX ELEMENTS

P,as<3|]6LL|]8

S>6°P YV

Q,8=<3| |6, ||8S P

WL

R',y'=<3 3 1>

D,D'=<3||6 [|10>

LL,RL ®V,BE|

s,s'=<3|[6.. _ ]|8.>

LL,RL! 1 ®s7PV,BB

5"=<3] |34, | |8s??v,5§

A,A'=<3] |6 |8

LL,RL''"A @v BB|

A"=<3||3 ||8A0V -

8'"=<3] 35, | 113y, 58
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TaBLE 4.2

RELATIVE DECAY RATES OF F+

PP Fho> oy ooy ¥ o> BB
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Chapter V

Structure of the AS=1 non-leptonic Hamiltonian

5.1 Introductory Remarks

. As we have seen the new right-handed currents couple the light
quarks with the heavy quarks and this has interesting consequences for
the semi-leptonic and non-leptonic decays of the new charmed particles.
As far as the usual non-charmed particles are concerned, their semi-leptonic
decays are obviously unaffected by the new currents. However, the structure
of the AS=1 non-leptonic Hamiltonian is drastically changed. It is then per-
tinent to ask if these changes are compatible with constraints derived from
presently available data. At this point it is important to emphasize that in
the standard model there are some experimental facts, for which one does
not find any convincing justifications, such as the AI=% rule for non-leptonic
decays, the relative size of the s and p waves in hypefon decays, efc. Con-
straints on the structure of the AS=1 non-leptonic Hamiltonian. may come
from various areas:

a) AI=3rule

As we have mentioned, the revival of interest in right-handed

currents, was in great part due to the work of De Rujula, Ciorgi and Clashow
who have pointed out that the Mbha patra charmed current (;<n)R provides an
elegant explanation for the observed enhancement of the non-leptonic decays.
and the well satisfied Al=% rule.

b) K.-2mw decays

s
It is well known that in the standard model. the decay Ks +2m,

one of the fastest known weak decays, is forbidden in the limit of exact SU(3)

- 67 -
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symmetry. Recall that this is a consequence of the fact that the parity
violating part of the 4S=1 effective Hamiltonian transforms as ké. This

apparent puzzle is solved in models with R.H.C.C., since for these models:

AS=|

(%] ~ Ay

and the decay K-+2w is no longer forbidden.

c) Radiative hyperon decays

The study of two body radiative decays such as Z+-» Py,
'-'-_--» 5y provide interesting information about the AS=1 effective Hamil-

tonian (R(efi.:l). It can be easily shown that in the standard model. the U
spin transformation properties of.;'z[g?;l are such that the parity violating
part of the amplitudes forXZ *a Py, E.--’Z'y should vanish in the limit of U
spin symmetry. This implies a vanishing asymmetry parameter a, in dis-
agreement with the experimental value ax -1. Even if one allows for U-
spin breaking effects, a detailed analysis suggests a rather small asym-
metry parameter, in the framework of the standard model. On the other hand,
models with the right-handed current (Xn)p predict a = -1 and are thus fa-
vored by present experimentsz 8

e) A I=3/2 effects in K meson decays.

It has been pointed out by Colowich and Holstein that the
study of the AI=3/2 amplitude in K-+3w does not favor models with a right-
handed current of the (5( n)R type. It must, however, be stressed that this
is a small effect as compared to the enhanced Al=%amplitudes. and that
the conclusions of ref. 24 may be substantially changed if : a) the final

state interactions in K-3w turn out to be important. b)there is a signifi-

cant part of the A I=3/2 weak Hamiltonian coming from either (i) the

- 68 -
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electromagnetic interactions or (ii) from the Higg's sector of the complete
gauge theory Lagrangian. In particular, one can show in the context of a
simple SU(2) x U(1) model with right-handed currents . that it is possible
to have a large AI=3/2 piece in the effective weak Hamiltonian. coming
from the Higg's sector. This introduces mixed chiral structures into & 3/2
and invalidates the conclusions of ref. 29
f) Non-leptonic hyperon decays

The study of s and p wave amplitudes in hyperon decays
provides another important test on the structure of Aﬁesff:l . In this chapter
we will analyze this question in some detail and. in particular. we will

show that there is no conflict between the new current (5( n)R and the exper-

imental value for the hyperon s and p wave amplitudes.

5.2 Evaluation of the Non-leptonic Hyperon Amplitudes

There exist various competing schemes for the study of the non-
leptonic decays of hyperonsz? One scheme. based on current algebra. PCAC
and soft-pion extrapolation provides a good description of the hyperon s-
wave ampli’cudes3 ' but fares rather badly in predicting correct magnitudes
when applied to p~wave amplitudegz.'ssAnother approach consists of assuming
K* dominance and is able to give a good fit for the s-wave amplitude. Sirce
the K* amplitude vanishes in the soft-pion limit, while it may give a signi-
ficant contribution to a physical pion, one is then faced with a somewhat
ambiguous situation, in which two independent terms provide separately a
good fit for the s-wave amplitude. It is then not clear if one should take into

account simultaneously these two contributions. and if one did that. what

their relative magnitude should be.

- 69 -
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Corrections to the standard current algebra contribution have been
considered by various authors. In particular, Pati and Kumar have shown

that by taking into account SU(3) breaking effects in mass one is able to

35
improve the fit of the p-wave amplitudes. Using a different approach. Okubo

has shown that corrections to the s-wave amplitude have the same form as
the K* contribution.

In our analysis, we will take the point of view that one should
consider both the current algebra and K* contributions (or K*-like corrections
arising from Okubo's approach) in evaluating the hyperon s-wave amplitudes
The relative magnitude of these two contributions will however be kept as a
free parameter.

In models with the (;(n)R current the effective'non-leptonic weak

Hamiltonian can be written:

4s:1

AS: | 85=1
Ty = [a], ol

where
4s=1{
7(;” = sinfom B | G A K)(FLEA) ~ FLEII(ELY) +hec.
LL
AS:=|
[7( _ wec[(sgzr,xa(xag.)pu.c] |
RL

-70-
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The LL part of the Hamiltonian is already present in the standard model and
contributes both to the AI=2and A I=3/2 transitions. The RL part is the

new term which is not Cabbibo supressed and it contributes only to AI=%

.C. v
transitions. It can be easily seen from ( ) that [‘}fi“] and [7(‘:“ JRL
RL

transform respectively as the 6th and 7th components of an octet. This is

to be contrasted with the standard model, in which both the parity violating

and parity conserving parts of [7(,“] transform as 7\6.
LL

The amplitude for the decay:

B; () — Be(k) +T:® 69

can be written:

T @ (B0 T | M) B

—w() <A4'jk+ szk&)u@ 9

where A and B are the S and P wave amplitudes, respectively. Using the

low energy theorem for soft pions, one obtains:

| ijk N L
: T =_%<Bk][ﬁ,nw(°ﬂ]83>+%,é:%k M,.Jk (53

-y O

where

i)k <akx

M~ - oqu e <Bk)[A:("), Hw(°)],5j>9(x°) G-

’.
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Following the usual procedure. we separate the baryon-pole contribution.

from the rest of the amplitude:
ik <jk ijk
T% = 87%6) + R7® S
ijk

where B IR is the baryon pole term. It follows then that:

fim R"___-<BKI[E,H])BJ>+L” mreuye”

k-—bo .-'o 7r

)

The usual soft-pion approximation consists of assuming that R”k

(X)
is a slowly varying function of X. so that its physical va lue may be replaced
by Rijk(o) . We will, however, keep the K* contribution. since it vanishes

in the soft-pion limit, while it can give a significant contribution for a physical

pion. One thus obtains:

T»}k(k k -m> ~ ____<3k”} (), H, (o)] IBJ>+ k +

. N .9
AR A )k
R e

0

The first two terms in (59) contribute to the s-wave amplitude. while
the p~wave will be assumed to receive only contribution from the last two

AS:)
terms. Noting that ( "ﬁ] . the commutator term can be
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easily evaluated by using the relation:
X £, A 619
<! RL}| =~ £ ' ARL '

The K* contribution is easily evaluated and one finds
dijk
K N, (e + 5 AI,‘) (m-m) E@ul, (9
where )\ measures the overall strength of the K*-w transition amplitude and
d', f' refer to the coupling of K* with the baryons (f'+d'=1). The K*-=

transition Lagrangian is chosen to be of Af 9,\ Pivj type since the parity

7ij
violating amplitudes transform like V7 in models with R.H,C.C,

The last two terms in (5.9) can be evaluated by assuming SU(3) in-
variance for the meson-baryon vertex and the generalized Coldberg-Treinman

relation:

\,EI ) i (,,. +m> (5.12)

?A)k

The following resu'lts are then obtained for the s and p waves:

A) gt (o439~ B -0 (+4r)

A= A (F-D+ -z.*—(z-@(f--%i-) “
'F'll'

A(Z)=°
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AG) - E0-0- T (- £

A(E)= gl G-+ B2 E-H(- %)

B (") = @30\.,.@[;:&@{;‘9 (zz-dﬁ(g?&}

B(Z,)= g b+3) [é?é‘f 3 ¥ @Z.F@%_ZFL]

+ +D J. -
w0 s ]

B(2)= 1 <”*Z)[T§E sgp-:}?io]

_- Al GF-DE-D 24
3(2)- F # GO <--z)<z+A>]'

2-

whére the particle symbols denote the corresponding masses. f and d refer
to the meson-baryon coupling constants and F.D refer to the couplings of

H... to the baryons. The best fit to the experimental amplitudes is obtained

W
for: ’
F= 33 xlo-s MeV —%—: .78 ; %:—-.25
69
D 8 A= —95x16 Mey™'
F j == 7o eV
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The agreement with experiment is very good as one can see from the results

of the best fit presented in Table 5.1

Table 5.1

Best fit solution to s and p wave amplitudes

Decay process : A B
theory experiment theory experiment
>- 2.1 1.89%.03 -0 8 -0.72%.01
Z: -1.5 -1.53+.14 10.3 11.52+1.85
2‘.:'. 0 0 13.9 19.07%.34
NS 1.6 1.53+.02 9.1 10.5 £.33
= -1.8 -2.07%.02 4.4 6.68+ 70

One sees that our best fit seems to require a value of X which is about three
times larger than what one usually assumes 34. Note that X is essentially an
arbitrary parameter whose value can be estimated by assuming that the entire
KS-P21T amplitude arises out of it. In R.H.C.C. models, however, this
assumption is no longer valid because the K* contribution vanishes in the

SU(3) limit. whereas K 27 does not vanish in that limit. Thus X is es-

S
sentially unconstrained in our case.
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5.3 The Possible Role of the Higgs Scalars

—

Note that in models with the new current %R b:‘. ng the

following commutation relations hold:

AI.-i— AI:%

[Es; %w"""" E/Ww + FA'.I%W

Golowich and Holstein29 have pointed out that these commutation rela~
tions are in conflict with the observed A 1=3/2 effects in K—3m. Their
analysis is based on current algebra methods and on the assumption of
the validity of a linear expansion in energy for K=+ 37 amplitudes.

We would like to point out here that since A I=3/2 transitions
are small, they can be easily affected by other small effects. such as
the ones coming from the Higgs part of the Lagrangian. For definiteness,
we will work in the framework of a simple SU(2) x U(1) model4.' Tn order

to give mass to all quarks. one needs the follwing Higgs scalars:

—+ o+
o o

T°+i T, ! L
-

The non-vanishing vacuum expectation values are:

<o’T,°,o>= k <o'1r°lo>=€

The most general Higgs potential. consistent with renormalizability and

gauge invariance is:

-7 -
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2

=W TT-h (7*7?24“ T TGS -

iD“‘W

+F T*'Z"Tv—; + F'(Ll’f'a(-'r'r'.v'@

Diagonalizing the mass matrix, one obtains the following two eigenstates

for the charged sector:

+
G-== ' k'Ti- .+J
€+ [ cr

+ * t
g [T

G~ are Coldstone bosons and are absorbed as longitudinal components of
+

+
W™, H are physical charged scalars whose mass is given by:

(s. @

+

"'2,.,1‘ =\Z -Jec—(ez-a- k? (519
In the neutral sector, one can easily verify that T(Z) is a Coldstone boson
which will be absorbed by the longitudinal component of the neutral vector
boson Z. There will be still two physical neutral Higgs bosons which
can be expressed as','
N'O = oo a( t'o + S“:‘\‘ko
G.19

N: = — Sink tlo + comot p°
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22
where tana = -&CPZ—"ZLB— . and with t; , D .defined by:
2t ke
°
T;og K+,
T°= ¢+ Po

The neutral Higgs scalars couple to n,\ quarks, and may contribute to

A S=2 transitions like:

Ny Nz

[ T T Y

fig 5.1
One can avoid any possible conflict with the experimental size of A S=2
transitions either by postulating that the masses of Nl , N‘2 are very high
or by eliminating these couplings by an appropriate choice of the parameters
of the theory.

We are interested here in the contributions of the physical scalars

i
H , to the effective A S=1 weak lLagrangian. If the masses of H are of

s + A3=1
order of a few CeV. then the contribution of H to off . illustrated

in fig. 5.2

X

fig 5.2
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can be of order

AS: |

ioj“ L . [(‘h‘,_ P (ke M) +]
gy

With the contribution of this new term, commutation relations (515) no

longer hold and thus, the conclusions of Ref, 29 are no longer valid.
We do not wish to imply that the Higgs scalars I-Ii necessarily

exist. The point we want to emphasize is that AI=3/2 transitions,being

a small effect, can be easily affected by the contributions of other

interactions, the Higgs scalars contribution being just an example.
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Chapter VI .

Summary and Conclusions

We have analysed the various implications of the introduction of
R.H.C.C. in models of weak interactions. Particular attention was given
to the compatibility of the new current with constraints derived from the
known low energy weak interactions. We have also investigated the
predictions of these models for new phenomena, contrasting them with
the standard Weinberg model. In chapter III, it was shown that there
is no conflict between the new current ('in)R and the smallness of KL—KS
mass difference. In chapter IV, the hyperon decays were analysed and a
good fit was obtained for both s and p waves.

With respect to low energy phenomenology, one is confronted with
the following situation:

One class of models (namely those with the Mohapatra charmed
current (:5(.. n)R ) is able to account forfirst order processes (AT = "!27
non-leptonic decays) but fails (in the framework an unjustified
approximation) to explain second order processes (namely the
smallness of KL,- KS mass difference).

On the other hand, another theory (the standard model) fails to explain
first order phenomena (non-leptonic decays) but can (in an unjustified appro-
ximation) account for second order processes. Simple logic leads us to
prefer the models with R.H. Cc.C.

As we have emphasized in chapter IV, the crucial test for
models with R.H.C.C., will be the analysis of the various decays of

particles carrying net charm. Until these particles are found, it would
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+
be of great interest to obtain more accurate measurements for the Z
radiative decays, which at present rule out the standard model and

favor models with the current ('x' rDR .
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Appendix I AS=2

Evaluation of [;e e ff] LR

We define the S matrix operator as:

S. T [,i, SJ-"x fI (")] (ALD |

b = %{'& ¥ AR r® + 7 Y, -g—(n-n)x} W ehe.  (A12)

The contribution of fig. 2 is then:

4 - <
S‘, = .._g— Co-:zecjdf'x' J.qx,_ J."x, Aqxq )| CID g [7;_‘ (“‘ X5>,€SF (- %2 'miax'z"('"f)J"("z)

:\.@:QXF [-;- (1+39 4 S¢ (’"I”"""?ny'z"("@]"(xg (A 1.9

This integral can be easily evaluated in momentum space. Ne-
glecting the external momenta with respect to the internal momentum, one

is led to the following integral:

. r 3
A ] My, _2

1
Ak =
(217)"5 Q‘z_ m;;+.<'£)z (kz— m:,-u'gz 16w2 m;', mxi

where we assumed m\ZN ))m‘:‘( . Going then back to configuration space

R

and using the relation:
« mel ol
¥ =g -4io” A(1-5)
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one finally obtains

.4 2 2z 2
S, = Lo b Ln(_h_ﬂ#_z T
128 T* m "x

w9

2
~ i6F mX 2¢;9£n_@_u__>:l:
VT 47 \"wein By ¢ "y

where

I - Sal"x {Q-X -;-(l—b’s)nx é—(l"b} n +
419

(l )’) ,\a-.n_(, X)n+l|c

"'" ,wz
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AppendixII

We give here the decomposition of %W into irreducible representations

of SU(4). Let ﬂrd be the basis for the fundamental representation of SU(4) with

?O(E (%,k,n,A) : @29

One can then construct the second-rank tensor:

£
T 9 s - o (7 7I> “29
The non-leptonic weak Hamiltonian is given by:

w_._.__(HH +H H) (A2

the identification:

where H = J; " k, (A‘Z'ID

"
with J, given by (41). We will consider here the case in which K, = 733,."52

One can then write: ,3
H}A=A«p TL«"'A,B (3 @25)

o C _Sfin\ec w@c
_ ith C-=
A= (o o) M ( a8 %

and . A(z&)

A'_-: o M / Lt M:(' O)
o) (o) o O
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The non-leptonic weak Hamiltonian can then be written:

Ly =| Al Aars{ Lo 1 T }*‘ {1}5, Ty ) *
@2

+ AJﬁA';‘{ L«:Tky} + A AD’S { R /1L SJ}

From (A25) we see that the current H',_ is a sum of elements of the 15~-dimen-
sional representation of SU(4). The symmetric and antisymmetric 15 repre-

sentation are expressed in terms of TS as:

429
¥ 4 P, ¥_§
[’5.9]F— T; T, + ET;“zL e (75 Ty

In order to obtain the decomposition of '7(,,, one has thus to evaluate

the direct product of 15 x 15. One obtains in general:
15015 _ J o5, @154 020 045 045”084 (29

Or in terms of Young diagrams:

® 2 &

I\
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§

One has now to express{Tof ,TJ} in terms of irreducible representations

of SU(4). Using (22). (Azg) and taking into account that:

¥ ¥ ¥ _P _B_Y P ooy
[zo] = T T - T, TSF * T Te= T Tx"EL{SXIESJJ

¥
- S: [Es]i - 55 [.’_55]: + [— ]5} {S Sb'__ Ss Sj}@;{\ﬂf)
(/4.2.9

P
[84] (T T +T, T£F+ 7}’7‘5 + T, P a)___{s [LSJ +

Y et sV s 6 )
+S§[ESL+ SS[ESJ+S°£ [L'st}_Té- 3, 5:'*5 }(TETf)

one easily arrives at:

¥ Py
(f 7 -z ol 00+ 2Rl 9

& 15

¥ g y ¥ B | O F
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Finally, the decomposition of 7(“, is obtained by substituting (42 in (429) .
We will first consider the contribution of the 15s. since it is in this
respect that the models with R.H.C.C. differ drasticaily from the CIM
model. We show next that the 15s is absent in the standard model.

From (A9 and (27) one obtains:
s[5 [+ Gam ey m e o Aiﬁ] e

The first term vanishes, since A is traceless and the second term also
vanishes due to the fact that A A } Thus one
sees that the 15s is not contamed in weak non leptomc Hamiltonian of
the standard model. However, when the R.H.C.C. Rb:-nk is present

this is no longer true and one obtains:

.%W = -l%- ['L]LL * [—"]RR - %9[1-’1.2 - 36 ['L]RL +

8
+A, ArI[“] +

+ ps
+ ‘9',‘ Ap A § [Q]LL«&D’ * A A ]“ <¥ LRy

Y

5 (A2.)
t [ZOJ | Samt will 20« 84| +

!
v A RLoLY

oL AJS
c 4l el 144, [s.];, +{a] L],
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The derivation can be repeated for models of class b) with the same final

result, apart from an obvious modification in M. In both class -of models the

contribution of the 15s is non-vanishing, essentialy due to the fact that

{A" Aﬂ} 7 Saqz '
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