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ABSTRACT

The statistical quark model of particle clusters describing
succesfully the nucleon-antinucleon final state is applied to calculate the
distribution of final states in the weak decays of the hypothetical charmed
mesons. Leptonic as well as non-leptonic decays are considered. It is shown
that the amount of kaon excess compared to the nucleon-antinucleon fireball
is model dependent and not necessarily large.

AHHOTALNA

CtaTncrtunyeckas KBapkKoBasaA MoJesib, KOTOpas XOpOoWwo onucbiBaeT aHUrunnauni
HYK/TOH-aHTUHYKJ/IOH, TMNpUMeHAeTCA Ha BblYUC/ieHne pacnpeaeneHna KOHeYHbIX COCTOSIHWI
B cnabbix pacnagax runoTeTuyeckux Me30HOB C YapmoM. PaccmaTpuBawTCA U NENTOHHbe
U HenenToHHble pacnagbl. [loka3biBaem, 4TO M36bITOK KaoHOB MO cpaBHeHUK C d)aVlep6o—
JIOM HYK/IOH-aHTUHYKJ/IOH 3aBuUCUT OT MOoAe/ N N He o6sa3aTeNlbHO OGONbLON.

K1VONAT

A nukleon-antinukleon annlhilaciét jol leir6 statisztikus kvark
model 1t alkalmazzuk a hipotetikus 'bajos" mezonok gyenge bomlasaiban keletkez6
végallapotok eloszlasanak szamitasara. Leptonikus és nemleptonos bomlasokat
egyarant vizsgalunk. Megmutatjuk, hogy a kaontdobblet - 6sszevetve a nukleon-
—antinukleon tlizgolyoval - modell figgé és nem szikségképpen nagy.-



I.  INTRODUCTION

A possible explanation of the recently discovered narrow resonances
[1j is that, within the framework of the quark model, these particles are
bound states of a charmed quark /c/ and its antiquark /c/. The existence of
charmed quarks implies an SU/4/ spectroscopy for meson and baryon states.
The crutial test of this idea is to find the non-zero charm members of the
meson /and baryon/ multiplets. The charmed mesons /D and F/ we shall con-
sider have large masses /a typical estimate based on SU/4/ mass-formulae is
roughly mD ™~ mF ~ 2 GeV/ and decay weakly as charm is conserved in strong
and electromagnetic interactions [X] - Due to the large mass a large number
of multibody hadronic final states is open for the decay. This makes de-
tailed theoretical predictions concerning exclusive branching ratios, average
multiplicities etc. very difficult /if not impossible/. The only possibility
is to construct simplified, statistical models with the aim of predicting
general features of the hadronic final states.

In the present paper we apply a statistical quark model [3-4] to
calculate the branching ratios for the weak decays of charmed mesons. The D
and F mesons contain a charmed quark together with an ordinary /non-charmed/
quark. The decay is triggered by the weak process transforming the charmed
quark into ordinary quarks. We assume that the branching ratios are governed
by the strong final state interaction. In other words, the released energy
transforms the hadron state into a "fireball" similar to the one encountered
in nucleon-antinucleon annihilation at rest. The energy release is in fact,
almost the same in the two cases the only essential difference being in the
initial SU/3/ quantum numbers. Since our model describes the nucleon-anti-
nucleon annihilation process /including SU/3/-structure/ reasonably well
[4-5] this part of the model seems reliable. More freedom and uncertainty is
present in the weak process producing the fireball, particularly in the non-
leptonic case. There we try to take several simple illustrative models in
order to show to what extent the different possibilities give rise to differ-
ent distributions. The less model dependent case of the semi-leptonic decays
is considered in Chapter I111. whereas nonleptonic decays are dealt with in
Chapter 1IV. Chapter Il. is a brief summary of the statistical quark model
for fireball decay.



1l. FIREBALL DECAY

The statistical quark model of the fireball decaying into a cluster
of hadrons was described in detail previously [3-4]= Here we only summarize
its main features and final results. The /mesonic/ Tfireball is character-
ized by the quark-antiquark quantum number q 2. During the fireball decay
process the quark and the antiquark emit /pseudoscalar and vector/ mesons
subsequently, statistically and independently from each other. Higher /Ze.g.
tensor/ resonance emission as well as spin and polarization effects are

neglected /although, in principle, these effects can be taken into account
at a later stage/.

The distribution of the final states is determined by a quantity

zZ - /the "sum over final states" satisfying the equation
qlg2

Z - =D +BD Z -

*1*2 qlg2 * qlgl glq2 +

+ Bz -,D , b2d . .Z —~jb F
qlg2 *2q2 aigt’afad™ b2 IH

Here the matrix D 1is given by

where

M

0.72N + 0.28n"

Mg

0.28n + 0.720" 73/

B is a parameter of dimension mass_z, X gives the ratio of vector meson

to pseudoscalar meson coupling constants. These two parameters were deter-
mined from nucleon-antinucleon annihilation data [Y]: B = 3.3 GeV , X = 4.%*
For the vector meson nonet ideal mixing was choosen. The pseudoscalar mixing
given by Eq./3/ corresponds to the linear mass-formula. The matrix D in
Eq./2/ implies exact SU/3/-symmetry and exact Zweig-rule for couplings.

/S1/3/-breaking is taken into account only in the masses./

S4/6/ -would eorresnond to “ - 3. The parameter B was denoted in “Ref
by



The solution of Eq./1/ is

z - = [(-BD)_1D (1-BD)"1] = 1 nBn_1(Dn) /4/
qla2 ql42 n=I qlg2

This is determined once we are able to calculate the n"th power of the
matrix D. For brevity, let us now consider pseudoscalar mesons only /the

inclusion of vector mesons is straightforward in the final formula/. In this
case we have

(1-D)"1 =1 +D + D2+ ... =

7‘2) +nﬂw
s o000
¥+n
= [det(1-D)J i+ (1L_ns)+K+*0 112y J1)(1-Bs)-K+K_
7 +r) '|T0+nn
LA K0+K+ a- ) Tt K++(1-
where
f +n
det(1-D) = (-ng)[A - -wud - @ - "2 W+~ + KoKo)
- SK%Koﬂ:— + K_K01f+) le/

After simple but tedious algebraic manipulations we obtain

@a-b [ (K+V - + K-V t) X (KtK- + Ko"0)
Qa2 vy gr=o

| o2 A it 50N 6
|-|s3(rt"t ) 2 (_2/\) Sq1q2 ;
(G-+%2)
= f
uct Ti-iT-n~"T + KoK- *
@r.1+42+214+1)

Sus = M-Ko + k- (QA1+A2+244+15+46+1) *

(2A1+A2+2£4+1)
Sds I-K+ + Ko (24]+A2+244+A5+46+1) *



+,2) (291+£2+2N14) (291+72+2r,4+1)
Sss = JTMT~nr~] 7 QRIAAT2+214+A5+«6> = @I,1+024DLA+«5+H+1)

(*]+V (v @1+7,2+224+1)
Suu-K+K- = Sdd_KoKo = @@,1+i,2+4,3) *(&1+12+N14) < Qi-1+1,2+2il4+{5+"6+1)

Here an expression has to be interpreted always as 1. The number of
particles n is given by

n=3" + 212 + i3 + 234 + 15 + i6 +is /81

where ﬁg is 0,1 or 2 depending on the number of particles in a particular

term of S . Dn is given by Eq./7/ if the summation is extended over
NIN2

terms satisfying Eq./8/.

Formula /7/ can be simplified by putting

K¥Kol; + K_Kol; = 2K1Ko &, K+K_ + Ko% = 2KK, 1Tar = ﬂ% /9/

without any loss in information @7 = charged pion, = charged kaon). The
inclusion of vector mesons is then given by the substitutions

To  To ¥ >0y

M - nn + XU
+

Ng ns X

2 2

A * '1+ 2KMipi + X px Al

KK o KK + 2XxXKK* + X2K*K*

KlKOitl —’iK:LK0 itl + XK:LK0 Py + 2xK,lK”(‘)'I'I':L +

+ 2x2K1K*pl + x2K*K*TTl + X3K"MK*PX

The branching ratio of a given channel is proportional to the in-
variant phase space /i.e. momentum space integral/ multiplied by some factor
This factor can be red off from Eq. /4/ using Eqs./7-8/. 1t is standing in
front of the term with the given set of pseudoscalar and vector meson states



111, SEM ILEPTON IC DECAYS

Up to now we considered only the second half of the process, namely
the strong decay of the fireball. The Tfireball itself is produced by the
weak decay of the charmed quark /c/. The basic leptonic process is [20

cC s cos6 + i \)jdsin0 /11

I 1is an electron or muon, O is the Cabibbo-angle. In what follows we
shall consider only the dominant part proportional to cosO.

The Dg meson is a /cw/ bound state, D is /cd/ and F+ is /os/.
/Wo do not distinguish charmed pseudoscalar and vector mesons as spin ef-
fects are neglected and the SU/4/ mass fTormulae predict relatively small
mass differences between them./ As a consequence, by the emission of the
lepton pair we have the transitions

Do + W sG)

D+ - ~v E£(ed) /12/

F+ ¥4V si)

The fireball /g™q2/ decays according to the previous chapter into a cluster

of ordinary hadrons.

The mass of the /q~g2/ system is, of course, smaller than the charm-
ed meson mass due to the four-momentum taken away by the lepton pair. We
consider the lepton pair emission and hadron emission on the same footing.
That 1is, also the lepton pair emission is statistical. Of course, it occurs
in the emission chain to a much smaller rate due to the small coupling con-
stant [6] . The probability of the lepton pair emission with four-momentum

p~, p2 is proportional to
a(r*)64 (r-r*-P1-p2)® (pr-m™)60 (p2-m2) /13/

Here m”~, m2 are the lepton masses, r and r-” is the four-momentum of

the system before and after the lepton pair emission, respectively. o(r")d”r-
is the number of the fireball states at the four-momentum value r". Com-
pared to Ref. [6] , where electromagnetic lepton pair emission was considered,
the difference is that the propagator does not appear in the formula. This is
due to the very large mass of the virtual weak boson coupled to the weak
lepton pair. Another difference is that in the charmed meson, due to quantum



number conservation, the weak lepton pair has to be emitted always Tfirst
/no such constraint holds for electromagnetic lepton pairs/. But quantum
number conservation is taken into account by our equations, therefore no
special care has to be taken about this.

The result is [éf] that the lepton pair, too, is emitted according
to phase space. Calculating branching ratios this means that besides the
hadrons coming from als® the lepton pair in Eq./12/ has to be in-
cluded in the phase space factor. The Tfactor multiplying the phase space
can be calculated from the hadron part alone /Chapter I1I/ as the weak pro-
cess introduces only an overall multiplication factor.

Some characteristic results of the numerical calculation are col-
lected in Table 1. for D “ev + hadrons decay and in Table 1l. for F.+ev +
hadrons /the D+ decay can be obtained in our model by the isospin reflec-
tion I~ -m-12 of the hadrons/. We have chosen the masses = nip = 2 GeV.
For the Dg all the channels contain at least one kaon. The average number
of charged pious is about 1.5. In the final state 2 and 3 hadron states
dominate but there are substantial single hadron channels, too, /Zlike
K_,K*/ well suited for the experimental search. The F+ decay is substan-
tially different as most of its channels contain at least one kaon pair.
This has the effect that there are much less pions /the charged pion to
kaon ratio is about 0.51/. The 2 hadron final states dominate but single
¢, nand n" are important.

IV.  NONLEPTONIC DECAYS

The dominant non-leptonic process among quarks /proportional to
cos 0 in amplitude/ is [V] :

cd » su /14/

This basic process can lead to different kinds of nonleptonic weak transi-
tions in charmed mesons. The weight of the different transitions depends on
the properties of the charmed quark-antiquark bound system /such as wave
functions etc./ therefore it is unknown at present. In order to get some
insight into the problem we shall consider two simple mechanisms separately.
At the present stage we can neither determine their relative rates, nore
exclude other kinds of transitions. But still we can perhaps infer the general
trend of the process from these simple models and at the same time get an

idea about the possible degree of model dependence.



The First "annihilation”™ mechanism following from Eq./14/ is pos-
sible for Dg and F+* /see Figure 1/s

DO 1 (eih) = (sd)

F+ s (cs) +(ud) /15/

The other mechanism following from Eq./14/ is based on

c % sud /16 /

This gives a four-quark final state which could be considered, for instance,
as two separate Ig™g™l fireballs. But. in order to simplify things we assume
that the dominant process is when u and d form a pion /Figure 2/:

C r+s /17/

This assumption is consistent with the general trend of pion dominance
in statistical models. The mechanism in Eq./17/ results in the following
transitions:

Dg = w+(su)

D+ - w+ (sd) /18/

F+ -  wt(si)

Note the similarity with the leptonic transitions in Eq./12/ : the lepton
pair is simply replaced by T+ . This '"pion emission'" process is depicted

on Figure 2. The calculation is very similar to the semi-leptonic case, the
only difference is that in the phase space factor an extra pion is included
/instead of an extra lepton pair/.

Some characteristic results of our numerical calculation are col-
lected in Tables I111-1V. /Dg decay/ and Tables V-VI. /F+ decay/.** The masses
are chosen again as m" =mp = 2 GeV. For Dgq decay the two mechanisms do
not differ very much, expect for low particle numbers. The average number of
pions is 3.5-4. The ir/K ratio is also 3.5-4/ as most of the important chan-
nels contain a single pion/. Some good channels for the experimental search
are T it K , it k£ wlK etc. The n.K channel has 0.2 %. The situations is

For D, the leading process of this kind is proportional to cosG sino:
(cd) ->+(Uu3)

The D+ decay is similar to Dq. In the Tables y®"s not originating from
MgS are given separately.



somewhat different for F . Here the two mechanisms are quite different

as the fireball in the annihilation case contains no strange quarks whereas
in the pion emission case it contains only strange quarks. The average pion
numbers are about 5 and about 2.5 in the two cases, respectively. The average
kaon numbers are about 0.2 and 2, respectively. Hence the w/K ratio for

F+ is very much model dependent. The dominant channels are also very dif-
ferent. The similarity betwenn the Dg and F+ 1is that the average particle
number after the resonance decay is in both cases Vv 5.

V, CONCLUDING REMARKS

A simple statistical model of charmed meson decay was briefly de-
scribed also in Ref. jV]. Compared to it our model is more realistic as we
incorporate resonances, SU/3/ symmetry and quark rules properly. As far as
the results are concerned we predict much more particles in the final state.
For instance, Table IV. of Ref. Qf] says 51 % for the Kmr state whereas
our estimate is below 1 %. This is in some sense discouraging for experiments
as few body channels are, of course, much easier to find. Another /related/
general consequence is that the w/K ratio is substantially larger in our
model. However, in most cases it is still smaller than in "ordinary" multi-
particle production situations, hence the kaon excess is still a character-
istic feature of charmed particle decays.

We checked our model also in kaon decay. It is clearly very much
beyond the range of the model to take one or two pions as a multiparticle
“"fireball" suitable for statistical considerations. Surprisingly enough,
charged kaon semileptonic and nonleptonic decays are reproduced reasonably
well. The neutral kaon decay comes out very badly but this is a subtle quan-
tum mechanical system with important interference effects. /Such effects are
presumably much less important in the Dg-Do system./

Our model cannot predict the relative weight of leptonic versus
non-leptonic decays. The current algebra arguments of Ref.[2] say that the
leptonic decays /especially the multipion ones/ are probably suppressed.
Among the two mechanisms we considered for nonleptonic decays perhaps the
pion emission is dominant /this is true in charged kaon decays/. If this is
the case, the F-mesons are probably more stable than the D-mesons because
of the strange-quark fireball in the former case.



LEPTONIC

A < n > B HADRONS %
<K_> 0.55 1 8.7

<KO> 0.45 2 37

<TT > 0.88 3 37

<LT+> 0.42 4 14
<mo> + <y> 1,37 5 2.5
more 0.8

channel ¢ v channel (e+,ve)+

ey
T K 14 OK_
o™k 12 T T K
+TT K 12 TI'_K0
m K. 7 TR K*
K_ 6 T MKE
£ K 6
4
+U - o*Q
*
ﬂLKO 4
nK_ 3
POK- 3
wK_ 3
oBT 3
K_ 3
*
an_ 2
r(DQ=w + hadrons)
= 0.78
ngo-'Fev + hadrons).
Table: I .: Main Characteristics of Dg #*ev + hadrons decay.

A: average multiplicities; B: number of hadrons /resonance = hadron/;
C: channels above the 10 < level.
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F+, LEPTONIC

A <n> B hadrons %
<K.> = <K > 0.42 0 1.4
0 o
<K+> = <K > 0.43 1 14
L+> = <n > 0.24 2 57
2<Tb> + <y> 1.83 3 21
4 3
more 3.6
C channel (e+ve)+ %
KoKo 14
K+K_ 14
KOKS 7
K+K* 7
KS Ko 7
K*K_ 7
[0} 6
Y KoK- 6
* A K+ 6
n" 5
n 4
*0KoRo 3
"OK+K- 3

I (¢ =>w + hadrons)

F(F+-*ev + hadrons)

Table 11.: Main characteristics of F+ #@ev + hadrons decay.
A: average multiplicities; B: number of hadrons /resonance = hadron/;
C: channels above the 10_2 level.
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Do’ ANNIHILATION

channel
A channel % B after resonance decay %
P K* 1.88 TI'OTI'+TI'_7I'+K_ 16
t& K’é 0.97 -ﬂo'l'l_'F'IT_Ko 15
Ro K’é 0.93 TI'O'|TO'|T+.'rr_ KO 12
W K 0.92 MM _TK_ 8.3
n ks 0.67 1TO'ITOTI_'FK_ 7.0
PaK_ 0.65 WKy 5.9
0.53 T T T T mK 4.6
0 oo + -+~
N
n Kf; 0.37 T LT _T,T "y 4.4
x
II'OK0 0.34 TyTH B TaK_ 3.5
PoKe 0.32 '|To'rr+,i( 2.9
w Kc 0.32 1T_P'IT_KO 2.5
n=Ke 0.27 THE ™ K 2.4
™, 0.20 Ko‘("_+KoK—+-IT—KoK4-) 1.1
0 0.12
n Ke 0.12
N\
'n'OKO 0.10 K+K_}_(O 0.68
K, K, Ko 0.61
TK,K K 0.78
Ty AT, _T,K_ 0.97
C <n_ > <1 > <M > > < - >
Y ™ T K1 Toflo
0.084 1.24 2.28 0.54 0.54
Prong number %
0 4 0.37 2.11 0 0 1.53
2 53 0.11 1.56 1.62 0.38 0.71
4 42 0.023 0.78 3.22 0.78 0.26
6 1 0.021 0.28 5.04 0.96 0.043
8 io"3 0.006 0.041 7.00 1.00 0.003
Table 11l. Some characteristic features of non-leptonic Dg decay in the

annihilation mechanism.

A: quasi-two body channels; B: all the channels above 10-2 and

2 -3

charged channels in the range 100 - 10 ~; C: average multiplicities.



12

D PION EMISSION

0’
channel channel after resonance %
decay
TTTTmK 20
o+ - + -
n ,K* 0.90 ﬂbT&ﬂlKo 14
% Ko 0.27 T, T, K_ 13
ﬂ;ﬂ;ﬂkn;Ko 11
ﬂbﬂbﬂ;n;Ko 8.7
T T, T_TLT_K 6.5
T T TR T_TEK 4.6
T+ IT- Ko 3.7
Wt ox - 2.8
T, T.7, T MK_ 2.1
“bE-K 1.9
“b"b“b“#”—Ko 1.8
T T T, TK 1.5
THK+K_K_ 0.78
m,K K K 0.62
£°-"0 0
TLAC_TLT_TT.T_K 0.12
¢ <ny> <k%o: > <nk1l> <nk0+x0>
0.062 0.94 2.74 0.53 0.50
Prong number %
2 39 0.13 1.38 1.77 0.23 0.81
4 58 0.020 0.68 3.28 0.72 0.31
6 3 3 0.015 0.23 5.05 0.95 0.047
8 2.10 0.005 0.035 7.00 1.00 0.003

Table 1V; Some characteristic features of non-leptonic D decay in the pion
emission mechanism. A: quasi-two body channels; B: all the channels
above 10-2 and charged channels in the range 10~2-10-3;

C: average multiplicities.
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F , ANNIHILATION
channel after resonance
A channel % decay %
Pop+ 0.63 ZO'ZIOTF+TF_2L+ 24
© p+ 0.62 a7T,mT,a 13
K5Ks 0.44 'ZIO7rol|O7I'+.'IT_..+ 12
AOp+ 0.21 'ITO n.m_m7, 1
% po 0.21 T4 AT, 6.4
v o 0.21 I'IO'ZIDW Ta.7 ., 5.9
Kng‘.l 0.17 2|07I' T T_4 2.8
K0K¥ 0.17 O'Zb g 'IT+ 2.2
n P+ 0.13 Tr+("—KA +l'+K—Ko') 2.1
N 0.06 oM 'ZID'IT A 1.9
Ko Kof 0.05 Y17I'O'IT+,TI' 1, 1.3
V> 0.04 Vo KK - 1.1
n-pP, 0.03 u T Kobb 1.1
kn- 0.01 Troit+sﬁ—K+Ko+Tr+K-KO) 1.1
T TL7+ 0.98
% K+K- 0.41
'r+KOKO 0.41
Tpr_T K K_ 0.31
T 1K Ky 0.30
T+ T+7 T|'+1|_ # 0.42
¢ > T My "NKO+KO =
0.LO 176 3.26 0.088 0.087
Prong number *
1 1 0.32 2 75 0.90 0.10 0.42
3 61 0.10 191 2.89 0.11 0.064
¢ 7 0.024 j 03 4.97 0.026 10~3
L 0.024 0 46 7.00 2.107% 5.J0-8
Table V.: Some characteristic features of non-1.eptonic F+_decay in the
ami Ui«lat ion roechanlsm. A: quasi-two body channels: B: all the
channels above lo~* and charged channels in the range 10“"-10""

r- v iwrkemultiplicities.
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F+, PION EMISSION

Table VI Some characteristic features of non-leptonic F+ decay in the pion
emission mechanism. A: quasi-two body channels; B: all the channels above
10 and charged channels in the range 10 -10 ; C: average multiplicities.



Figure 1. The "annihilation"™ mechanism for Vn
nonleptonic decay.

Figure 2. "Fion emission'" mechanism jor V0

nonleptonic decay.
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