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Abstract

Recent results obtained with the PLUTO detector at the ete” storage
ring PETRA are reviewed. The validity of QED has been successfully
tested in five independent reactions at spacelike momentum transfers
up to -850 GeV2 and timelike momentum transfers up to 1600 GeVZ. We
are performing a detailed study of hadron production through 2 v in-
teractions. In particular we have measured the total hadronic Y
cross section and have determined the radiative width of the f° me-
son to be I (f » yy) = (2.3 =+ 0.5 + 0.35) keV. The first indication
for the production of large pe jets in 2y interactions is presented.
Wwe find no evidence for a tt threshold in the rate of inclusive nuons.
Finally we give a lower limit (95 % c.1.) of 13 GeV on the mass of a
spin 0 electron expected from supersymmetry.

Talk given at the XVth Rencontre de Moriond,
les Arcs, France, March 15-21, 1980



1. Introduction

High energy electron-positron interactions as studied at SPEAR, DORIS
and PETRA have turned out to be a rich source of new leptons, flavors
(quarks) and bosons. They also provide a clean testihg'ground for
pointlike interactions. In this talk I will report recent results
from the PLUTO detector on the following topics:

QED tests (section 2)

2y interactions (section 3)

Search for new flavors (section 4)

Search for new leptons (section 5)

Results on jet production and QCD tests in ore photon annihilation
have been discussed in the first weak of this conference by

D. Schmidtl).

The PLUTO detector is operated by a collaboration of eight institu-
tionsz). Let me summarvize the main features of the detector. The cen-
tral detector consists of 13 cylindrical proportional chambers sur-
rounded by scintillation shower ccounters. It provides a hadron spec-
trometer and an electron ca]orimeter3). Forward shower counters down
to angles of 1% are used for tagging electrons from 2y interactions4).
Arone meter iron shield surrounded by drift chambers allows muon
identification52 The inner shower counters measure also the time
of flight of traversing particles which is essential for rejecting
cosmic ray muons. ‘

I will report here on data taken at DCRIS and PETRA. Table 1 shows
the integrated Tuminosities coilected at different energies. In total
we obtained a luminosity of 3570 nb-1 at center of mass energies from
9.4 to 31.6 GeV.

Table 1 Integrated luminosity collected with the PLUTO detector
in 1978 and 197%

Ecm ‘ Luminosity

(GeV) (nt™ )

9.4 (incl. T region) 370 DORIS (1978)
12, 13, 17 250

22, 27.5 450 PETRA (1979)
30" - 31.6 2500

sum 3570



2. QED tests

The high energies available at PETRA allow QED tests up to timelike
‘momentum transfers of s = 1000 GeV2 and up to spacelike momentum
tranfers of g2 =-850 GeV2. This may be compared to the QED tests per-
formed at SPEAR which covered the energy range up to s = 55 GeV26’7).
Table 2 shows the reactions and the basic QED diagrams which have
been studied by the PLUTO group.

Table 2 Basic QED diagrams studied

reaction lowest order exchanged lowest order contribu-
QED diagram particle tion from weak inter-

action

1) ee »~ ee spacelike ! 2@
e e e-/l\e
e e
1) ee + ee timelike 20
2) ee Bl photon el
3) ee =+ 17 ¥
e

¥

e
e o g
4) ee +» vy spacelike
e electron none
e Yy —
e e
5) ee »>eeee: hh*ﬁ?i:::: spacelike
+eeup electron
____,E£-‘__ + quasireal
e e Y

Reactions 1 - 3 are expected to have small contributions from weak
interactions via z° exchange. There is no first order weak graph con-
tributing to the reaction ee - yvy. At higher energies this will be
the reaction best suited for testing QED.



Note that reaction 5 is dominated by graphs of order oY, which can be
tested here much better than in radiative corrections to reactions
1 - 4.

In the following I want to discuss two questions
* How well does QED decribe the data?
e Can we observe weak interactions effects?

The data were extracted by applying the cuts shown in Table 3. Correc-
tions for inefficiencies have beenincluded.

Table 3 Cuts applied to the QED data

reaction acceptance acollinearity minimum
angle : particle energy
ete” » ete” lcose|< 0.8 < 159 20.33 £,
ete” » utyu” |cosel< 0.5 < 6° 2 0.75 E o
ete” » ot ‘|cose|< 0.8 no cut charged particles
from t decays:
P1 > 0.5 GeV
P2 > 0.8 GeV
+ - 0
e e -+ yy |cosel< 0.75 < 20 > 0.25 B,

Let us first have 2 look at the integrated reaction cross sections.
QED predicts that the cross sections for reactions 1-4 display the
characteristic 1/Ec§ behaviour of a pointlike process. Figurel shows
the cross section for reaction ee - yy measured for |coss| < 0.75 as
a function of the center of mass energy Ecm' Fig. 2 shows the cross
sections for ee + uy {circles) and ee + =71 (squares) integrated over
the full angular range (0 < 8 < 1800). The data agree very well with
the 1/EC% behaviour expected from QED.

Possible QED modifications in reactions 2 and 3 are usually parame-
trized by introducing a form factor into the cross section

do do

— = 3 2 (1 + ¢ 1
2 lexn 37 loep |FNE (1 H e (1)
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Fig. 1 The cross section for efe » vy integrated over the angular region
lcose| < 0.75. The full Tine is the QED expectation including the
effects of radiation and angular resolution.
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Fig. 2 The total cross section for e'e > uu (circles) andee =+t

(squares) as a function of Ecm‘ Tre full line is the expectation from
first order QED.



Here $pad is the radiative correction. It is obvious from Fig. 2 that
ﬁ(s) = 1, Hence we expand

Fr(s) =1 ¢ 53— - (2)

The plus and minus signs correspond to different ways of formulating
a modified Qep®)
values of A2 were obtained from a fit of eq. (1) to the data, where
the fit selected the sign in eq. (2) required to describe the data.
The errors of the fitted parameters allow the derivation of lower
limits on both A, and A_. The results are given in Table 4.

. The A's are referred to as cutoff parameters. The

Table 4 Fitted values of 1/4% and lower limits on the QED
cutoff parameters (95 % c.1.)

reaction parametrization 1/42 A, A
(GeV2) (GeV) (GeV)
e to- = 2 2
ee” + e'e Fg = 1 % q2/Ag, 0.000110fg.gggggg 271 250
= 2
(ref. 3) Fr= 12 s/pq, 0.000003+0.000145 | > 71 2 78
-0.000150
Fo = F 0.000085+0.000054
> T -0.000058 | =80 =234
+ - + -
ee - uu - 2
(preliminary) |FT = 1 % S/Ap, 0.000019+0.000052 |2 87 » 99
e'e” + «'vT JFo =11 /4.2 |-0.00016:0.00017 |3 74 3 65
(preliminary) - ‘
+ =
ee - vy Folay='1 £ q%/p %
v YE Is2/ak= -0.169:0.185» 46 2 36
(ref. 9) Fola')=1 = q'%/a *
heavy electron 52/A2*=-0.083:0.145 2 46

Let us next look at differential cross sections. Fig. 3a and b show
the differential 'cross section for Bhabha scattering measured from
cos® = ~-0.8 to cose = +0.8 at Ecm = 9.4 GeV and Ecm = 30 GeV. The
curve is the QED cross section including the effects of radiation and
the finite angular resolution of the detector3). The predictions agree
well with the data.
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Fig. 3 The differential cross section s do/d cose for Bhabha scattering
at cms energies of (a) 9.4 and (b) 30 GeV. The curves are the OED
cross sections including the effects of radiation and angular re-
solution.
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Fig. 4 The differential cross section s do/d cos® for the reaction ee - vyy.
The curve is the OED prediction including radiative effects and an-
gular resolution.



Possible QED modifications have been parametrized by introducing the
form factor eq.(2) into the timelike amplitude and by introducing a
second form factor

Fslat) = 1= 4 (3)

H N

into the spacelike amplitude for Bhabha scattering. The resulting lo-
wer limits on the A's derived from a fit to the data3) are given in
Table 4. We attribute the difference between the lower limits on Ay
and A_ to a statistical fluctation or an unresolved systematic effect.
Fig. 4 shows the differential cross section for the reaction e+e- + Yy
at 9.4 GeV and in the energy range 30 < Ecm < 31.6 GeV., The curve is
the QED prediction including radiative effects (of the order 0 - 3 %
depending on the angle) and the angular resolution. Good agreement is
found.

We have applied two possible modifications of the standard QED cross

section, which have been suggested in the literature:

- based on a vertex modification (sea-gull graphac)khe differential
cross section can be written as

doV = a? [a 2312 9 12y 2
= — g;“ [F(q2)]2 + ;T; [F{q'2)|2}(1 + Spad) (4)

>
4 4
Avs hys
and 92 = -s cos?6/2 and q'2 = -s sin2s/2.

- on the other hand,if one assumes the exchange of a hypothetical

heavy electron e 10)then:

do* a2fqg'? g2 2 s2 ~ 4 q2 g'2
da 2s

—_—t — 2 (1L + ¢ )
qz qnz Ag*: } rad

The value of Ae*+ can be interpreted as the mass of a heavy electron
assuming its coupling strength is the same as that of the electron.
The parameter A, is theoretically less motivated. In both cases the
retative modification is largest and of same magnitude at e = 90°.



Both expressions were fitted to the expérimenta] differential cross
sections at 30 < E.p < 31.6 GeV. Lower beunds for the cutoff para-
meters A ., A, _» Ae*-wereobta1ned as shown in Table 4.

The fitted values of 1/A2 and s2/a* from reactions 1-4 are censistent
with zerc and thus show good agreement with NED. These results and

the comparable measurements of the cther PETRA experiments (JADE, MARK J
and TASSO) demonstrate the continued strength of QED in describing the
interactions of leptons and photons up to the highest energies reached
so far.

Next we have measured the angular distribution of u-pairs in the
process ee ~ pp, as shown in Fig. 5. From weak interference effects
one would expect a forward-backward asymmetry of -£ %, whereas radia-
tive corrections should Tead to an asymmetry of +1.5 %. The obser-
ved asymmetry is (+6.8 ¢ 8.9} 4. 1t is obvious that weak interaction
effects cannot be established with the present data. However one can
use the Bhabha and muon data to derive limits on parameters of the
Weinberg - Salam model. York along those lines is underway.

Let me finally discuss a QED test in 2y processes. We have measured
tke reactions

and €€ - ee ee (5)

ee > e uyu

by detecting events with two tracks in the inner detector .and one elec-
tron tagged in the forward shower counter. The average Q2 of one of the
virtual photons is 02 = 0.25 GeV2?, whereas the other photon has 02 = 0.
The tracks in the inner detector are dominantly electrons
and muons with an estimated pion contamination of about 15 %¥. Fig. 6
shows the invariant mass distribution of the two tracks in the inner
detector. The curve is the absolute QED prediction from a program of
J. Vermaserenll). This program includes an exact calculation of reac-
tion (5) together with its interference with bremsstrahlungsterms

(ee + ee x ). The QED curve agrees well with the data within their

~—w e
systematic uncertainty of 15 ¥ Radiative corrections to the 2y pro-

cess have not yet been included and are expected to partly cancel the
r contribution. Thus QED seems to work well in a process dominated by

% contributions at low Q2.
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Fig. 5 The angular distribution of the reaction ete” o u+u_'
for 22 < E__ < 31.6 GeV. The curve is the first order
QED predictfon.
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Fig. 6 The effective two particle mass W from reaction ee ~ ee,
2prongs, where the 2 prongs had production angles e > 56
and p, > 400 MeV. For technical reasons we assigned pion
masse§ to the particles when computing W. The curve is
from an absolute QED calculaticn.
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3. Hadron production in yy interactions

3.1. Introduction

‘The scattering of light by light is a procéss expected from guantum
electrodynamics which cannot occur in the classical framework of lin-
ear Maxwell equations. Two photon interactions in efe” reactions

probe the scattering of virtual and quasireal photons. With the pre-
sent PLUTO detector we can study two different kinematic configura-
tionslz):

a) Single tagging

The basic diagram is as follows

€ —— e+ogged(®=4-l1 )

) cev

e ' euni'ngaed {6<1?)

One of the scattered electrons is tagged at an angle between 1° and
4% (later up to 15%) resulting in an average Q% of 0.25 GeV2 for the
data taken at E, .. = 15 - 16 GeV. The other photon has Q2 = 0. The
process can be considered as electroproduction on a quasireal photon4).
The cross section has two terms O3 +&£ 0 .

b) No tagging

In this configuration both electrons are scattered at angies less
than one degree and both photons have Q2 = 0. Here we measure the
scattering of two quasireal photons. The cross section has one term

on]ylz).

Events from yy interactions present a clear signature. Since the yy
center of mass system generally has much less energy than the overall
ete” cms, we expect events with little energy in the central detector.
This is illustrated in Fig. 7, where the total energy observed in the
central detector is plotted. A clean separation between events from

1y and 2y processes 1is possible. In the following I will discuss three
topics: the production of £° mesons, the total cross section for
hadron production and the first indications for large Py jets in

2y processes.
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Fig. 7 The total energy observed
in the central detector
divided by Ec at a beam

100k | energy of 13™8 Gev. A
beam gas subtraction has
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ded events are from single
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Fig. 8 The effective mass of the 2prongs from reaction -
ee + ee Zprongs. The curve is an absolute QED prediction.
The insert showg the difference between data and QFD back-
ground in the f~ region.
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N(k,) and N{k,) are flux factors for quasireal photons of energy k;
and ¥,. The decay angular distribution of the £f% was chosen to be of
the form P(s m) " sin“ecm; i.e. we assume dominance of helicity 2

] amp1itudesqu

The resulting value of the radiative width is
r{f - yy) = 2.3 &+ 0.5 (statist.) = 0.35 (syst.) at

2 2, - 2
< QYl > < QY2 > 0.0065 GeV<.

Radiative corrections have not'yet been applied, but are expected to
be small compared to the systematic error of 15 7.

The experimental result is tc be compared with the theoretical pre-
dictions, which are listed in table 5. Our result is close to the
value obtained in calculations using the nonrelativistic guark model
with an osciltlator potentia116’17). With the exception of ref. 14
all methods based on finite energy sum rules, tenscr meson dominance
etc. lead to larger values for Ty It should be noted alsc,that
tentatively assuming the helicity zero hypothesis we find FYY =

5.7 £ 1.3 keV.

Tabie 5 Measuremgnts and predictions for the radiative widtr
(

of the f'(1270)
-
i Ref. <QT12> <QY22> r(fo > vy)
(GeV?2) (GeV2) (keV)
This.exp| 0.007 ¢.007 2.3 = 0.5 + 0.35
" 0.28 0.007 < 2.6 (95 % c.1.) _
12 C 0 0.8 ]
15 > 1
16 1.2 - 2.3
17 2.6
18 5.07
19 7
20 5.7
21 8
22 8
23 9.2
24 11.3
25 216
26 28

Finally we have analyzed the much smaller cata sample with the sin-
gle-tag condition, i.e. an electron (positron) scattered into one of
the small-angle taggers of the forward spectrometers4).



13

The invariant mass distribution has been shown in fig. 6 along with
the QED prediction. The small enhancement in the f° mass region can
be attributeqlto £0 production via one almost real (as above) and
onevirtual (<Q2?> = 0.28 GeV2) photon. Due to the limited statistics
we only give an upper limit of rY*Y< 2.6 keV (95 % confidence level)
again using the helicity two hypothesis. For extracting this radiative
width the flux factor for the virtua)l photons radiated from the elec-
tron scattered into the SAT was taken from the ey scattering for-
malism described in ref. 4.

3.3 The total cross section for multihadron production

Two photon interactions produce a continuum of hadronie final states.
It is a prime objective to determine the size of the hadronic cross
section and to study its Q2 and W dependence. The PLUTO group has
measured cross sections in the singte taaging mode (1°<ep <4°) equiva-
lent to studying ey scattering at moderate four momentum transfers

(C? up to 0.5 GeV2). First results at <C2> = (0.1 GeV2 have been re-
ported a year ago at this conferenc927)and have been subsequently
pubTished4). I will report new data taken at higher Q2.

Let me first discuss the expected qualitative features of the cross
section. The basic diagrams are as follows:

y— 2 — “’V*“:iq-EEE
E - =
q.
VDM pointlike

The bulk of the Tow 02 cross section will consist of a VDM type con-
tribution. However we also expect pointlike contributions, where each
photon couples to a quark which subsequently fragments into hadronszg).
The energy dependence of the twe contributions to the total Cross
section can be estimated from the imaginary parts of the related elas-
tic scattering amplitudes. Here the following diagrams contribute:

¢ A
P
L e
""’"9 4
diffrachve Regge poles /resonances pointlike

VDM
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The VDM amplitude has contributions from Pomeron and Regge pole
exchanges; the latter ones are dual with s-channel resonances. fFrom
factorization we expect that tre diffractive term leads to an approxi-
mately constant crgss section

. o
diff. yP . 240 nb,
“pp

where asymptotic values of S b and hp have been used. Regge models

predict a decrease of the cross section with rising cm energy N29):

Regge _ 270 nb GeV
¢ B W
YY

Here only the contribution of the leading trajectory was taken into

YY

account.Since the g2 value of one of the photons varies, a p propaga-
tor term has to be included. Hence we expect:

diff Regge _ 270 nb GeV 1 z
Oy y + Oy (240 nb + n )(1102/mp2) {(7)
The pointlike coupling can contribute to Oy via a quark box diagramao).
Its magnitude can be estimated very roughly by
- 4?&2 IN NZ
UYY = W‘Z‘— Zq.‘ in -n';]-'"z s (8)
color q
flavor

where mq is the quark mass. The pointlike cross section has the typical
1/W2 behaviour. As a caution it should be noted that eq.(8) does not
inctude higher order gluonic corrections.

For the cross section determination hadronic events were selected by
requiring

a) three or more tracks in the ¢central detector, or

b) two tracks in the central detector and at least one shower which
is noﬁ assoc1at§§ with the tracks (Eneutra1> 350 MeV,
lcose | <0.997)" /.

The detection efficiency was calculated by a Monte Carlo program

which simulated the electron photon scattering process in the PLUTO
detector. For the hadronic part of the cross section, oy * €0, We

used a multipion phase space model with constant event rate, inde-
pendent of Q2 and W. The transverse momentum distribution was chosen
in order to reproduce the observed distribution (fig. 11). The charged
multiplicity was taken from low energy ete” annihilation experiments,
Nep = 240.7 1n W2. The ratio of charged to neutral pions was taken

to be 2 : 1.
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Fig. 9 shows the resulting cfoss section measured at beam energies

of 6.5 and 8.5 GeV and <Q = 0.1 GeV2Z (full points4)) The squares
in fig. 9 are recent resuTts from a high statistics run at beam ener-
.gies of 15.5 GeV and <0_ 2> =0.25 GeV2, The cross sections are plot-
ted versus b <? where Nl is is the sum of the charged and neutra!l
enerqgy observed in the central detector assuming pion masses for all
particles. The range of true W that contributes to each bin of wv1s
js indicated by the dashed horizontal bars cof the data points. Be-
sides the statistical errors shown we estimate an overall systematic
error in the measured cross section of + 25 %, mainly coming from the

uncertainty in the acceptance calculation.

The cross sections have a maximum at low energies and level off for
Nv1s > &4 GeV. In order to estimate the hadronic cross section of two
real photons we have extrapolated the two sets of data to 02 = 0 assum-
ing a Q2 dependence according to the p form factor. The results are
shown in fig. 10. The dashed curve represents the expected VOM con-
tribution from eq.{7) which has beencalculated with a realistic de-
tector simulation. Obviously the VDM contribution can account for
the extrapolated cross section above Hvis of 3 GeV. The full curve
includes the pointlike contribution of eq.(B) assuming a quark mass
mq = 300 MeV. It qualitatively reproduces the rise at the lower en-
ergies. Inserting lower quark masses would improve the agreement.
However, there is considerable theoretical uncertainty due to the

neglect of higher order corrections.

In conciusion: The hadronic cross section above cms energies of 3 GeV
is consistent with VDM expectations. The photon seems to interact
dominantly like a hadron, but there is room for pointiike contribu-~
tions. This is illustrated in fig. 11, where we show the pt2 distri-
bution of charged particles from muitihadron events. Ve have combined
the single tag and the no tag data. The distribution has two distinct
contributions, one falling like exp(-5 ptz) and the other consistent
with exp(-p 2) or a pt-“ behaviour. The latter form is indicative of
inelastic p01nt11ke collisions. We are presently performing a quanti-
tative analysis by comparing the data to specific models.
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3.4 The process yy ~» targe p, jets

The question of large Py jets leads us into the domain of QCD., Last
_year measurements of one photon annihilation yielded evidence for
three jet events31) which are well described by a pointiike coupiing
of real gluons to quarks

¥ AN
q
3mwv-—.i—_——<€

We may ask: can we ana1ogous1y'observe the pointiike coupling of
quasireal photons to quarks?

q

9

¥ A=
(Q* =0) g
The pointlike photon coupiing to quarks should be seen best vhen the

quarks are asymptoticalily free. l.e. we expect effects when a, =
“épre12) becomes small, where p is the relative momentum between

the two quarks. Small values of ag imply large values of Prel and
Pys the transverse momentum of the quark relative to the beam axis.
The signature of the pointlike photon quark coupling are two non-
collinear jets plus some energy from the scattered electrons but no

beam pipe jets ZZV
In contrast, large Py jets from VDM type collisions should be acom-
panied by two beam pipe jets from the following diagram (as in pp

collisions). _

Py

e have searched for noncollinear jet events in the single tag data

taken at Ebeam

quantitative analysis included the followings steps:

a) Select events with > 4 tracks in total and > 2 tracks/jet.

b) Find two noncollinear jets by maximizing the "Twoplicity' of
charged tracks. This variabie kas been suggested by L. Eoesten32).

= 15 - 16 GeV. Fig. 12 shows a typical example. The
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It is a thrust quantity allowing for kinked axes.
c) Select events with Pyos Py 1.25 GeV
1 2

6, > 51°, 6, > 36°

) 2
4 < LV]'S < 10 GeV.

ptl and 81’2 are the tra:syerse momenta and polar angles of the
two’jets relative to the e e beam axis.

e find a signal of seven events. This signal should be compared to

the rate of events from reaction (5) ee + ee eelup)with the same cuts.

The predicted rate for large Py jets isze)

C
R = £€ > €eqq .4 = 34 (including charm quarks)
YY + qq %ee + eenu i 27
color
flavor

In adcition higher order QCD corrections have to te considered. The
results are shown in table 6.

Table 6 Number of large Py jet events and large Py OED events as

compared to the QED predictionll).

final observed expected
state events events (MC)
ee qq 7

ee uu 4 5.5

ee ee 5 5.5

We find good agreement with the expectation. The events in table €
result from 5C % of the statistics. The full statistics shows the same
trend. Backgrounds from beam gas events and radiative 1y annihilation
events are small. The latter background leads to topelogies, where
the radiated photon hits the tagging counter opposite to the direc-
tion of the two jets. In addition the radiative events are peaked

at W > 10 GeV,

‘6 'q jet
M S NI correspondin

H.___)‘._\—\'_QL__ p g ta

er q e topology :

jet
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In contrast our data sample in table 6 is restricted to ¥ < 10 GeV
and has equal number of topologies '

je,t jet
tag and tagq
et jet

Hence the data are well consistent with the observation of larae p,

jets from yy interactions. We finally show in fig. 13 the transverse
momentum distribution of the observed charged particles with respect
to the jet axis. The average momentum is ~ 300 MeV in accordance with

expectation from ee » qq jet events measured at comparable values of
33)
W .

4. Search a tt threshold

Two approaches have been used in the past to search for a threshold
of tt production at PETRA
a) a measuremert of R = uhad/c

b) a measurement of the topo]ogy of the events at various center
34 35)

34)

of mass energies
In particular, a scan in cm energy steps of 20 MeV was performed
between 29.9 and 31.46 Gevaﬁ) No indication for a tt bound state or
anopen tt threshold has been found (assuming charge 2/3 t quarks).
Details have been reported at this conference by ¥. Bartel.

The PLUTO group has applied a complementary method of searching for a
tT threshold by measuring the rate of inclusive muons 5). Provided
the t quark decays dominantly via the t = b » ¢ » s chain with a

~ 10 2 muonic branching ratio at each step we expect a drastic in-

crease of inclusively produced muons above the tt threshold.

The analysis was performed with the outer muon identifier which
consists of an equivalent of one meter of iron followed by a drift
chamber system with a solid angle acceptance of 80 % of 4=. We ob-
serve 53 hadronic events with muon candidates having P, > 2 GeV at
cms energies of 27 - 31.6 GeV. The main sources of background are
pion and kaon decay and hadronic punchthrough. After background sub-
traction a signal of 27 muon events is obtained. The results are
summarized in table 7.
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Fig. 13 Observed transverse momentum distritution of charged tracks from events
ee + ee qq measured relative to the jet axis
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Fig. 14 The number of inclusive muons with p > 2 GeV produced per hadronic

event, corrected for full geometric Macceptance and identification

efficiency. The shaded bands show the predictions of the four-, five-
and six quark productionmodel .
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Table 7 Inclusive muon production (with p s> 2 GeV/c). The results
in columns 5 and 6 are corrected Yfor acceptance, track re-
construction and muon identification efficiency.

Vs hadronic u u u's  per sec {>2 GeV)
(GeV) events candi- signal hadronic (nbu- Gev?)
dates events event (%)

12.0 199 3 2.29 183 71720 6.2 7 3%
22.0 28 1 0.58 3.3002-53 11.2 11974
27.6 157 10 6.74 6827328 23.2 *15°5
30.0 209 11 5.80 4.41%2-50 15.0 ¥, 0%
+1.61 + 5.5

30.7 612 32 15.15 3.94%5°%3 13.3 7 5%
+1.39 + 5.2

> 27 978 53 27.70 44315737 15.0 * 3¢

We attribute the source of the muon events to the semi-leptonic decays
of mesons containing heavy quarks c, b and possibly t. Monte Cario
cimulations have been used to test various hypotheses. These simuta-
tions are based on the Field-Feynman two jet production mode137)
dified to include heavy quarks, as described by A1138). Assuming a
heavy quark semi-leptonic branching ratio to muons of 10 % we have
computed inclusive muon production with P, > 2 GeV/c for the follow-
ing 3 cases: i) the four-guark model, udsc, ii) the five-quark model,
udscb, and iii) the six-quark model, udscbt. As a modification of the
five-quark model we consider the possibility in case iv}) that b me-
sons decay only semileptonically with equal branching ratios to elec-
trons, muons and tausag).

mo-

We have studied the sensitivity of these predictions to various as-
sumptions such as the heavy quark masses, the quark fragmentation
functions, the chirality of the quark weak decay couplings and the
emission of gluons. The only significant variation arises from differ-
ent assumptions concerning quark fragmentation. We therefore present
the predicted muon signals as the shaded bands in fig. 14. The top
edge of each band corresponds to the assumption of a constant frag-
mentation function, wkile the bottom edge corresponds to the stan-
dard Feynman-Field fragmentation for 1ight quarks: f(z) = 0.23 + 2.31
(1-z)2. As can be seen from fig. 14 our measurements are consistent
with models i), ii) and iv) for the full range of fragmentation func-
tions considered here. '
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The Targer muon rate expected from the production of top mesons is
ruled out by our measurements, which do not show the sharp increase
in the muon signal which would be expected to set in abruptly at the
top threshold.

Fig. 15 shows the momentum spectrum of the muons observed at center
of mass energies above 27 GeV. Also shown are the predictions of mod-
els ii) and iii) for comparison.As can be seen our measurements are
consistent with the shape of either predicted spectrum although in
absolute magnitude they naturally reflect the same conclusions as can
be drawn from the integral results.

We observe three opposite side dimuon events. This number is consist-
ent with sources from background (0.67 = 0.27), charm (0.38 + 0.14)
and bottom (0.50 + 0.17) semi-Teptonic decays. The additional number
of opposite side dimuon events expected with the production of top is
3.14 + 1.11.

] \ T i

(nb - GeV?)

E | . KCJ bst

: 06 \'\ const. frag. 7200

< M \ =150

9... O JAR C,b T + \.

O \

o const. frag. :

< \ 5
g | T\ 10,
Q ‘ N\ )

dx
o
T
/
/

£

0 l | 1
1 - 01 - 0.2 - 03
X = PR/P peam

Fig. 15 The momentum spectrum s - do/dx of inclusive muons produced in

——— hadronic events at cms energies from 27.6 to 31.6 GeV. The curves .
show predictions of the five- and six quark models assuming a cons-
tant fragmentation function for the ¢, b and t guarks.

dx
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5. Search for spin O-leptons

Let me finally discuss a particle search performed with PLUTO. Al-
though most present day ete™ experiments focus on questions relevant
“to the "standard" electroweak interactions and QCD, there is growing
jnterest in the grand unification of electroweak and strong inter--
tions and in supersymmetry which includes also gravitation. As dis-
cussed recently by 6. Farrar and P. Fayet, supersymmetry implies that
all particles have partners with spin differing by 1/2 unit40). In
particular one expects two spin 0 partners of the electron, Se and

te corresponding to the left handed part and the right handed part
of the Dirac lepton fields. In 2 special class of models their masses
are expected to be < 40 GeV41).

When the energy is high enough, ss and tt pairs can be produced in
ete” annihilation via the following diagrams

e /. Se e ———rr T T Se
- : phohine or

: 30Ldsh’nu
é \‘ §e é CRE N -.'S_e

The first graph describes a regular one photon annihilation. In the
second diagram a photino or a goldstino can be exchanged. Here, the
photino is the spin 1/2 partner of the photon and the goldstino is
the goldstone fermion associated with the spontaneous breaking of the
supersymmetry. The diagrams for tt production are simiiar to the
diagrams for ss production. The cross section for ss and ‘tt produc-
tion is given by40)

o
+ - 3 uu .
=

c (e e = Se Se*tete) B ~1— + corrections terms.

The S particles decay via 5S¢ e” + photino (goldstino) with a very
short l1ifetime. The photino and goldstino are expected to interact
neutrinolike. Thus the decay signature is a single electron, carrying
part of the beam energy.

We have scanned our data for the following topologies

+—
e’e” » e e + no phcton shower,

vvhere the electrons have an energy > Ebeam/s and are acoplanar by
> 15°. The acoplanarity cut removes coplanar events of the type
ee + ee ee with two electrons emitted in the beam pipe.
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We have 46 candidates in our 30 - 31.6 GeV data, but all events have
an additional photon shower. Hence the sigral is zeroc events. The de-
tection efficiency is estimated to be 40 %. From the above information
we derive a Tower limit on the mass of spin 0 electrons of

M (sgst,) > 13 GeV at 95 % c.1, ‘
We have checked this results using electron pairs measured at lower
center of mass energies by varyinag the acoplanarity cut.

6. Summary

Let me summarize the above results:

1) QED works well up to [g?], s = 1000 GeV? as shown in fig. 1 - 6
and table 4. The e, u and t behave as pointlike particles. Effects
of the standard weak interactions are not yet detectable given
the energies and event rates available in the last year,

2) We have studied yy interactions as a source of
~ €= 4 resonances (fig. 8),
- @ hadronic continuum, where the photons interact deminantly
hadronlike (figs. 9,10} and
- pointlike interactions. In particular we have first evidence
fer Targe p, jets from the process yy + qq (figs. 11,12)

3) The inclusive u spectra show no tt threshold up to center of
mass energies of 30 GeV (figs. 13,14)

4) We have set a lower limit of 13 GeV (95 % ¢.1.) on the mass of
spin O electrons expected from supersymmetry.
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