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Ins, which must be expected to require large In¢
(time in years).

I am grateful to F. E. Low for an enjoyable dis-
cussion on the significance of this way of looking
at multiparticle production. My own understand-
ing of the subject owes much to discussions over
a period of years with J. D. Bjorken, L. Casti-
llejo, F. Cooper, E. L. Feinberg, K. Gottfried,
and V., N. Gribov.
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Search for Charmed Particles
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It is suggested that the channels Z*K~, Z°7*, and E-7* in the mass region 2.3-2.5
GeV, but not the channels 7 K¥ and p K™, be examined in a search for neutral charmed

particles,

Although there are some indications of the ex-
istence of charmed particles® in emulsion-cham-
ber experiments (both in a cosmic-ray experi-
ment® and in an accelerator experiment®), there
are also negative results? in the search for
charmed particles as resonances. Since the
charm scheme is promising with respect to both
understanding® the suppression of the strange-
ness-changing semileptonic processes and inter-
preting the ¥ particles® as hidden charm states,
it is very urgent to establish the existence or the

nonexistence of charmed particles.

Possibly the easiest way to search for charmed
particles as resonances is to look into the invari-
ant-mass plot of the two charged particles which
might be the decay product of the parent neutral
charmed particle. In this Letter I investigate in
which channels one may expect neutral resonanc-
es and point out that to search for neutral charmed
particles it is appropriate to look into the chan-
nels =*K~, =°r*, and E 7%, but not 7*K¥ and
pK~. Ifurther conjecture their invariant masses
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to be at 2.3-2.5 GeV.
Since the charmed pseudoscalar mesons are

probably the lowest mass states among the charmed

particles, they will be stable against the strong
interaction and they will be very sharp resonanc-
es. So it is natural to search for the charmed
pseudoscalar, D° (c¢&), which could decay to m*K*?
if we take into account only the quantum numbers.
However, as I have pointed out in a recent arti-
cle,” the main two-body decay of the D° meson is
K°n if the 45©45* parts of the effective Hamilto-
nian are suppressed'. If this is the case, it is
not appropriate to look into the channels of two
charged particles (i.e., 7*K*) to search for the
D° meson.

The next candidate is the vector meson D% (c&).
Since the D% meson may be heavier than the D°
meson, it will decay via the electromagnetic in-
teraction or the strong interaction if the @ value
is large enough. So it is not appropriate again to
look into the channels of two charged particles to
search for the D meson.

Now I turn to the case of charmed baryons. I
assign the 3* baryon to 20’ (mixed symmetry),
while the $* baryon is assigned to 20 (completely
symmetric), as usual. Whether they decay via
the strong interaction depends on their masses.
To estimate their masses, I use the result of the
experiment® by Cazzoli ef al. That is, I assume
that the mass of the lowest charmed baryon is
about 2.4 GeV. I will present the justification of
this assumption later.

Let us assume an SU(4) symmetry breaking of
the form )

H'=a T +a, T, (1)

postulating that x=a,/a, is common to both the
1* and the 2* multiplets. For example, taking x
=8.05 and using the linear mass formula, we ob-
tain the results shown in Table I. Included is the
predicted mass for the vector mesons also, ob-
tained from the linear mass formula. In this
case we obtain x =9.7 from the mass of ¥(3.1).
On the other hand, if we use the quadratic mass
formula, we obtain x =20.7.° The value x=9.7 is
nearly equal to the value x = 8.05, while the value
x =20.7 is quite different. Thus I suggest that the
linear mass formula is better than the quadratic
mass formula even for the vector meson (and
maybe also for the pseudoscalar meson). If that
is the case, the mixing angles, for example,
should be calculated using the linear mass formu-
la.

From Table I, we can see that the SU(3) 3* mul-
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TABLE I. Predicted masses of the charmed particles
based on the SU(4) linear mass formula. We use the
masses of ¥(3.1) and A **(=1,Y=0,C=1) as input.

Quantum
SU@3) numbers Predicted mass
representation a,Y,C) (GeV)
Vector mesons
3 (D**,D%) (3,-1,1) 1.9
F** (0,0,1) 2.05
3* baryons
§* (Bc+sBco) (%s -1, 1) 2.35
B* ©,0,1) 2.6
6 (B.,B.*,BLY 1,0,1) 3.0
(Bc+’Bc0) (%9_131) . 3.1
B0 0,-2,1) 3.35
3 B,BY (3,-1,2) 4.0
B * 0,-2,2) 4.25
2* varyons
6 Ba"00 10,1 2.4
@al,a, (3,~-1,1) 2.55
a0 0,-2,1) 2.7
§ (Ac++s Ac+) (%s -1,2) 3.6
Azt 0,-2,2) 3.7
1AM (0,-2,3) 4.7

tiplet of 3* baryons and all the charmed 3* mul-

tiplets (C=1, C =2, and C =3) are stable against
the strong interaction. The SU(3) 6 multiplet of
3* baryons is unstable against the strong interac-
tion, while the SU(3) 3 multiplet (C =2) may or
may not be metastable, since the predicted mass-
es are near the threshold. If we assume that the
charmed particle produced in the experiment of
Cazzoli et al. is a doubly charged baryon, it
should be a 3* baryon, since a doubly charged *
baryon should exist at a higher mass level and
should be unstable against the strong interaction.

Let us investigate the two-body decays [a +*
baryon and a pseudoscalar meson] of these meta-
stable particles. We are especially interested in
the two-charged-particle decays of the neutral
particles (C =1). If we assume SU(4) 20 domi-
nance'® of the current-current product, we ob-
tain the following selection rules:

A", I=1,Y=0,C=1)4pK", 2" 1", K",

A3, I1=1/2,Y==1,C=1)4Z*K", @)

using the conservation of the d-c spin [which cor-
responds to the u-d spin (I spin), the d-s spin
(U spin), and the u-s spin (V spin)]. Thus the al-
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lowed (two-charged-particle) decays are
B(3*,1=3,Y=-1,C=1)=-E"71", K",
ALY, I=1,Y=0,C=1)-Z" 71",
ALY, I=3, Y==-1,C=1)=E"71",
ALGY,I=0,Y==-2,C=1)~X.

Here and hereafter we take into account only the
term proportional to cos?®9 (6 is the Cabibbo an-
gle). The above selection rules are derived in
the case of SU(4) symmetry. If we take into ac-
count the SU(4) symmetry breaking which is
large, the selection rules do not generally hold.
However, if the 45® 45* parts of the effective
Hamiltonian are suppressed compared with the
20 part after taking the effect of the SU(4) sym-
Eetry breaking as a perturbation as in Ref. 7,
the selection rules still hold. It should be noted
that the decay to pK~ is forbidden under the se-
lection rules. Under the same assumption, the
decay D°—~ n*K * is suppressed.”

Thus to search for charmed particles we
should look into the channels E 7%, Z*K~, and
=" 7", but not the channels pK~, Z*7", and Z°K".
This conclusion depends crucially on the 20 dom-
inance for the effective Hamiltonian.

I also list the two-body decays of the charged
charmed (metastable) particles since it may be
useful for charm searches:

B*(3*,1=%,Y==1,C=1)
~ %0, By, pK°, =, A,
B*(5*,1=0,Y=0,C=1)-Z*K° E%",
A++(%+,I=1, Y=0,C=1)-Z*7*, @)
A*(3*,I=1,Y=0,C=1)
- 24—”0, Z+17,P1_f°, EO’If',Arr* ’
A3, 1=}, Y21, C=1)- 3R, 0"

Note that the doubly charged metastable parti-
cles will exist at around 3.6 GeV (C=1) and
around 4.7 GeV (C=2).

Finally I would like to point out that there is
an event which supports the above consideration.
Hoshino et al.' found a “vee” event in an emul-
sion which was exposed to the proton beam with
momentum of 205 GeV/c at the Fermi National
Accelerator Laboratory. Their results are as
follows (see Ref. 2 for the details): The angles
of emission of each charged particle relative to
an assumed neutral line are 3.68x1072 and 2.01
x10°2 rad, respectively. Coplanarity is well

satisfied. They estimated the momenta of these
charged particles (I refer to them as m and n,
respectively, hereafter) as 14.6+3 and 26.7*3
GeV/c, respectively. I assume that this event

- is due to a decay of a neutral particle into two

charged particles. Then we can estimate!’ the
mass of the neutral parent particle, after identi-
fying the daughter charged particles.

One may throw away the possibility that this
“vee” event is due to K° or A decay, since the
estimated parent masses are 1.16+0.21 and 1.94
+0.13 (or 1.64+0.15) GeV, if the daughter parti-
cles are 77 and p7 (or 7p), respectively. (I take
the ordering of the particles as mn.) Further I
believe that the estimated masses, 1.1, 1.3, and
1.4 GeV in the cases of nm, 71K, and K7, respec-
tively, are too low for the charmed pseudosca-
lar mesons. Thus I assume that the “vee” event
is due to the decay of a charmed baryon. The
possible decay modes are, from the above analy-
sis, ZK, EK, and Zm. The estimated masses
are 2.4 (2.0), 2.5 (2.0), and 2.3 (1.9), respec-
tively. (The numbers in the parentheses corre-
spond to the cases KX, K=, and 7Z, respectively.
I do not consider these numbers further, since
they seem too small for the charmed baryons.)
The numbers 2.4, 2.5, and 2.3 GeV are consis-
tent with those I have derived in Table I. This
indicates that the “vee” event can be interpreted
as the decay of a charmed baryon.

In conclusion, the negative results in the
charmed-particle searches, especially in the
channels 7*K ¥ and pK~, are not really in conflict
with the charm scheme. Searches in the chan-
nels suggested above are crucial for the charm
scheme.
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The temperature dependence of the triplet structure detected by electric field on the
3000-A emission of KC1:Tl has been studied. The splitting follows a VT law, in agree-

ment with a model based on the dynamical Jahn-Teller effect.

Stark-effect measurements on the emission of
KBr: Tl phosphors were performed at liquid nitro-
gen temperature by Giorgianni, Grasso, and Pe-
rillo,!*2 and showed a well-resolved triplet struc-
ture in both high- and low-energy emission; in
spite of the novelty of this result and the lacking
of any adequate interpretation, this subject was
not investigated any further.

In this Letter we report the results of similar
experiments performed at various temperatures
on the 3000-A emission of KCI:Tl. This phos -
phor is well suited for this kind of research as
the intensity of its prominent 3000-A emission
is fairly constant through the range of tempera-
ture considered. We found that the triplet struc-
ture evidenced by the electric field is present at
all temperatures between 10 and 300 K and that
the splitting increases with temperature. These
facts are here interpreted in terms of the dynam-
ical Jahn-Teller effect.

Single crystals of KCI1:T1 (thallium concentra-
tion ~30 ppm, sample size 10 X10x1 mm?) were
mounted in a cryostat between two electrodes
(one of which was semitransparent), and a sinu-
soidal electric field (50 kV,, ,/ecm, 500 Hz) was
applied in the same direction as the exciting
light. Emission was observed at right angle.

The experimental setup was similar to the one
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described in Ref. 2.

Our results are displayed in Fig. 1. We note
that the relative change of the emission, Al/J,
shows a nearly symmetric triplet structure at
all temperatures; the splitting increases with
temperature from ~0.1 eV at 10 K to ~0.2 eV at
300 K. With increasing temperature the struc-
ture becomes less prominent since the maximum-
to-minimum ratio decreases considerably as a
result of a larger negative variation of the zero
moment of the emission band.

A similar electric-field-induced structure was
observed in the absorption bands?® and was re-
lated to Toyozawa and Inoue’s model* which ac-
counts for the triplet shape of the absorption
bands observed with no external field. Here an
explantion of the electric-field-induced structure
of the emission bands is proposed and is based
on the hypothesis that the transitions arise from
the three branches of the triplet state as split by
coupling to the trigonal vibrational modes, and
that consequently each emission band is actually
composed of three different sub-bands. In other
words, we think that the Jahn-Teller effect—re-
sponsible for the structure of the no-field absorp-
tion bands—also engenders the structured emis-
sion as revealed by the electric field. The appli-
cation to the phosphor of such field is expected



