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We analyze the two-body weak nonleptonic decays of “charmed” pseudoscalar mesons to normal hadrons, in
models with the most general structure for the right-handed currents. The structure of the left-handed part of
the current is chosen in accordance with the Glashow-Iliopoulos-Maiani mechanism. Implications for the

SPEAR charm search are analyzed.

I. INTRODUCTION

The need for the introduction of one more degree
of freedom?! in hadronic physics was first sug-
gested in the study of weak interactions in con-
nection with the suppression of AS=1 neutral cur-
rents. Although many interpretations have been
advanced for the newly discovered resonances,?
one of the most common beliefs is that they con-
firm this need for a new quantum number (charm)
in the description of strong interactions. A direct
confirmation of the charm scheme would be the
discovery of particles carrying net charm.®? A
detailed study of 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 interactions are concerned, of particular
interest is the question of how they break the new
symmetry of the strong interactions. The study
of the decay characteristics of the charmed had-
rons 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 decays have been done assuming a par-
ticular structure® for the weak interactions of
these particles, namely, the one indicated by the
Glashow-Iliopoulos-Maiani (GIM) charmed cur-
rent. However, as 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 ques-
tions. One alternative to the GIM current con-

sists of adding a right-handed charm-changing
current. This was suggested by one of us some
time ago in connection with a unified gauge model
of weak and electromagnetic interactions with
CP violation.®'®

These currents, which have been extensively
discussed in recent literature,'® are generally
of the type

Ku =§R7umR+§R7uAR +(FRYMZR+ ttty, (1)

where @ 5, Ny, Az are the right-handed @, N, A
quarks, and X, yg, 2z stand for right-handed
quarks, each one of them carrying a new quantum
number conserved by the strong interactions. The
dots stand for other currents, not containing any
of the quarks ®,J, A. Either x or y will coincide
with the charmed quark x, used to implement

the GIM mechanism. In the case where x coincides
with the charmed quark x, an elegant explanation
for the observed enhancement of weak nonleptonic
decays (with AC =0, AI=3) seems to emerge.®
Whether such a mechanism is viable from the
experimental point of view has recently been
questioned by Golowich and Holstein.!* Our con-
siderations here will not be dependent on this
argument and will focus on the weak nonleptonic
decays of the pseudoscalar bound states of each

of the x, y, z quarks with the three SU(3) quarks
®,9, . We call these bound states DP (x®),

D} (xX), F}(xX), and similarly for y, z. It has

in fact been recently suggested that the x, y quarks
may indeed be degenerate.!? It is clear that either
DY, D}, F; or IS, D;, F, will coincide with the

D’s and F’s of Ref. 4. As far as the decays of

the charmed pseudoscalar mesons are concerned,
one has two classes of models corresponding to
the choices (a) x=x and (b) y=x. We will deal
separately with the two cases, pointing out in
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detail their implications to the nonleptonic decays
of the charmed mesons D%, D, F}, (where a =x
or y) and D}, D;, F3.

The plan of this paper is as follows. In
Sec. II we analyze the properties of the nonlep-
tonic Hamiltonian. In Sec. III we make a detailed
analysis of various decay channels of the charmed
pseudoscalar mesons. We will assume exact
SU(3) symmetry throughout. Although it remains
to be seen if this is a reliable approximation, we
assume that possible corrections due to SU(3)
symmetry breaking will be small enough not to
alter substantially our general conclusions. In
Sec. IV we discuss our results in view of the re-
cent data from the SPEAR charm search. Boyar-
ski et al.? have searched for inclusive production
of charmed mesons by looking for narrow peaks
in various invariant-mass distributions in which
charmed mesons might be found. Using their
results, one can deduce upper limits for the
branching ratio of different decay modes of IF,
D', F*. The implications of these upper limits
have been analyzed!? in the context of the “ortho-
dox” theory of weak nonleptonic decays of
charmed particles. In particular, it has been
pointed out that the experimental upper bound
B(D°-K"1%)<2.9% implies B(D°~2 pseudoscalars)
<8.6%. This in turn would mean that about 90%
of the nonleptonic decays of D° are to three or
more particles, in apparent contradiction with
the observed charged-particle multiplicity. We
will show how this difficulty can be avoided in
the modified charmed current models.

II. PROPERTIES OF THE NONLEPTONIC HAMILTONIAN

We will assume that the nonleptonic weak Ham-
iltonian has the usual current-current form

3oy = & (H HTH L HHY). (2)

The hadronic current H, contains both the usual
left-handed current J, and the new right-handed
current K :

Hp =Ju +K,,
Jp =§L7pm(€C)L +YLY;1)\(6C)L;
where K, is given by (1) and
N(6.) Q( cosf; sinf. (m)
ArMO.))  \~sinb; cosbc/\X /)’
with 6. the Cabibbo angle, and y =(1¥v,). Re-
call that the x denotes the charm quark used to
implement the GIM mechanism.

This Hamiltonian decomposes with respect to
SU(4) as

(3)

Hw=1+155+20+84.

Note that with the modified current the 15 is now
present in 3¢,,, contrary to what happens in the
standard GIM model.

We will analyze now the part of i€, contributing
to the charm-changing nonleptonic decays. We
will designate collectively by “charm” the new
quantum numbers of the x, y, z quarks and dis-
tinguish among them by referring to C,,C,,C,.
We will analyze separately the two elasses of
models mentioned before.

A. Class (a) of models with x =x

We recall that in this class of models, the
AC, =0, AS=zx1 Hamiltonian is given effectively
by

ey = %{cos (%) (XT)x
+Cco80¢ s'mGC[ (X‘?)L(m)z. - (XX)LG(W)L]} ,
(4)

where for convenience we have omitted Lorentz
indices, and L, R stand for left- and right-handed
currents, respectively. The first term® contrib-
utes to AI =3 transitions only aad is enhanced with
respect to the second term (which contributes
both to AI=% and A= 3 transitions) by the Cabibbo
factor (sin6)™'. The first term is further en-
hanced by the large mass of the charmed quark

X-
For the study of the decays of the SU(3) triplet
of charmed pseudoscalar mesons Dy, D}, F,, we
are interested in the AC, =1 part of the Hamilto-
nian which is

chx =3€32‘u> +3€»CVE(RL) ’
150z, = 08265 (), (R@), - sin®65(XN), (),
+cos 8¢ sinbc[ (Y1), (), - (XN, (F), ],
5)
3¢ Wher) = C0S B (XH) (RE),, +5in 0o (XN AP), .

:K’,E,E‘L 1) is present in the stardard gauge models
with the GIM current. Its properties were fully
discussed in Refs. 4, 5, and 6. We will direct
our attention to the new term Jcﬁf‘u) which ap-
pears in the right-handed current models of class
(a).

With respect to SU(3), 3§ transforms as
8®3=3*®6®15%. The states of these represent-
ations can be expressed in the basis of quark
current-current products, as
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[2 ];—H';’k,
[6]% =€ H};+ e HE, (6)
[15 ul by =HY; +Hj, = 3(0F H}y + 8} HY),
where
H};=(q9"q;)(Xq;) - 3% (a’ q;)(xa;), (7
with

(X 915 925 95) = (X, @, ;, X).
Thus we find that JCf,X can be decomposed as
Hwsz) =41 0826, 6]% +cosby sin6g[ 6]
+ Sinzec[ﬁ]ss}LL
+terms belonging to the 15% representation,
(8)

3(33/((51,) =%{C°59c[§]23 + sin@c[§]33 + %COSGC[3*]1}RL

+terms belonging to the 15} representation.

9)

Terms in the SU(3) 15% 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 strange-
ness-changing decays. Note that the 3* is absent
in 3¢ §(, 1) but contributes to 3¢ §x; ).

We analyze now the part of the Hamiltonian
contributing to the decay of the y-type and z-type
“charmed” mesons. We obtain

c we Vs - £V s
chfRL) = (Y1) (P, cos b + (YA)g (AP), sinb,,

Kgir) = (Z0)R(@N), cosbe + (ZR)R(EN), sinbs.  (10)

These expressions can in turn be composed as
J(:f,’(m) =i{00390[§]zz+ sin6c[6]*
+38in6[3*) fpr +° 0,

(11)
Jc(v:/fRL) =4l{00590[§]13+ %COéec[é*]z

- sinfg[ 6] + 3sinbc[ 3% )3} pp + -

B. Class (b) of models with y=x

It is apparent that models of this type conform
to the constraints derived in Ref. 11. The AS=x1
Hamiltonian is now given by

16 = T 080 sinbol (VR(RM), + (), @),

- (x) M) ]+Hee. (12)

We see that the (RL) term, which contributes
only to the AI=3 transitions, is also suppressed
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by sinf.. Thus one has to rely only on a dynamic-
al enhancement (which, for example, may arise
either due to renormalization-group arguments'*
or otherwise'®) to explain the AI=3 rule. Note
that this right-handed charmed current may ap-
pear in a variety of gauge models, as for example
in those of Ref. 9 (in some of these models one
would have to make the interchange M, —2Xz). We
are interested here in the charm-changing part
of the Hamiltonian. As explained in Eq. (5), there
is an LL and an RL part in the Hamiltonian, the
(LL) term remains unchanged [ see Eq. (5)], and
the (RL) term is given by

HCotery =1 {cos6c[6]% + sin6c[ 6]

(13)

Obviously, this coincides with (11). The AC, =1
part of the Hamiltonian is now given by

i) = (X)), cosbe

+3sinfc[3%]), )z

+ (@#N) 5 (@), siné,,
which can in turn be decomposed as

JCCWfRL) =i{cos€c[§]23 +Si09c[§_]33

(14)

+3$cosbc[3*],} ps-

Note that .’}CCWfRL) is the same in both classes of
models.

III. NONLEPTONIC DECAYS
A. Class (a) of models with x =y

We will first analyze the various decay modes
of D}, D%, F,. From (9), it is apparent that

(i) right-handed currents contribute to C=1
transitions via both the 65, and the 3%;;

(ii) decay modes which were suppressed by a
sinf, factor in the standard GIM model can now
occur through [ 6]%; without Cabibbo suppression.

We present the tables with the relative rates
(apart from phase-space factors) for the decays
of D*, D°, F* into two pseudoscalars, two vectors,
a pseudoscalar-vector pair, and a baryon-anti-
baryon pair. Many of these results can be easily
obtained from those of Ref. 6 by taking into ac-
count (i) and (ii). However, for completeness

we present all the tables. We will now point out
some of their salient features.

1. Decays of F;, D}. It is interesting to note
that for the decays of F*, D" into two pseudo-
scalars, the relative rates can be expressed in
terms of only two parameters P, (@ +R) which
will be defined in Table V. This is due to the
fact that the contributions of 6, and 3 , enter
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TABLE L. Relative decay rates of F*.
F* —PP Ft—VV F* —VV F* —~BB
costd |P|* x cos' |a|? x cosig x costy x
2 _
LA ‘%‘ pTw % m™w I-\/,—Q_ﬁsl A %13D+2512
K*E° 1 K* K0 4 2 z+E0  Lp-24)?
D 2 -
LA % *p? Iﬁ“ﬁ“l, A+ Llisp-2s)?
0 1p_o4a)?
cos® |@+R|%x cos?6 [B+y|? x ™ |D|? 2 3Ip-24]
1 2 pn |ID-Ss+A[*
K*n' 4 K*tg 1 np* 118D -29)| _
? 3 00+ LD =242 E05F D+ S+A|
K 1 K0+ 3 p 2
TOK* 1 K+t 0 4 K'Ex [D-s+4? cos?f x
KOK* 2 -
K*yg & K+ w -é- K (D+S+4) pZ0 %lzp'-s’—s”
7’ p* %|S|2 __AI_AIllz
A ilep’ -5 -5"
cos®6 » b sl_Ar_Aulz
K'w LoD’ -5 -s" A -Ar) IOE* lleD'+S5'+S”
’ rr|2
K*p® 12D’ + 8 +8"+ AT+ AV -4 -4
AE* LleD'+S +S"
+ ’_ - ’ Zar 3
K*¢ |2D" — 8" — 8" + A’ + A" | +347+ 342
0 1
mOK** 'Z‘IZD"\‘S"*'S"—A'—A"IZ S0 |-2D" - &' - &’
nK*+ %IGD'+S'+S"'+3A'+3A”IZ +AI+AIII2
KX |-2D' — & — 87 + AT+ A |2 nZ* 2D’ -8 -8"
’ 1|2
Kp* |2D' =8 -8 - A" - A"|? -A -4
n' Kx* %Isws“[?

always in the same combination in F*, D" decays.
We will see that this is no longer true for I°. 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 pseudoscalars.
Based on this fact, it has been argued that for
D", the semileptonic modes may compete favor-
ably with the nonleptonic ones. It is apparent
from Table II that this is no longer true for the
new current, since there are decays of D' via
the 6 5, and 3 #; with no Cabibbo suppression.

2. Decays of If. For the decay of D° into two
pseudoscalars, one can measure separately the
contributions of 6 5, and 3 #,. Note for example
that D°~K °K° goes only via 3 %, 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 I° into two charged
particles. While in the GIM model only 7" K~ is

enhanced, nowthe 7°7~, K"K~ decays can go un-
suppressed.

We will now analyze the decays of “y” and “z”
type charmed mesons. From expression (11) for
SCfva L), it is clear that the Cabibbo enhancement
decays of Fy, Dy, DP 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
3y, and J(Zf;,{m) has the same SU(3) structure.
We, therefore, do not present a separate table
for these.

The decays of the z-type charmed mesons are
given in Table IV.

B. Class (b) of models with y =x

1. Decays of Fy, Dy, D). From (13) one sees
that the Cabibbo enhanced part of 3¢5, , has the
same form as ¥y, (recall that the LL part
of 3¢, is the same in all models and coincides
with that of the GIM scheme). The term in sin6,
is, however, modified by the presence of [3*] ;.



684

Relative decay rates of D*.

TABLE II.

D* —BB

D* — PV

Dt —=VV

D* —-PP

cosff x

cosio x

cos® |(B+7Y) +sinfa|? x

cos?0 [(Q + R) + singP|? X

|3D|?

Z0z+

|3D|?

K0p+

~Njen

~<jo

7r+ nl

K*K°

nty

|3D]?

z*n

|3D]?

7t K+

-+

K+ KO

-+
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2IDI+AI+AIIIZ

>0E+

P

2|3D’ +5'+ 8|

np*

2D + '+ 87 —A" - 472

219! +A’ +AIIIZ

it

| o o

BRANCO,
X T o
== = v o
w0, o+ W
Q < +
S Y
. + W
T s+
+‘%h
A L3
N o cfes
oy
N N <

X
> o =
g I %W
° < 4+
J
)
T 4+
= F o
AR L
<t N N
e a 3
+ o+ o+
E & &

X

3

53

£

w

+
3—1“”

K

£

9]

e

sin% |Q + sindP|% x

Kxt¢

<o

Ky’

K*0p+

Kxtp

K¥'w

- o IS

K7t

Krq0

Ky

|-2D" + 8 +S" + A’ + A" |2

|2D' + 8 +8" - A" — A" |2

K*0

Kt K*

|_2Dl +8' +8" + A +Anlz
4ls' 52

KK+

n’ p*

It follows then that as far as the enhanced non-
leptonic decays of x-charmed mesons are con-
cerned, the predictions of this model coincide
with those of the standard model, except if the
reduced matrix elements of the [3*],, are con-
siderably larger than those of [6] 5, .. (i.e.,
larger enough to compensate the Cabibbo sup-
pression factor).

2. Decays of Fy, Dy, Df. From (14) it is ob-
vious that the decays of F}, Dy, D, can be obtained
from those of Tables I-III by simply setting
P=D=S=A =a=0.

IV. IMPLICATION FOR SPEAR CHARM SEARCH

We will now discuss the impact of the predictions
of the right-handed current models on the SPEAR
charm search.

The most serious challenge to the GIM current
model seems to come from the following upper
limit:

B(D°~K "1*)<2.9%. (15)

In the standard GIM modei (with the assumption
of sextet dominance), the K™7* rate is 3 the rate
for D°~PP. Hence one gets a rather low bound:

B(D°~PP)<8.71%. (16)

The upper bounds, relevant to our discussion,
are known experimentally® in the following chan-
nels:

B(D’-n"1")<4.1%,
B(D°~K*K~) <3.8%, (17)
B(D°-n*7" and K'K™)s5.1%.

These experimental bounds are not restrictive
for all the GIM 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 them.

First, we will show that the bound of (16) be-
comes less restrictive in the class (a) models.
For definiteness, let us assume that only the
sextet is enhanced (the final conclusion does not
depend on this assumption in any important way).
We will further assume that (3| | 6,| | 85)
=~(3||6g.]18s). One sees then from Table III
that in the right-handed-current model the K~7*
rate is about # of the rate for D°~PP. Thus one
obtains the much less restrictive bound

B(D°=PP) <30%. (18)

We further notice that since K™n" goes only via
the 6,,, if one assumes (3| | 6.1 8s)
>(3||6,.1|8s), following renormalization-group
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TABLE IV. Relative decay rates of the “z” type heavy mesons.

F) — pp D; -~ PP DY —PP
cos®0 |@+R|%x cos?9 |@+R|Zx cos?9 x
K7~ 4 ™y i K*K~ 4@ - 2R+R'[?
K0 —é- Ty’ % KK I%Q+%R+R' |2
5 b = : P e greR:
Ky’ ] m [4Q-iR+R"|?
070 [-1Q+1R+k'[2
, '4 4 |2
m !m“Q*w—'zR
n’'n’ |R??
L 1IR[?
1r0nl %JRIZ

arguments,'® then the bound becomes even less
restrictive.

We analyze, now, the significance of the upper
limit (15) for the models of class (b). As men-
tioned earlier, the situation will not differ sig-
nificantly from the GIM scheme, unless the
[3*] z. is substantially enhanced with respect
to the (6], ;. If this enhancement does not
take place, then one gets still a rather low upper
limit for B(D°-PP).

Let us now examine the significance of the
bounds, given by (17), under various assumptions.
First, in the case of 3* dominance,” one obtains

B(D°-1"17)=B(D°~K'K" )= B(D°-PP). (19)
From (17), it follows that
B(D°~PP; 3%)510.2%.

On the other hand, if we assume sextet dominance
with (3| | 65,1 18s)=(3||6,.]]8s), one gets

—

TABLE V. Table for reduced matrix elements. For
simplicity, we have used the same symbols for PV and
BB reduced matrix elements. Although a priori they are
unrelated and could be accidentally identical, in using
the above tables they should be treated as different
quantities.

P, a=3[6..l185) pp, vv
Q,8=(3l6gLlI8s) pp, v¥
R,y=lI35.18s) pp, vv
R,y =Ql3gIL pp, vy
D,D’ =36z, £olI10) gy

5,8 =@ll6rL, xeli8s) pv
S =(3lI3gL18s) pv
A, A" =36z, rlIBA) pv
A" =3l35.1184) v
S =33l py

B(D°-n*n")=B(D"~K'K~)~%B(D"~PP),
and we are led to the much less restrictive bound,
B(D°-PP; 6) <23%.

Finally, if we assume equal contributions of all
reduced matrix elements, we find

B(D°~PP;3* and 6)<16%.
From the experimental bound

B(D"-K°K")+B(F* -K°K")<10%,
and taking into account that (assuming again sextet
dominance and (3| | 6,,||85)=(3||6;.]]8s))

B(D* -K°K*)=3B(D' -PP),

B(F* -K°K*)=+B(D* -PP),
one obtains

B(F* -PP) +2B(D* ~PP) <60%,

which is not a very restrictive bound.
The upper limit obtained by Boyarski ef al. on
B(D*-K°1" or K™n'n"),

B(D" -K°1* or K1 n%)<1.2%,

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 pres-
ent right-handed current models.

V. CONCLUSION

We have analyzed the properties of the nonlep-
tonic weak Hamiltonian for models with right-
handed currents. Assuming SU(3) invariance, we
have analyzed the dominant decay modes of the
charmed mesons, contrasting the present pre-
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dictions with those of the standard GIM model.
In particular we have pointed out that there are
now decays of D' unsuppressed by the Cabibbo
factor and we predict that the nonleptonic decays
of D" are expected to dominate over the semi-
leptonic ones. With respect to the results of the
SPEAR charm search, we have shown that the
new current X z¥,%; can accommodate the low
upper limit set for B(D°~K~r"). For models of
class (a) one notices that there are in general
more enhanced decays (each one with small
branching ratio) than in the GIM case. This has
implications for the current search for charm,
since it makes the detection of a charmed par-
ticle somewhat more difficult.

We would like to comment now about our ex-

pectations for the masses of the new type of charm

particles, i.e., those which do not coincide with
X, the GIM quark. As already stated, theoretical
prejudices would lead us to believe that x and y
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particles are degenerate to lowest order in weak
and electromagnetic interactions. So, the charm
particles corresponding to these quarks should
roughly have the same mass, i.e., around 2 to

4 GeV.'” As regards the charm particles cor-
responding to z, the situation is quite different.
First of all, present neutrino experiments would
tend to suggest that, up to E,~100 GeV, the z
threshold is not open, because if it were the ratio
o7 /a¥ would go to unity.'® Here, 0”7 represent
the charged-current total cross sections for v or
V scattering on nucleon targets. In such a case,
our consideration of the z current is at the mo-
ment mostly academic and will be relevant only
after the z threshold has been exceeded.
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