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Mahiko Suzukit

Department of Physics’'and Lawrence Berkeley Laboratory
University of Californiam, Berkeley, California 94720

March 17, 1977
. ABSTRACT
It is shown that the recent experimental data
on dimuon production by neutrinos and a.htineutrinos,
even with cﬁrrently_ avallable statistics and uncer-
tainties, set a severe upper bound on the semileptonic
decay branching ratio of a fifth quark, if any. With

this semileptonic branéhingﬂ ré.tio, producfion of the

b quark is suspiciocus theoretically.

Tize energy dependené‘é_ of the .“cross section ratio _of v- and
7—1nduced 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 ﬁith the leptonic current in fight-handed heliéity.' Another
information currently available on ‘such a heavy quark is dimuon
product'ion by v and 7 After weak interaction properties of the

charmed -hadrons are established in ete” annihilation, it is now
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obvious that the'dizixuon' production is due largeiy tq production of the
charmed quark and its subsequent semileptonic decay. Ho;lever, ‘evideme
for a fifth quark-is rather weak in dimuon production.

The fecent experimental results obtained by. Caltech-Fermilab
group [1] allow us to extract several quantitative and semiquagtitative
informations on a fifth quark, 1if any, v;hich are much need_ed in theory
avndv experiment. Being fully aware of the fact that these data may |
st.ill be.sub,ject to errors 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 hadroﬁs averaged over) 1s cieterminegi
to be )

+ "+ v)Te~ gu) = ,(m.o't.e.u)% ,

B, =) 1"(c-‘sc
' - . : (1)

where the error is statistical only.

(2) Within one standard deviation or so, the charmed quark
can éxplain-all of the é.imuon production in v reaction (and, of
course, in v rea.ction). The f£ifth quark of the In'op;ertiés as
normé.lly postulated can be accdmmodate;:i if one wishes, but, its semiT

leptonic branching ratio times Cabbibo-like angle o' is bounded as

Do +X + 4+ V)06 + all)ycos 0 = (L5 3O .

(2)
These results are d‘erived by assuming exact scaling in parton model.
After a brief ;rccoﬁnt of our aﬁalyéis 1s given below, we .s_hall discuss
on its implications in search for hadrons of this new flavor in e+e-
annihilation at PE'L‘RA/PEP and then loock for any possibility fo

accommodate. such a small semileptonic branching ratio in the standard
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picture of weak interé.ctions. The asymptotic freedom correction will - | these assgmptions to confirm tbs.f. the theoretical distributions fit
be discussed. , _ quite nicely experiment [3]. A fragmentation function localized at -
We write the relevant part of weak interéctions as . o small 1?, similar to that of light particles, leads to a momentum )
1 + : distribution where wrong sign muons are much too soft ,[‘*]' A1l of the (( )b
L =‘\/—§_an.1“+3.¢., (3) . ' *
Pollowing results have turned out to be insensitive to the scale-up
where Ja = n 7a(1 - 75 W aﬁd_ : : . : . v factor, mb/m'2 as well as to a possible slow-down .facfor of a heavy
‘ . . quark. . ‘
Ja- = Ecya(1 - 75 Ju+ Ecyé(l - 75.)‘: +b 70(-1 * 75 Yu cos e'v' ) - In the model described above, we obtain the dimuon production

We work in the scaling perton model where quark masses are introduced cross section through a heavy quark of mass M produced from a light

in the standard waunner (mu g = 350 MeV, m_ =5C0 MeV, m_ =2 GeV, quark as
'y

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

‘data, we have to specify a dynamical mechanism after production to v O = 2(Ge/n)mN E deyfd.x [(dl"/d?l')dil-/l“

compare theory with experiment. Heavy quarks (¢ and b), after .
production through weak currents, slow down by picking up one or two ,1 - MQ/ 2meE x)
‘ : ) ) x o xf(x) ,
1ight : : . . : . o )
ight quarks (u, d, énd s) 1_:0 form physical hadrons, cascade down . ) ) : L-y)1-y+ M2 /QmeE
" to states (H) stable against strong and electromagnetic decays, and . (k)
finally decay semilepf.onically. (See Fig. 1 #x notations.) The : _ v
' . ’ : . where B 1s the semileptonic decay branching ratio of a heavy quark
energy distribution of H, unlike that of light hadrons fragmented ' .
_ -and one of the two entries should be chosen in the curly bracket
-from light quarks, probably peaks toward the high X (= EH/EC b) end : _
- : ) ’ according to helicities of quarks and neutrinos. The boundaries of
since energetic heavy quarks lose little momenta in picking up light : . :
: : : the integrals are set as follows:
quarks and in fragmenting light hadronms. We thus make the simple .

-approximation that heavy quarks do not slow _dbwn at all be’_cweenv (l,-p" Ye | Max muM, (me + Fy - l& DHe),
.I!roduction_ a.ndv weak decay. " For the energy distribution of semi- ) l . ] -

- | | | Min { 2, Gay + B + lg)2 )], o
leptonic charmed hadron decays, the Ke coincidence experiment at - ’ . .
DESY (2] suggests Ldl"/djt ~ exp(-¢/a) with a = 300 MeV for c - ' 1 : 1 ’ '
te |Max E oo §M(me_+.Ey- Ig',) ’ é‘M(’mN'*Fb’*‘ l&_l) s

(Equation 5 continued)

and a = (m/m ) x 300 MeV for' b in the rest frame of the decaying

hadron- H. We have calculated momentum distributions of dimuon on
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5=

xe M2/2mN.EU, Min{l, (Me/emNm)(l + e;x F- At

ye rf/ezrilqE, 1],
(5)

where 8y 18 the maximum deflection angle of right sign muons,

E"
min
quark momentum. -For the light quark distribution xf(x), we choose

is the minimum energy of wrong sig,nvmuons, and p' is the heavy

the fit given in [5]. We have tried two other fits [6,7], ‘but all the
numbers to be gi\}e.n below do not var;V by more than 10% with diffefent
choices of xf(x). - ) .
The Cﬁltech-l?ermila.b data are presented in tﬁq sets with

di_fferent cuts in the minimum energ& for wrong sign muons.v The data:
with Ex;j.n = L GeV are cleaner because of less contamination due to

n and K decays, tho,ﬁgh a little. more liable to uncertainties due to
hadron penetration. We have sucéeeded in fitting perfectly the dimuon
production by v of E;m =4 GeV by choosing the semileptonic

branching ratio as

B, & T(e~ o + whos v)/F(c -all) = (12.0 t'_e.h)% ,

(6)

where the error is statisticaly only. (See Fig. 2(a).) This value
for B, 1s in a good e.greetﬁent with what we can deduce from the Ke
coincidence experiment: (2], . Using’ B, = 0.12, ve can fit reasomably
well the less cleaner set of data of E;iné 2.4 GeV  though the -
data points tend to fall above the theoretical curve roughly by one

standard deviation. (See Fig. -2(b.‘).)‘ These successful fits, not only

in magnitude, but also in energy dependence, lead us to belleve that

" uncertainties due to hadron penetration correction.

-6-

in spite of the warning given in [1], systematic errors due to hadron
penetration at large energles are rather small in these data.

To f£it dimuon production in V reactions, we must know the

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

was made In the ratio cpu/cp. To be consistent, we have used the

total cross section measurement by the Caltech-Fermilab group [8].
The exiergy dependence is parametrized for our purpose as
cﬁ")/oﬁ") = 0.38 + 0.22 (E - 10)/100 which goes up linearly to

0.80 at E = 200 GeV. With this parametrization and B, = 0.12 as

determined above, we have plotted the dimuon productiop 'by v which
originates from ¢ 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 ., _=.h GeV, the ¢ contributien alogev can éxplain the
dé.ta_ of 'Er;in = 4 Gevand 2.4 GeV within one large standard deviation.
With the semileptonic branching ratio times cos 6' chosen as '

B, cos 9" = 1.5%',' (7)

. we can have (ouu/o.u) raised up to broken curves in Fig. 2(c) and

(d). Since cos 8 must be close to unity to explain the observed

‘aﬁv)/oﬁv) ratio [8] and (y) in the scaling model, we obtain

B o= 5 N0, e

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

that the data particularly at higher emergies may involve large
However, hadron

penetration,cdrrection can not raise the V data alone, leaving the

v data as they are, which is needed to increase BD cos 8', Though
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it is a little overstretching, considering the quality of the data,
to take 1.5% seriocusly, we believe that the upper bound 3.4% conteins

somethiné worth discussing.

Let us first examine implications of (8) in e'e” annihilatimn.

If the Okubo-Iizuka-Zwelg rule works, wé expect to see narrow 381
states of (bb). But, it is probably impossible to find flavored
states such as (bE_) and (bd): Production of bb pairs is 1/3R
of the totel in contrast to 4/3R for ‘c; peirs, the main non-
leptonic decay modeg of b do not conta.in any cpnspicuous signature
such as K mesons, and the semileptonin branching is now deduced to
be less than 1/4 of that for c. The situation will be worsened by
the low countin}éra.te of o . o

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

which decreases like 1/s.

1épton1c 'nranching to be so small, the nonleptonic decays of b oust
be enhanced enormously. After fif‘teen years of vwork,‘ theorists have
come to the understanding that nonleptonic enhancement is due partly
to shorb distance effects, as calculated in the renormelization group
method, and partly to long distance effects such as tadpole mechanism,
dua.lity enha.ncement, adjoint representation enhancement,

and so forth. For the short distance enhancement, an estimate ha.s.
been made for c¢ te show that there 1s only a small enhancement
because of the large mass [9]; For the b quark being even heavier
than c, there is prac'tically no enhancement at short distances. All
of the long distance enbancement are ‘nased explicitly or implicitly
on existence of low lying mesonic states having relev‘a.,nt flavors. ‘ The
mesonic states of the b flavor arer too heavy to enhance nonleptonic

decay modes at long distances. Though the nonleptonic enhancement -

-8-

mechanisms have not yet been completely understood gquantitatively,
every argument on enhancement indicates that the semileptonic
branching ratio of b should be equal to or larger than that of c. a

Note that B, determined in (8) includes effectively the muons due

¥

to the cascade decay process

b -+ u+s,+c

sc+p.++v. . 9)

If the nonleptonic decay rates are comparable for b —='u + sg + r

and b - u+dy+ U, this cascade prbcess alone would give ~ 6%
for Bb » Vel; beyond the limit deduced above.

One way to avoid & large semileptonic branching 1s to
introduce an additional wesk interaction of b that dominé.tes over
the weak decays obeying universality. - However; sucn an interaction
can vnot be accouinodaé'ed eé.siiy in gauge model>s excep‘é that introducing
light ﬁiggs partinles might work. An alternative may be to expect

that cos ®' 1s not as large as unity. Though cos 8' = 1 gives

- the best fit to the single-mu.on production data in the exact scaling

model, cos o' may be sms.ller if the asymptotic freedom corrections

are significant. If we make such a correction following [10], for.

‘instance, cos ©' 1s lowered to 0.6~ 0.7. This would boost B, - by

~50%, yet far below what we would normally expect for B,. Sucha -

correction should be subjected to more careful examinations numer- .

~icelly [11]. But, if one brings B, up to the level of B, (x 12%)°

somehow by a different method of 'a.symptotic correction, there would

be no need to introduce the b querk at &ll.
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In conclusion, the dimuon production data of Caltech-Fermilab,

even Vith currently available accuracy present a strong case against

fifth-quark production. In order to accommodate such productiocn, 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 CAPTIONS
Schematic picturé of dimuon production..
Ratios of dimuon vs. single muon productions by neutrinos
((a) and (b)) end by antineutrinos ((c) and (d4)). Solid
curves are‘the ¢ quark contr’ibutions: and broken curves are
possible contrvibutions -of the b quark. The estimated

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