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Abstract:

Inclusive production of ni, k* and p by e*e' annihilation has been analyzed
for cm energies W between 3.6 and 5.2 GeV. The experimental information on
the F and F* mesons is reviewed including new data on FF production at

4.16 GeV. Data are presented on semileptonic decays of charmed particles.
Electron-two-prong data have revealed t production at the y' which is below
charm threshold. With these data a precise value for the t mass has been
obtained, m_= 1.807 + 0.020 GeV. Leptonic and semileptonic decay modes

of the 1 are discussed.
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1. INTRODUCTION

New results from DASP on the total hadronic cross section, on the pc/x
states and on the radiative J/y decays are discussed by G. Grindhamlner1
at this meeting. This lecture concentrates on inclusive particle production,
the evidence for F and F*, the semileptonic decays of charmed particles, and
the properties of the 1. Most of the information presented here was obtai-
ned after the 1977 Hamburg conferencez).

2. INCLUSIVE HADRON PRODUCTION AND A TEST FOR SCALING

One of the basic properties of electron hadron scattering is the
almost perfect scale invariance exhibited by the structure functions in
the deep inelastic region. Inclusive hadron production in ete” annihilation
is expected to possess similar properties. First measurements on this sub-
ject were carried out by the SLAC-LBL collaboration who observed approxi-
mate scaling of the sum over all charged hardons produced3). In the DASP
experiment4) the ni, K* and p spectra were determined separately, which
allowed to test scaling for each particle species.

2.1 Kinematics

We start with a brief description of the forma]ism5) for inclusive

hadron production

ete” > ht x (2.1)

depicted in the following figure:

e h
S et 2] e
e
Define: q = p,tp_ four momentum vector of the virtual
photon
q2 = s square of the cm energy
p = (E,E) four momentum vector of the hadron h
€] = production angle of h with respect to the e’ directior.
. 29-p _2 .
X 5 G fractional energy of h
v o= ﬂ—ﬁ—ﬂ = % Vs energy of Y in h rest system
Note that 2m = X.
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The virtual photon, as seen in the rest system of h, has trans-
verse (T) and longitudinal (L) components. As a consequence the process (2.1)
is described by two independent structure functions, e.g. l'vlT (s,v) and
FJL (s,v). The differential cross section has the form

d:(c . %2%%‘ (W (1 + cos®e) + W (1 - cos0)} (2.2)

Special cases of (2.2) are pair production of fermions (e.g. efe” » u+u')
where WL = 0 and of scalar or pseudoscalar mesons (e.g. e+e'->1r+7r'), where
WT = 0. It is customary to use instead of WL, WT the structure fucntions
Wl and W2 which are defined as:

Wl (s,v) = WT (s,v) (2.3)
2
Wy (sv) = -I%F (W (s,9) = W (s.v) (2.4)
Note that in the pure transverse case (WL = 0) the equivalent of the Callan-
Gross relation reads

Wi, = - 20 W (2.5)

From (2.2) and (2.4) we find

adx%ﬁ = “?zsx mW, + 71! 82 x W, sine)} (2.6)

where 8 = |p| / E. Note that le 2 0 since the cross section has to be
a positive quantity.' After integrating over the angles and replacing
4ma?/3s by 9, one has

%% = 3cuu8x {m W, +% 8% x WN,} (2.7)

For E >> m this simplifies to

do _ 1

i 30uux {m Wl +gx sz} (2.8)
If the structure functions Wl and Wz obey scaling they become functions
of the ratio v/s alone. Using x = Zva as the scaling variable and
substituting

- mﬁl (s,v) = Fy (x,5)
W, (s,v) =F, (x,5)

(2.9)
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scale invariance is defined as

tim = m, (s,v) = Tim Fl (x,s8) = Fl (x)
v+ s +w (2.10)
X = const X = const

and similarly
1im vWé (s,v) = Fé(x).

Scale invariance leads to the following expression for the inclusive cross
section:

do. 3o,,% (F)(x) + F X Fy(0) (2.11)

If scale invariance is valid the shape of the particle energy spectra, do/dx,
is independent of s. Furthermore, the magnitude of the inclusive cross
section behaves like s .

2.2 Experimental Procedure

The inclusive spectra measured by DASP4) were obtained employing a
genuine inclusive trigger: besides a charged particle in one of the spectro-
meter arms no other requirement was imposed on the final state. A detailed
description of the particle identification can be found in Ref. 4. Basi-
cally, particles penetrating the iron filter were identified as muons;
electrons were recognized by shower, cerenkov and time-of-flight counters;
pions, kaons and protons (antiprotons) were identified by time-of-flight.
The momentum range was for pions 0.14-1.5 GeV/c, for kaons 0.28-1.6 GeV and
for protons (antiprotons) 0.45-3 GeV/c.

Data were taken at cm energies between 3.6 and 5.2 GeV for a total
luminosity of ~ 8100 nb'l. They were grouped into eight different energy in-
tervals. A total of ~104 nt, ~103 K* and 130 p were used for the analysis.
Since the majority of the protons were due to beam gas interactions only an-
tiprotons were considered. The proton yield was assumed to be the same as
for antiprotons.

The differential cross section for inclusive production in general
depends on the polar angle © (see e.g. eq. (2.6)). In the present analysis
the polar angular acceptance was |cos@| < 0.55. Within this range no sta-
tistically significant cos® dependence was observed and a constant angular
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distribution was assumed in order to integrate the cross section over
coso.

To estimate the possible error introduced by this procedure we con-
sider the 1imit that only transverse photons contribute,wL = 0. In this
case the cross sections given below would have to be increased by at most
24 %. With the angular dependence observed by SLAC-LBL3) the estimated
increase is less than 5 % for x < 0.5 and %13 % above.

2.3 General Behaviour of Inclusive Particle Production

Fig. 2.1 gives an impression of the relative frequency of pions,
kaons and nucleons. It shows the cross sections do/dp as a function of mo-
mentum for the individual types of particles averaged over cm energies
between 4 and 5.2 GeV. (Here do/dp, e.g. for 7 means the sum for m* and
production.) The dashed curves were obtained from an extrapolation of the
invariant cross sections E/4mp? do/dp (see below). They indicate the ex-
pected momentum dependence at low momenta, where the particles are swept
out of the spectrometer due to the magnetic field (pions), are lost by
decay (kaons) or suffer too big an energy loss in the material in front
of the magnet (antiprotons). Below 0.5 GeV/c the o K 2p yields are
roughly in the ratio 100 : 10 : 1. With increasing momenta the differences
become smaller.

Fig. 2.2 shows the same data plotted in terms of the invariant cross
section £ ¢°0/d} = E/4n p* do/dp. To within 20 or 30 % accuracy the ™,
K™ and 2p fall on the same curve which is well approximated by an expo-
nential,

E/4mp? do/dp ~ exp(-bE)

The exponent b has the value 5.4 GeV_l. A similar behaviour was observed
for the inclusive spectra from J/y decay (see Fig. 2.3)6). Inclusive spectra
in hadronic collisions behave in the same way if the data are plotted as a
function of the transvers energy E; = VFEE";—E$i This is demonstrated in
Fig. 2.3 where the curves represent the inclusive spectra from pp collisions
in the central region at /s = 53 GeV. It is surprising to see that inclusive
spectra that come from such different initial states as e+e- collisions, J/y
decay and pp collisions are very similar.
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2.4 Test for Scaling

Since the angular distribution was found to be consistent with iso-
tropy we neglect the second term in eq. (2.6) and obtain

I g By (s.) (2.12)
The quantity % g% is then proportional to the structure function Wl. For
the purpose of orientation Fig. 2.4 shows first the ratio R =qt0t/0uu in
the energy region analyzed herel). Note that the heavy lepton contribution
has been excluded. At 3.6 GeV which is the first energy analyzed and which
is below charm threshold, R is of the order of 2.3. Above charm threshold
three resonance-like structures show up at 4.04, 4.16 and 4.41 GeV. Beyond
4.5 GeV R seems to have reached its post charm level with a value of 4.5.

Fig. 2.5 shows the x dependence of 3 8 3_ for ni(i e. sumof 7* and
), K* and twice the p production as measured in the eight energy intervals.
The 7, K and p cross sections for x 2 2 0.2 decrease nearly exponentially. More-
over, with increasing energy v5, and increasing x the cross sections for the
three particle species become more and more alike. The p data, within large
errors, do not show any significant change with s, i.e. they appear to
scale.

In order to test the pion data for scaling we compare in Fig. 2.6 the
cross sections at the "nonresonant" energies s = 13 and 25 GeVz. Below
= 0.3 the cross section rises by a factor of 1.5 to 2 between s = 13 and
25 GeVZ. At higher x values the two cross section sets agree within errors.
In other words, the rise of R from a value of 2.3 at s = 13 GeV2 to ~ 4.5 at
5.0 GeV is associated with low x pions only.

In Fig. 2.7 (s do/dx) is plotted for = and K* as a function of s
for fixed x. A large increase in the m cross section at s = 16 GeV2 is most
prominent for x < 0.4. The cross sections at s = 13 and 27 GeV2 for

2 0.4 are equal within errors. The K cross sections increase by a factor
of two or three froms = 13 to s = 16 GeVz. For x > 0.4 the K cross section
above the 4 GeV resonance region falls back to its pre-charm level. This
suggests that at high energies (s > 30 Gevz) charm contributions to K pro-
duction are confined to x values below 0.4. Note also that for s = 25 GeV2
and x2 0.3 and K cross sections tend to be the same.
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2.5 efe” > pX and e p + e'X

Inclusive production of a particle h by ete” annihilation and
inelastic electron scattering on particle h are related by crossing (see
diagrams below). At the special point x = 1 (where for inelastic electron
scattering x is defined as 2 p - q /(-qz), q, p four momenta of the vir-
tual photon and the target particle h) the structure functions for one pro-
cess can be calculated from those of the other one if scaling holds. Consider

ete” > pX and e p > e'X. In this case®)

P e e'

X

-
—
—
x
it
—
~
n
1
-n
—
—
x
|

= 1)
ee + pX : ep-+e'X (2.13)
1)

x

n
—
~

i
-n

~nN

—

x

n

However, an analytic continuation which would connect points at x # 1 is
in general not possib1e7).

Gribov and Lipatovg), studying both processes in a field theo-
retical model predicted the following relations:

Fl(X)
P

-1 1
LR, (=
x 1 G (2.14)

7 P (%)

x

A preliminary analysis of the DASP data for Fz(x) is shown in Fig. 29. The
experimental points were obtained by summing over cm energies from 4 to 5.2
GeV. The structure function Fz(x) was determined from the data assuming

the Callan-Gross relation

xF,(x) = -Fl(x) (2.15)
which leads to

do _ 3 , =

=7 ouug(l -B8%3) x Fz(x) (2.16)

The Gribov-Lipatov prediction calculated from deep inelastic ep scattering
data is shown by the curve in Fig. 2.8. It fails to describe the data: the
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theoretical curve is always below the measured points. The discrepancy is a
factor of ~2 at x = 0.8 rising to ~ 4 at x = 0.4. Part of this failure - if
not all - may have to be attributed to contributions from processes of the

type |, _ .
ee> hX,h p+ ... where h=A\ s L s N , etc.

p... p... p ...

which should be excluded from the e'e”™ data before the comparison is being
made. It is this type of contributions which prevent in general an analytic
continuation from the scattering to the annihilation case7).

3. THREE GLUON VERSUS qq ANNIHILATION

Approximately 70 % of the J/¢ decays are direct decays into
hadrons which are believed to proceed via three gluon annihilation. Electron-
positron annihilation into hadrons on the other hand at high energies appears
to proceed via a primary quark-antiquark pair. For this reason one might ex-
pect the J/y to yield more Tow energy particles than nonresonant hadron pro-
duction. DASP6) has analyzed the inclusive spectra for ﬂt, K* and p from
J/V decay and for a cm energy vs of 3.6 GeV (i.e. below charm threshold). In
Fig. 3.1 the cross section 0—1— —é—g—g is shown as a function of the fractional
particle energy x = 2E//5. The data points represent the values at 3.6 GeV,
the curves the result at the J/y. The J/¢ curves were normalized such that the
integrated w cross section from J/y agrees with that at 3.6 GeV for x = 0.3.
Within errors no difference is observed in the shape of the w and K spectra
at the two energies. Most likely the energy of ~3 GeV is too low for the two
mechanisms to produce a noticecable difference. Remember that at 3 GeV the
sphericity distributions for the two extreme cases of phase space and jet
formation are the sameg).

The only difference between on and off resonance data in Fig.
3.1 is seen to occur for antiprotons. The J/y decay relative to the m and
K yields produces more antiprotons by a factor of 2-3. No explanation has
been offered for this fact.
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4.1 The F mesons

The charm model predicts mesons carrying both charm and strange-
ness. The ground state is F*. The GIM favored decay of the F is into an ss system
leading to final states containing KK,? , nor n'.

. S H
-— > - - ,
F = KK,KK®, ¢,7.7".

c s

=N,

Sizeable n production is therefore a hint for F production. The production
characteristics for F mesons can be expected to be similar to that for D's.
Copious D production was found near the D" threshold at 4.028 GeV proceeding
mainly via 00* and D*0* formation. Assuming a similar behaviour for the F

meson one expects large FF* and F*F* cross sections near threshold. Since both,
F and F* are isospin singlets the favored decay of the F¥ is the radiative tran-
sition F¥*-> Fy provided the F* - F mass difference is less than 2 mnlo). The
signal for F production can therefore be enhanced by requiring a low energy
photon in addition to the n signal.

11)

DASP searched for the F meson by studying events of the type

ete™ s oy Tow * 2 2 charged tracks + X

The rwas identified by its decay into two photons. A search of this type
is hampered by the ¥y mass resolution which in the DASP experiment was 80 MeV,

and by the large 7%13 combinatorial background: on the average there are 2-3 w's

produced near 4 GeV leading to 4-6 photons or 6-15 two-photon mass combinations.
The event selection was done as follows: The photons were detected in the inner
detector and their angles and energies measured. The detection efficiency was
50 % at 0.05 GeV rising to 80 % at 0.1 GeV and 95 % above 0.3 GeV. Events
accepted were required to have at least two charged tracks coming from the in-
teraction region and at least two photons with energies exceeding 0.1 GeV. The
vector sum of the momenta of these two photons was required to be between 0.3
and 1.2 GeV. Events containing a photon of less than 0.14 GeV (Ylow) in addi-
tion to the two used for forming mYY were called Tow energy photon events.
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Fig. 4.1 shows the mYY distribution for events containing a low
energy photon for five energy intervals between 4.0 and 5.2 GeV excluding ener-
gies around 4.4 GeV; the 4.4 GeV region (4.36 - 4.48 GeV) is presented in
Fig. 4.2. There is a clear n signal at 4.4 GeV not observed at the other
energies.

The occurence of n production in association with low energy
photons at 4.4 GeV is strongly suggestive of FF* (F*F* production). A search was
made for the two body decay of the F* into nnt detecting the pion in one of the
spectrometer arms. A total of 35 events were found with a pion momentum above
0.6 GeV/c, a yy combination in the n region (0.35 - 0.65) and a low energy
photon (this time EY < 0.2 GeV). These events were fitted to the reactions

ee” + FPF*T o (7n) (FRyg,) = (v1) (Fiypg,) (4.1)
and
efe” > F

T s (P g) BT () B (4.2)

These are two constraints fits because of the mass constraint on mYY and the re-
quirement that for (4.1) wmn and the missing vector must have the same mass me3
for (4.2) the ™Y 0w system and the missing vector must have the same mass Mese -

A total of 25 events gave a fit to (4.1) with a XZ < 8. These
events are plotted in Fig. 4.3a as a function of A, the difference between the
measured and the fitted «wn mass. The distribution peaks at A = 0. Cutting at
|a] = 0.25 GeV 21 events with || < 0.25 GeV are retained. These events are
shown in scatter plots (Fig. 4.3b,c) of the mass difference between the recoil
mass and the wn mass versus the wn mass. The data taken at 4.4 GeV have a cluster
of 6 events with a well defined m mass and a recoil mass some 100 MeV higher.

The background is found to be negligible from the event distribution outside the
4.4 region (Fig. 4.3c). In the latter -data no event with a wn mass compatible with
the signal at 4.4 GeV was found for an integrated luminosity five times larger than
that at 4.4 GeV. Fig. 4.4 shows a scatter plot of the fitted wn mass versus the
mass of the recoil system and Fig. 4.5 gives the projection onto the wn mass axis.
mrecoi1) mass values within errors:
= 2.17 GeV, Mes = 2.11 GeV. Allowing for possible syste-

There are six events which give the same (mﬂn,
mo = 2.04 GeV, Mecoil
matic uncertainties the best estimates are

Mg 2.03 + 0.06 GeV
Mex = 2.14 + 0.06 GeV -

+

The masé difference between F* and F can be directly determined from the energies
of the Tow energy photon:
Mes = Mg = 0.12 + 0.04 GeV.
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Events with low E.Y
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Events with low E.y
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By comparison with DD production one might expect to find a strong FF signal close
to the FF threshold (~4.06 GeV). In th.s case no correlation between production

of F and a Tow energy photon will exist. Using the same selection criteria as be-
fore but not demanding a Tow energy photon the mYY mass distribution shown in

Fig. 4.6 (cm energy 4.0 - 4.10 GeV) and Fig. 4.7 (4.10 - 4.22 GeV) were obtained.
The first energy bin shows a ° peak but no n signal. The second energy bin, be-
sides the =° exhibits a clear n peak. Since no n signal is observed at 4.0-4.10 GeV
the n mesons do not come from D decay and DDn production is excluded by kinematics.

The observed features strongly suggest to associate the n signal
with FF production. A search for events with F* > n¥n revealed one event. From the
fit a value of 2.03 + 0.01 GeV was found for the F mass.

5. SEMILEPTONIC DECAYS OF CHARMED PARTICLES

5.1 Electron inclusive events

The semileptonic decays of charmed particles were studied with
inclusive electron events,

efe” & ex (5.1)

Events of this type can come from charmed particle decays but also from a variety
of other sources, trivial ones 1ike QED processes, Dalitz pairs, hadrons faking
electrons, or from other new particles such as heavy leptons.

The analysis was done for cm energies between 3.6 and 5.2 GeV and for electron
momenta Pe above 0.2 GeV/c.lz’13 The total integrated luminosity amounted to
6300 nb-l. The electron was identified in the magnetic spectrometer by a Cerenkov
counter together with either time-of-flight (for Pe < 0.35 GeV/c) or shower
counters (pe > 0.35 GeV/c). The probability for a pion to fake an electron was
measured to be 4-10 *. Electron pairs from Dalitz decay or pair conversion were
rejected by pulse height cuts on the scintillation counters mounted before the
magnet. Background from QED processes was suppressed by requiring the system X to
contain at least one nonshowering track T* (e.q. w5, 1%, K but not e).

As a result of the selection criteria the trivial background to the events selec-
ted turned out to be small (see table 5.1).

In a second step the charged multiplicity distribution and the
electron momentum spectra.were ana]ysedlz. It was found that by a simple cut on
the multiplicity (shown in Fig. 5.1) a clear separation between events from
charmed particle and from heavy lepton decay is possible. Electron events with
a single charged track (they will be called electron two prongs) are due basi-
cally to heavy leptons; electron events with two or more charged tracks (electron
multiprong events) originate from charmed particles. The relevant numbers are
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listed in table 5.1. The difference in multiplicity (and electron spectrum as
shown below) can be understood (and was expected) in terms of the production
and decay characteristics of charmed particles and heavy leptons. This is ex-
plained by table 5.2.

Table 5.1 Event statistics for inclusive electron events1214

Number of events

efe” »eTny, n2 0 e*e” » eT® + charged + ny, n > 0
satisfying
selection criteria 60 182
trivial background 7+2 28 + 9
background from
charmed particles 5+2
background from
t production <22

Table 5.2 Properties of heavy sequential leptons and new hadrons (taken from

Ref. 15)
L H

Production ete” » LU ete” > H A

(point cross section) (damped by form factors)

efe” > L*L™ + hadrons ete™ > H il + hadrons or H*A*

(neg]igib]e small, less (dominant at higher energies,

than o¢ of elastic pro- cross section will have structure)

duction near threshold)
Decay Modes L+2 51 v H+ 2 Gz

v hadrons (suppressed if the lowest flavour
state has spin 0)
> 4 Gz + hadrons
-+ hadrons

Final States:
ep + neutrinos important, clear signature | negligible

( e(n) from three body (e(n) from a multibody decay)
[ decay
£ 2 + neutrinos negligible, order az at large (e(n) from a multibody
+ hadrons threshold decay)
e(u) + neutrino large, lepton spectrum large, lepton spectrum
+ hadrons computable and hard, soft,

hadrons have Tow hadrons have high

multiplicity multiplicity
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Observed Prong Distribution in e*e = e¥ + X
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5.1 The charged track distribution observed by DASPlZ’13 for inclusive

electron events. The electron is included in the prong number. The
shaded distribution is for events without photons.
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5.2 Electron multiprong events and semileptonic decays of charmed

particles

The properties of semileptonic decays of charmed particles were
deduced from the electron multiprong events. The lepton spectrum associated with
the multiprong sample is shown in Fig. 5.2. The estimated background due to
hadron misidentification or heavy lepton production is also plotted. The back-
ground was scaled from measurements below threshold. The heavy lepton contri-
bution was estimated assuming a t branching ratio of 30 % to decay into final
states with three or more charged particles. It was found that less than 12 %
of the events with Nep 2 3 can be explained as heavy lepton production. The
simple cut on hadron multiplicity therefore yields a rather clean sample of
charm decays.

The electron spectrum contains information on the semileptonic

and the leptonic decay modes .of the Towest mass charmed hadrons. Fig. 5.2 de-
_monstrates that semileptonic decays are much more important than leptonic decays
because the latter, being two body decays, would produce a peak in the electron
spectrum around 1 GeV/c. This is in gross disagreement with the data which peak
around an electron momentum of 0.5GeV/c with only few events above 0.7 GeV/c.

To study the observed momentum spectrum in more detail we consider the spectrum
obtained for cm energies between 3.99 GeV and 4.08 GeV. The charm cross section
in this energy region is dominated by D0* and D*D* production and is below the
threshold for F production. The spectrum, corrected for the background and the
heavy lepton contribution, is shown in Fig. 5.3.

The spectrum in Fig. 5.3 was fitted to three possible channels:
D~ eGen, D~ eGeK and D » eGeK*(SQZ). A V-A current ¥gs assumed and the form
of the spectra was taken from a paper by Ali and Yang™" . Note that the theore-
tical spectra are model dependent. These fits gave a x2 value for 10 degrees
of freedom of: 29.6 for D -+ e;e"’ 6.3 for D > eGeK and 2.8 for D » eGeK*(892).
The decay D » eGen can therefore be excluded as the sole semileptonic decay mode
of the D. The data can be fitted with either D - eGeK or D~ eGeK*(892).

The absolute cross section for inclusive electron production
ete” > et + X, where X contains at least two charged tracks and any number of
photons, is plotted in Fig. 5.4a as a function of energy. The data have been
corrected far radiative effects. The background from hadron misidentification
and the contribution from heavy leptonic production have been subtracted.

The inclusive cross section due to charmed particle production can
be written as:

+ - + + - = - = -
g(e'e” »eX) = .3 ole'e ~» CiCj) . {B(Ci > eveX) + B(Cj > eveX)}
+.. -
Here (e'e - Cicj) denotes the effective cross section for producing the
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lightest charmed hadron stable against strong and electromagnetic decays. These
particles might either be produced directly or result from the cascade decay of
excited charmed hadrons. The cross section c(e+e' > Ciéj) was obtained by sub-
tracting the cross sections for "old" hadron production from the total hadronic
cross section.

Near threshold, where only neutral and charged D production can
contribute DASP finds:

B(D > e + X) = 0.08 + 0.02
This should be compared to the value
B(C ~ e + X) = 0.072 + 0.02

obtained by avering over all energies between 3.9 GeV and 5.2 GeV (see Fig.5.4b).
These values were extracted using the DASP1 data for the total cross section

and the error quoted is mainly systematic. Evaluating the branching ratio using
the SPEAR data17 on the total cross section as input led to an average semi-
leptonic branching ratio of 0.08 + 0.03, compared to 0.11 + 0.03 obtained using
the PLUTO18 total cross section.

The semileptonic branching ratio can also be determined from the
fraction of inclusive electron events containing a second electron. Using this
method the DASP group finds B(C -~ e X) = 0.16 + 0.06. Note that this value is
independent of the charm cross section.

The semileptonic branching ratio of D's as measured by DASP is
in accord with the results by LBL-SLAC19 and the preliminary analysis of
DELCOZO (see Table 5.3).

Table 5.3 Semileptonic branching ratio of D mesons

Experiment B(D > eX)
pAspl3 8+2%
peLco?? 11+3%
LBL-sLACL? 7.2+2.8%

The semileptonic branching ratio is larger than the value of 4 % predicted21

from the weak decays of strange particles. This indicates that the mechanism
responsible for enhancing the nonleptonic channels in strange particle decays
are less effective22 for charmed particle decays. In fact if none of the
available channels are selectively enhanced one expects a semileptonic branching
ratio of 0.20. This number is obtained by simple counting: the W decay can
proceed in five different ways, W + ev, uv and qq' times three because of three
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different colours: Assuming the same coupling strength, each channel has the
probability 1 : 5 = 20 %.

One event was found by DASP with 3 electrons plus hadronsl3. This

number is consistent with the expected background leading to an upper limit of
(ete™ > 3e + X) < 0.1 nb,

with 90 % confidence. Events of that type could arise from a charm changing
neutral current, which allows a charmed hadron to decay into two electrons plus
hadron523. A neutral Tepton paired with the electron in a right handed doublet
would also yield events with three electrons and hadronszz.

DASP12 has determined the number of charged kaons emitted in
electron multihadron events. This provides an independent consistency check on
the nature of the weak current responsible for charm decay. If it is the GIM
current then almost every electror event will haw a KK pair. The measurement
was done with events that had an identified charged hadron (m, K or p) in the
magnetic spectrometer, an electron in the inner detector and possibly other
charged particles or photons. No epX events were seen. From the observed K to
wm ratio and the measured charged multiplicity it was found that each multi-
prong event contained on the average 0.90 + 0.18 charged kaons per event in
agreement with the GIM prediction.

6. T _production
Measurements on lepton events of the type

ete™ » ey + nothing (6.1)

and e'e” -+ e(u) + nonshowering charged particle
+ any number of photons (6.2)

provided convincing evidence that besides charmed particles a new type of weakly
decaying particle, t, is being produced above 4 GeV 24. Conclusive proof for
its existence was recently given by the DASP collaboration who observed t pro-
duction below charm .threshold at the y"'.

6.1 1 _production below charm threshold

1 production at the y' was studied with electron twoprong events
(6.2). The selection criteria for this sample were discussed in the previous
section. A total of 17 events were found at the y' and 1 event at a cm energy
of 3.6 GeV.

The electron momentum spectrum measured at the y' and plotted in
Fig. 6.1 shows two clear clusters of events, one centered around 1.5 GeV/c and
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the other with momenta between 0.4 GeV/c and 0.9 GeV/c. The first cluster can
be associated with the cascade decay ¢' ~ J/y X s efex.

The electrons in the second cluster have a relatively flat momen-
tum distribution. The background from the reaction e'e” - e'e u*u” has been esti-
mated to contribute (0.6 + 0.2) events. An estimate using data at other energies
shows that we expect less than 0.1 event from beam-gas interactions. Indeed, all
the events originate within the nominal interaction volume. A twobody hadron final
state can fake events of type (1) if the charged hadron traversing the magnet is
misidentified as an electron. For hadrons with momenta above 0.35 GeV/c the
measured probability Phe for this to happen is 4 x 10'4. At the y' resonance
2113 events were observed of the type efe” > ht o+ nonshowering track + > 0
photons where h is either a kaon or a pion traversing the magnet and the non-
showering track is observed in the inner or outer detector. This class of events
therefore contributes a background of (0.84 + 0.02) events. Dalitz decays of °
and n and photons converting in the beam pipe were estimated using the two prong
sample above. A total of (0.2 + 0.1) events were estimated compared to 9 events
observed. The computation of background associated with multihadron events was
checked by searching for inclusive electron events at the J/y resonance. One
event of the type efe” s> et 4 nonshowering track + > 0 photon was found which
is to be compared with an estimated background of 1.3 events.

Further evidence that the electron events observed at the y' are
not true hadron events comes from an inspection of the photon multiplicity.
Table 6.1 shows a comparison of the photon multiplicities for twoprong electrons
(0.4 GeV/c < Pe < 0.9 GeV/c) and twoprong hadron events (ph > 0.4 GeV/c) from
y' decay.

Table 6.1 Photon multiplicity distributions

Number of photons 0 1 2 3 4 5 6 7

et + nonshowering track 4 3 1 1
at the v'(0.4 < Pe < 0.9 GeV/c)

hE + nonshowering track 207 370 440 428 312 199 99 32
at the xp'(ph > 0.4 GeV/c)

e* + nonshowering track 49 17 10 1 2 0 1 o0
/ST 4-5.2 GeV (p, > 0.2 GeV/c)

The distributions are strikingly different. The electron events are accompanied
by a few events as expected for t decay whereas the hadron events have a large
multiplicity.
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We conclude therefore that an anomalous electron signal is observed
at a cm energy of 3.684 GeV which is below charm threshold. This signal is then
assumed to come from tt production. The electron spectrum predicted for a <
of mass 1.80 GeV and a zero mass neutrino fits the data well (see curve in
Fig. 6.1).

6.2 t production above 4 GeV

We turn now to the electron twoprong data at higher energies. A
total of 80 events were found at cm energies between 4.0 and 5.2 GeV. A fraction
of the twoprong electron events observed above 3.9 GeV might result from asso-
ciated production and semileptonic decays of charmed particles. An upper limit
can be obtained by assuming that all inclusive electron events with more than
two prongs are due to charm production. From the measured multiplicity distri-
bution of these events (Fig. 5.1) and the known detection efficiency a total
of (5 + 2) events has been estimated from this source. The direct decay of a
pair of charmed hadrons into a final state with one electron and one non-
showering track is expected to contribute less than one event. The background
from all other sources has been estimated to (9 + 3) events, in agreement with
(7 £ 7) events extrapolated from the 3.6 GeV data.

6.2.1 T mass_and spin

The quantity 201? Be-BnS is plotted in Fig. 6.2 as a function of
cm energy. Radiative corrections were applied and the data were corrected for
the enhancement at the y' due to vacuum polarization. Note the rapid rise near
threshold which is characteristic for s-wave production. The data shown in
Fig. 6.2 were used to determine the mass of the t and its spin14. The cross
section for t7 production for a 1 spin of 0, 1/2 and 1 reads as follows:

spin 0:

3

T

- 2 .

o= = 1/4 O 8> |F| Be an (6.3)
_ 40 :

where cuu =5 and F is the ¢t formfactor.

spin 1/2:
- _2 .

oz = 0, B {1+1/2 (1 ‘31)] B, B (6.4)
The t is assumed to be pointlike.
Spin 1 :

o =0 8 [(25)%+5 S5 +3/4].-8 -8 (6.5)

T up T 4_MZ 47‘42 e hs .

T T

The © is assumed to have the same electromagnetic properties as the W boson25.
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For spin O the upper limit on ZcTT Bean was calculated with F =1
and the conservative assumption that the t has only leptonic decays and Be = Bu'
This upper Timit is plotted in Fig. 6.2 und is seen to be lower than the data by
an order of magnitude. For spin 1/2 and 1 a fit was made treating the t mass and

the products of the branching ratios Be . an as free parameters. The spin 1 curve

.(see Fig. 6.2) does not describe the data; including the data obtained at higher
}énergies at SPEAR excludes spin 1. The data are well described by a pointlike

fermion of spin 1/2. The fit yielded for the t mass
m_ = 1.807 + 0.02 GeV.

6.2.2 The lepton momentum spectrum

Besides electron inclusive events the DASP group studied also n
14. Candidates for muon inclusive events had to have one muon
track in the spectrometer, a second nonshewering track and any number of photons

inclusive events

observed either in the inner detector or in the spectrometer arms. A charged
particle was called a muon if it had a momentum greater than 1.0 GeV/c, gave no
signal in the threshold Cerenkov counter, suffered an energy loss consistent
with that of a minimum ionizing particle in the shower counter and penetrated
at least 60 cm of iron. A total of 25 events with a background of 3.8 events
was found.

After all corrections (21 + 5) muon inclusive events and
(18.5 + 4.6) electron inclusive events were observed with momenta above 1.0 GeV/c.
The ratio of the leptonic widths evaluated directly from these data are inde-
pendent of the form of the coupling. This yields Bu/Be = 0.92 + 0.32 with a
systematic uncertainty of 0.07. The result is consistent with ey universality.

The lepton momentum spectrum, obtained by combining the electron
and the muon data, is plotted in Fig. 6.3 for cm energies between 4.0 GeV and
5.2 GeV. This spectrum extends to much higher momenta than the electron spectrum
observed in the semileptonic decays of the charmed hadrons, reflecting the
pointlike structure of the t and the low mass of its neutrino.

The solid line shows a fit to the data assuming m = 1.80 GeV, a
massless neutrino and a (V-A) structure of the current. The dotted line is a
fit keeping the masses constant but changing the left handed V-A current into
a right handed V+A current. Both fits are clearly acceptable.
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6.3 Leptonic and topological t decay branching ratios
14

The DASP group measured efe” ey + missing energy in the cm

range of 0.4 GeV to 5.2 GeV. Muons of momenta greater than 0.7 GeV/c were identi-

fied in the outer detector (P hy = 4.2 + 0.8 %) by range, electrons with momenta
above 0.2 GeV/c either in the inner detector (P =2 £ 0.9 %) or the outer
(P =4 x 10 ) A total of 13 eu events with an estimated background of

1.2 + 0.4 events were found. Using the known production cross section and assuming

ey universality yield:

Be = Bu = 0.182 + 0.028 + 0.014 for a V-A current and

Be = Bu = 0.206 + 0.033 + 0.015 for a V+A current. The first error is the

statistical one.

The fit used to evaluate the t mass from the electron inclusive
events yields Be . an = 0.086 + 0.012. Using Be = 0.182 + 0.028 the DASP group
derived the branching ratio for t » v, + nonshowering particle + > 0 photons,

= 0.47 + 0.10. The branching ratio B1h for = » vt hadron + > 0 photons
is given by Blh = an - B = (0.29 + 0.11). The systematic errors are small
compared to the statistical error. The average number of photons associated
with © » v + hadron + > 0 photons can be obtained from table 6.1 after making
background corrections. Averaging the observed photon multiplicity over all
two prong events in the higher energy data and correcting for the photon de-
tection efficiency the decay of the type t » vt charged hadron + any number
of photons was found to yield on the avevage 2.8 + 0.7 photons.

The branching ratio B3h for the t to decay into final states
with at least three charged particles can be obtained from B3h = 1-Be - an.
(The number of electron events with Pe > 1 GeV/c and 5 or more charged tracks
were found to be small.) The result is B3h = 0.35 + 0.11 in agreement with the
Pluto26 measurement, B(z 3 prong) = 0.30 + 0.10.

Fits were also made varying the mass of the t neutrino. The 90 %
confidence upper Timits on the neutrino mass are m, < 0.74 GeV for V-A and
m, < 0.54 GeV for V+A. T

T

6.4 Semihadronic decays of the t

A characteristic feature of the standard weak interaction is that
decays involving strange particles are suppressed relativ to decays involving
nonstrange final states by tgzec = 0.05. The DASP group determined12 the ratio
of strange to nonstrange particles in semihadronic t-decays from a measurement
of
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ofe*e” » e¥+ K* + > 0 photons)
o(e'e” + eF + 17 + > 0 photons)

v

It was shown that the two prong cross section including one electron predominately
results from ete™ » 1T + (v, e\')e)(vT + hadrons + > 0 photons) with only a small
contamination from charm decays. The hadrons were identified and measured using
one of the spectrometer arms. The electron was identified in either the inner or
the outer detector.

The results was

o(e¥ + K +20 photons) _ 0.07 + 0.06
o(e¥ + T+ > 0 photons)

Therefore on the average only 7 % of all semihadronic t-decays yield a strange
particle in accordance with theory. This should be compared to multiprong events
where DASP foundlz:

o(e¥ + K¥ + > 1 prong + 2 0 photons)
= 0.24 + 0.05.

O(e; + 'ni +

v

1 prong + > 0 photons)

Since the charged multiplicity is on the order of 4 this is equi-
valent to (0.9 + 0.18) charged kaons per multiprong event. (See discussion in
section 5.)

6.4.1 1> v

We have searched27 for the t + mv decay by studying the process

ete” » 1 » (evv)(mv)

leading to the final state ert Oy. In order to reduce background from charm
production only cm energies W > 4.48 GeV were considered. The electron was de-
tected in the inner detector or in the magnetic spectrometer, the m* was identi-
fied in the magnetic spectrometer. To enhance the t -+ wv signal only ™ with
momenta above 1.1:GeV/c were considered. Two events satisfying these selection
criteria were observed.

From tt production 6.7 events were expected plus 1 event from
background (e.g. t ~ pv where the 7° from t decay escaped detection). The dif-
ference between expected and observed number of events corresponds to a 2 s.d.
effect. The observed number of events lead to

_ + 0.005
Be B1T = 0.004 _ 0.004

or ~ +0.03
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which can be compared to the theoretical value of BTr = 0.10. The data from
SLAC-LBL presented at this meet1'n928 suggest, however, that the nv decay exists
with the expected strength. i

The DASP group has also searched for events of the type
efe” + 1T+ {(kv) (ewv) + (uw) + (mv)}

K+ charged track + missing energy.

Only one event with Pk > 1.0 GeV/c was found27. This yields a 90 % confidence
upper limit of By < 0.016.

6.4.2 1 > pv

DASP measured27 the decay t oV, by selecting final states with
o+ charged track + two photons. Events in which the two photons are compatible
with resulting from a © decay are retained provided that both computed photon
energies are above 50 MeV. The remaining events are plotted versus M(niﬂo) in
Fig. 6.4a. Events with an identified electron are hatched. Events within the
p-band (0.5 GeV < M(ntno) < 1.0 GeV) are plotted versus the momenta of the wa0-
system in Fig. 6.5. The momentum distribution expected from the decay - oV,
is shown as the dotted 1ine. Note the flat distribution above 0.9 GeV/c which
is characteristic for a two body decay of a moving object. The enhancement at
low momenta is presumably due to multihadron events. To reduce the background,
only events with a (niwo)-momentum above 1.0 GeV/c are considered. The n7°
mass distribution for these events are plotted in Fig. 6.4b. These events yield
as a preliminary value

Bp = 0.24 + 0.09

in good agreement with the theoretical prediction, Bp = 0.22.29

6.5 Summary of the t properties

Table 6.2 summarizes the information on mass, leptonic and semi-
hadronic decay modes of the t from this and other experiments.

The observation of the t at the y' below charm threshold conclu-
sively demonstrates that the t signal has nothing to do with charm. The shape
and magnitude of the <t production cross section exclude spin 0 and 1 for the t:
they strongly favor the assignment as a pointlike, spin 1/2 fermion. The best
value for the t mass at present is 1.807 + 0.02 GeV. The analysis of the decay
spectra puts a 1imit of 0.54 GeV on the mass of the t neutrino. The 1ifetime
of the  is less than 3.5:10712 sec.

The Tepton momentum spectra can be described by a V-A as well as a V+A coupling
of- the weak current to the T;T system although the first possibility is
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6.4 a) The distribution of M(wino) observed by pAsp?’ for events with the

topology ete™ + %10 + charged track.

b) The M(n*x®) distribution for events of the same topology as abgve
but with Prtro > 1 GeV/c.
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Table 6.5

Properties of the
experimental predicted experiment comments
results by theory
mass (GeV) 1.807 + 0.020 pAspl?
Spin 1/2
lifetime (sec) <3.5.10712 2.8-10°13 pLUT0?
m, (GeV) <0.54 stac-LBL3!, pLyto3®
t 31 26
tv_coupling to V-A favored SLAC-LBL"", PLUTO
weak current
14
B, / B, 0.92 + 0.32 1 (seq.lept.)| DASP
Be 0.186 + 0.010 + 0.028 0.18 SLAC-LBL32 from eu; assume Be =B and V-A
0.16 + 0.06 pLUTO3C from ey,uX; assume V-A
0.224 + 0.032 + 0.044 LBL-SLAC33 from ey; assume B, = B
0.182 + 0.028 + 0.014 paspl4 from eu; assume B - B and V-A
0.15 DELCO20 from eX; preliminary
Bu 0.175 + 0.072 + 0.030 0.18 SLAC-LBL from uX; assume B18 = 0.85 and V-A
0.14 +0.034 pLUTOZE from uX; assume V-A
0.22 t 8:8; Iron ba1135 from uu
0.20 + 0.10 Maryland-Princeton from uX
-Pavia
B(x + ey) <0.026 LBL-sLAc3]
B(t -+ uy) <0.013 LBL-sLAC3!
B(t » 3 charged <0.006 sLac-LaL3!
leptons) PLUT036

<0.01
.
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Table 6.5 continued

experimental predicted experiment comments
results by theory

B(x » 1 charged 0.70 +0.10 pLUTOZ®
+ any photons) 0.90 + 0.10 LBL-sLACS3

0.65 + 0.12 paspl4
B(t > 1 charged 0.40 +0.15 pLUT0%6
hadron + any photons) 0.45 + 0.19 LBL-SLAC33

0.29 +0.11 pasp4
B(t - 3 charged 0.35 +0.11 pAspl4
hadrons + any photons)

27

B(t -+ v) 0.02 + 0.03 0.10 DASP
B(t - kv) <0.016 0.005 DAsp12
B(x > pv) 0.24 +0.09 0.22 pAsp?’
B(t + p2n%v) 0.050 + 0.015 0.1 pLUTO3O on sepctrum consistent with A

decay. Including neutral d
modes would give
B(t » Ajv) = 0.10 + 0.03

&cay




s1lightly favored by the data. The measured leptonic decay rates are consistent
with e/u universality. The leptonic and semihadronic branching ratios agree with
those expected from theory for a heavy lepton of mass 1.8 GeV, except perhaps
for the decay t - mv which needs further study.

The consistency with e/u universality classifies the t as either a
ortholepton or a sequential Tepton. In the first case the t has the same lepton
number as e or u. In the second case the t carries a new lepton number. Recent
neutrino experiments rule out that the t is u-]ike37
it is not e-]ike38 either. The t is therefore most probably a sequential heavy

lepton with a new lepton quantum number and with its own neutrino.

and strongly indicate that
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