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ABSTRACI' 

It is shown that the recent experimental data 

on dimuon production by neutrinos and antineutrinos, 

even with currently available statistics and uncer-

tainties, set a severe upper bound on the semileptonic 

decay branching ratio of a fifth quark, if any. With 

this semileptonic branching. ratio, production of the 

b .quark is suspicious theoretically. 

' . 
'Phe energy dependenc·e of the cross section ratio of v- and 

v-induced reactions and the high y anomaly in v reaction seem to 

suggest a heavy quark of a new .flavor at effective mass "' 5 GeV which 

couples with the leptonic current in right-handed helicity~ Another 

information currently available on such a heavy quark is dimuon 

;=> production by v and v. After weak interaction properties of the 

,Q charmed hadrons are established in e + e- annihilation, it is now 
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obvious that the dimuon production is due largely to production of the 

charmed quark and its subsequent semileptonic decay. However, evideme 

for a fifth quark is rather weak in dimuon production. 

The recent experimental results obtained by Cs.ltech-Fermilab 

group [1] allow us to extract several quantitative and semiquantitative 

informations on a fifth quark, if any, which are much needed in theory 

and experiment. Being fully aware of the fact that these .data may 

still be subject to error.s due to uncertainties in background 

subtraction, we have drawn the following conclusion: 

(1) The semileptonic branching ratio of the charmed quark 

(more precisely, stable charmed hadrons averaged over) is determined 

to be 

(12.0 t .2.4)1> , . 

(1) 

where the error is statistical only. 

(2) Within one standard deviation or so, the charmed quark 

can eXplain all of the dimuon production in · v reaction (and, of 

course, in v reaction). The fifth quark of the properties as 

normally postulated can be accamnodated if one wishes, but ,its semi-

leptonic branching ratio times Cs.bbibo-like angle e• is bounded as 

{r(b ~X + "- + V)jr(b ~ all)}oo, e,' (L5 
(2) 

These results are derived by assuming exact scaling in parton model. 

After a brief account of our analysis is given below, we shall discuss 

on its implications in search for hadrons of this new flavor in 

annihilation at PETRA/PEP and then look for any possibility to 

+ -e e 

accommodil.te. such a small semileptonic branching ratio in the standard 
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picture of weak interactions. The asymptotic freedom correction will 

be discussed. 

We write the relevant pu-t of weak interactions as 

(3) 

where Ja: and 

We work in the scaling parton model where quark masses are introduced 

in the standard manner (mu,d = 350 MeV, ms = 500 MeV, me = 2 GeV, 

and ~ = 5 GeV). Because kinematical cuts are made for muons in the 

data, we have to specify a dynamical mechanism after production to 

can:pe.re theory with experiment. Heavy quarks (c and b), after 

production through weak currents, slow down by picking up one or two 

light quarks ( u, d, and s) to form physical hadrons, cascade down 

to states (H) stable against strong and electromagnetic decays, and 

finally decay semileptonically. (See Fig. 1 :lb: notations. ) The 

energy distribution of H, unlike 'that of light hadrons fragmented 

fran ligl,lt quarks, probably peaks toward the .high x (= EJEc, b) end 

since energetic heavy quarks lose little momenta in picking up light 

quarks and in fragmenting light badrons. We thus make the simple 

approximation that heavy quarks do not slow down at all between 

production and weak decay. For the energy distribution of semi-

leptonic charmed hadron decays, the Ke coincidence experiment at 

DESY [2] suggests tdr /d3 t ..... exp( -t/a) with a = 300 MeV .for c 

and a (~me) x 300 MeV for b in the rest frame of the decaying 

hadron H. We have calculated 111001entum distributions of dimuon on 
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these assumptions to confirm that the theoretical distributions fit 

quite nicely experiment [3]. A fragmentation function localized at 
• 

small x, s1milar to that of light pu-ticlea, leads to a momentum 

distribution where wrong sign muons are much too soft [4]. All of the \/ 

following results have turned out to be insensitive to the scale-up 

factor, ~/me as well as to a possible slow-down factor of a heavy 

quark. 

In the model described above, we obtain the dimuon production 

cross section through a heavy quark of mass M produced fran. a light 

quark as 

where B is the semileptonic decay branching ratio of a heavy quark 

and one of the two entries should be chosen in the curly bracket 

according to helicities of quarks and neutrinos. The boundaries cif 

the integrals are set as follows: 

(t·p' )< [- { .... <=. + "" • 1~1 )<}, 
. Min { ~ .!', <=.+"" + 1~1><}]. 

,, [- {.;:in' ~ •<=. + "" • !11)}, } •<=. + "" + l~ll] , 
(Equation 5 continued) 
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.. ["' /2"'N"Y, 

y< [.,12m.'· 
(5) 

where emax is the maximum deflection angle of right sign muons, 

~ is the minimum energy of wrong sign muons, and p 1 is the heavy 

quark momentum. ·For the light quark distribution xf(x), we choose 

the fit given in [5 l. We have tried two other fits [6, 7], but all the 

numbers to be given beloW' do not vary by more than lCJ/o with different 

choices of xf{x). 

The Caltech-Fermilab data are presented in two sets with 

different cuts in the minimum energy for wrong sign muons. The data 

" 4 with Emin = GeV are cleaner because of less contamination due to 

1t and K decays, tho,ugh a little more liable to uncertainties due to 

hadron penetration. We bave succeeded in fitting perfectly the dimuon 

production by v of E~in = 4 GeV ,bY choosing the semileptonic 

branching ratio as 

(6) 

where the erro~ is statisticaly only. (See Fig. 2{a).) This value 

for B c is in.a good agreement with what we can deduce from the Ke 

coincidence experiment· [2]. . Using· Be = 0.12, we can .fit reasonably 

• well the less c_lea.ner set of. data of E" · 2 4 o· ·v min= · e though the 

data points tend to fall above the theoretical curve roughly by .one 

stand.ard deviation. (see Fig. ·2{b).) These successful fits, not only 

in magnitude, but also in energy depe!ldence, lead us to believe that 
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in spite of the warning given in (ll, systematic errors due to hadron 

penetration at large energies are rather small in these data. 

To fit dimuon production in v reactions, we must know the 

normalization of single-muon production by v , since the measurement 

was made in the ratio a /a . 
1!1! I! 

To be consistent, we have used the 

total cross section measurement by the Oaltech-Fermilab group (8]. 

The energy dependence is parametrized for our purpose as 

a(v)/a(v) = 0.38 + 0.22 (E- 10)/100 which goes up linearly to 
I! I! 

0.8o at E = 200 GeV. With this parametrization and B = 0.12 as 
. c 

determined above, we have plotted the dimuon production by v which 

originates from c production {solid curves in Fig. 2{c) and {d)). 

Except that theory overestimates in the region of E < 80 GeV for the 

data of E = 4 GeV, t.he c contribution alone can explain the 
min . 

data of E~in = 4 GeV and 2.4 GeV within one large standard deviation. 

With the semileptonic branching ratio times cos e 1 
chosen as 

~ cos 6
1 

1.5% ' (7) 

· we can have {al-L/ ai.L) raised up to broken curves in Fig. 2 (c) and. 

(d). Since cos 9
1 

must be close to unity to explain_the observed 

.a(v)/a(v) ratio [8] and (y) in the scaling model, we obtain 
I! I! 

' . {8) 

-where.the errors-are statistical only. We are fully aware of the fact 

that the -data particularly at higher energies may involve large 

. uncertainties d'l!-e -to hadron penetration correction. However, hadron 

penetration.correction can not raise the v data alone, leaving the 

v data as they are, which is needed to increase ~ cos 9
1

• Though 
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it is a little overstretching, considering the quality of the data, 

to take L51> seriously, we believe that the upper bound ).4'1> contains 

something worth discussing. 

Let us first examine implications of ( 8) in e + e- annihilati.Cil. 

If the Okubo.;.Iizuka-Zweig rule works, ..,;e expect to see narrow 3s
1 

states of (bb). But, it is probably impossible to find flavored 

states such as (bu) and (bd): Production of bb p:t.irs is l/3R 

of the total in contrast to 4/3R for cc p:t.irs, the main non-

leptonic decay modes of b do not contain any conspicuous signature 

such as K mesons, and t~e semileptonic branching is now deduced to 

be less than 1/4 of that for c. The situation will be worsened by 

the low counting rate of atot which decreases like 1/s. 

Let us explore a theoretical side. In order for the semi-

leptonic branching to be so small, the nonleptonic decays of b must 

be enhanced enormously. After fifteen years of work, theorists have 

come to the understanding that nonleptonic enhancement is due p:t.rtly 

to short distance effects, as calculated in the renormalization group 

method, and p:t.Ttly to long distance effects such as tadpole mechanism, 

duality enhancement, adjoint representation enhancement, 

and so forth. For the short distance enhancement, an estimate has 

been made for c te show tba t there is only a small enbancement 

because of the large mass [9]. For the b quark being even heavier 

than .c, there is practically no enhancement at short distances. All 

of the long distance enhancement are based explicitly or implicitly 

on existence of low lying mesonic states having relevant flavors. The 

mesonic states of the b flavor are too heavy to enhance nonleptonic 

decay modes at long distances. Though the nonleptonic enhancement 
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mechanisms have not yet been completely understood quantitatively, 

every argument on enhancement illdicates that the semileptonic 

branching ratio of b should be equal to or larger than that of c. 

Nate that ~. determined in (8) includes effectively the muons due 

to the cascade decay process 

b ... 

+ + IJ. + v (9) 

If the nonleptonic decay rates are comp:t.rable for b ... u + sc + c 

and b ... u + de + ii , this cascade process alone woUld give ~ 6'1> 

for ~ , well beyond the limit deduced above. 

One way to avoid a large semileptonic branching is to 

introduce an additiooal weak interaction of b that dominates over 

the weak decays obeying universality. However, such an interaction 

can nat be accommodated easily in gauge models except that introducing 

light Higgs p:t.rticles might work. An alternative may be to expect 

that cos e' is not as large as unity. Though cos. e' ~· 1 gives 

the best fit to the single-muon production data in the exact scaling 

model, cos e' may be smaller if the asymptotic 'freedom corrections 

are significant. If ·we make such a correction following [lo], for. 

instance, cos e' is lowered to o. 6 - o. 7. This would boost ~ by 

~5c:J1-, yet far below what we would normally expect for ~. Such a -

correction should be subjected to more careful examinations numer-

ically [ll]. But, if one brings ~ up to the level of B c (::: 12'1>) • 

somehow by a different method of asymptotic correction, there would 

be no need to introduce the b quark at all. 

c 

( 

t -. 
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In conclusion, the dimuon production data of Caltech-Fermilab, 

even with currently available accuracy present a strong case against 

fifth-quark production. In order to accommodate such production, we 

must abandon completely our accumulated knowledge of nonleptonic decay 

enhancement, or else allow such a quark to decay through weak interac­

tions dominant over ordinary W-exchange processes. 
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FIGURE CAPI'IONS 

Fig. 1. Schematic picture of dimuon production .. 

Fig. 2. Ratios of dimuon vs. single muon productions by neutrinos 

((a) and (b)) and by antineutrinos ((c) and (d)). Solid 

curves are the c quark contributions and broken curves are 

possible contributions of the b quark. The estimated 

background have been subtracted from the data given in [1]. 
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