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ABSTRACT 

We have searched for the reaction e + e" - • r*r"ff, where / is cither an 

electron, muon, or chared pion, at vS = 29 GeV using the Mark II detector at 

the PEP storage ring. One candidate event is found while 2,3 events arc cxperlvd 

from known processes. We would expect to ace 11 events if the crow-section for 

+r' e T c T+r-jjM y/S = 29 GeV were enhanced by the factor c? 4.7 which the 

ALEPH collaboration reports for Ja a 91 GcV. Wc also look for c + e" - • e + e"// 

and e+e- - • fr+pT/fc w»d *°* < + e " -* r+T~1 u > i t»R * " i t n i t " m*W* FK> c« l u r c 

and sec the number of events predicted by the standard model. 
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iNTHOimrTllJN 

The ALEPH collaboration lias recently reported an anomalously large number 

of events of the typr 

e +*~ -* T+t-ff, f = r~, fr, it* , 

At ,/x = SI 1 OrV."1 An excess of T + T""J[/events is seen in comparisons both of 

the observed number of T+r'Jjjf events with the standard model predirliuti fur the 

absolute rule and of the number of T 4r"//events relative to r"*t"J7 and / ' + / i~ / / 

eVritts. 

hi p.-evious papers we showed that the reactions 

4 - 4 - + -

r e —• tt r r 

rTe -* r T r / I T J I 
+ — 4 - + -

r V —• /i^/i frfi 
proceed at the rate predicted by the ttandard model at ^ = 2!f ( icV' as does 
the reaction T + T'^! : ' ' In this paper we report on a smirch for eventB of the type 
r 4 r'Jf ai y/s « 2!> CeV using 20ft pb~' of data rollecled by the Mark tl detector 
at the SI.AC storage ring PEP. 

SKMvCTllMS Ft>VP LKPTON CANDIDATE 

The Mark 11 detectm at PKP 

The Mark II detector has been described previously! In tins Analysts we IIM-
the tracking system consisting of a sixteen layer cylindrical drift chamber and a 
seven layer vertex drift chamber to measure charged particle momenta. These 
*y stems covered the centra) 8.r>% of the solid angle. We use the lead-liquid arpon 
electromagnetic calorimeter to measure the energies of photons mid to correct the 
momenta nf elect runt. This detector covered G!»% uf the solid nnRtr. 
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Selecting tracks 

Charged tracks must have A momentum hi the plane perpendicular to the beam 
axis greater than 0.08 GeV/c. The distance between the track and the average 
collision point must be less than 1 cm in the plane perpendicular to the beam axis, 
and less than 3 cm parallel to the axis These requin-iiients help ensure that the 
tracks art* well measuied ami that their efficiency is understood. 

We set the momentum of a charged track equal to the measured drift chamber 
momentuiu with one exception: if the charged track is identified tut an election, 
and the associated calorimeter energy exceeds the drift chamber Momentum, we set 
the charged track's momentum equal to i1h calorimeter energy, Due to radial ion, 
this is usually the better measurement. 

An energy cluster in the calorimeter is treated as an independent neutral (rack 
if it hit* an energy greater than 0,2 (ieV (to ensure good el'ictenry) and is riot 
Associated with A charged track by the calorimeter cluster reconstruction algorithm. 

Selecting events 

Candidate events must have four or six charged tracks with total charge equal 
to zero. The total uumiter of tracks, charged and neutral, must be no greater 
than (en. We require that no pair or charged particle* he com intent with photon 

t*i conversion! 

The total energy in an event, defined to he the mini of the energies of all charged 
and neutral tracks, must tie greater than fl lieV and 1CM than ?7 <JeV, This favors 
the type of events we desire (we dis-uss this event type in detail below). The thrmt 
axis is calculated using all eliarr d and neutral trark*. To ensure our libilily to 
annulate the detector response, we require th*t the Absolute value of the cosine of 
the angle between the thrust axis And the beam Axis be less than 0.74. 
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SBLECT1NO r+r~V CANDIDA!ES 

The remainder of our analysis consists of testing the hypothesis that the event 
was produced by the reaction r + r~ —* r +r~//. We note hew that the following 
selection procedure was timed oti a sample of r+T~/i+/i~ Monte (."arloT events 
in which nil t* r~ masses were greater than 9 CJeV/c2 and all /i +/i~ masses were 
between 0..*I wild h (ieV/ca, This is the event type for which ALEPI1 reported 
an enhanced rate. The production amplitude for these events is dominated by the 
IVyninnti diagram with the //appearing as radiation from an outgoing r leg, 

The r+T"*//selection must discriminate against several physics backgrounds. 
The most trouhlesome are hadronic, r + r~, c + c - / / , and }t+tt~ff events, A* we 
describe the selection procedure we will identify wiiich background is being reduced. 

The first step in isolating the signrl is to assign the charged and neutral tracks 
in thr event to the tan decay products and to the / ami / . We rail such an assign­
ment of tracks a "T+r"*//configuration,* Wc try all possible T+T~//configuration* 
and keep the one that is most consistent villi the reaction r+f~ —• T + r""//. 

To produce a T4T"J/configuration we first assign one charged track to the / 
and another to tlic / . Using the nomenclature of the AI.EPH paper we call the 
sum of She foiiMnomenta of the / and / tracks the "V*\ Thr V must have a charge 
of zero and n mass of less than r> (trV/c2, Tor the purpose of calculating tin* nm-s 
of the V, the masses of the / and / tracks arc set emial to the electron mass. The 
angle between the / and / tracks nmst also be less than 110° in the laboratory 
frame. 

The T + T ~ candidate system is the initial c*c~ system minus the measured V, 
i.e., the V missing mass system. We rniuire that thr invariant mass of this system 
beat least 14 OV/c 2 . 

After assigning charged trnrks to the V the remaining charged and unit rat 
tracks are boosted to the center-of-mass of the T + T " candidate system. A thrust 
analysis is performed on the tracks in this frame and the tracks are then grouped 
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according to thrust hemispheres, if after this grouping the net charge or each Ihmsl 
hemisphere is not ±1 the r+T~ff configuration is discarded. To eliminate r+r~«y 
events, we discard configurations for which the mass of the charged particles in one 
li?nrisph<*r<* combined with the V is less than 1.8 GcV/c 2. 

We form two four-vectors, p ( 1 by summing the four-momenta of the charged 
and neutral tracks in Uirust hemisphere *, t = 1,2. In forming Pi the mass of 
charged tracks is set equal to the charged jiion mass. Wc deline m, to be the 
invariant mass of p,. 

We use the fart thai p, should correspond to the four-vector sum of all visible 
decay products of one of the tan lfptons to impose a series of cuts on p (. We 
require thet the angle between pi and p* be greater than 90° in the laboratory 
frame, tiecause of our choke of signal this foils little and ensures that the events 
we do get haw the kinematic* of interest. Next we calculate the mass of the mini 
of the four-ntotiictita of pi and the V where. PA ~ pi if the V make* a smaller angle 
to pi than pj in the laboratory frame and pfc = px otherwise. To reduce r + r " and 
hadronic background, wc require that tins mass be greater th in 3.0 GcV/c 3. 'Die 
distrlbuttnn of the mats of thin TV combination from our r+r"p+/i"* simulation is 
shown in Figure 1. 

In order to further reduce hadronic background wc keep only configuration)* for 
whidt tin? tau decay product maaisfs m, arc small enough. The maximum allowed 
value depend* on the number of charged and neutral tracks in thrust hemisphere i 
(Table .'). For example, if thrust hemisphere i contains one charged track Hnd one 
neutral track thru the maximum allowed value for m, is 1.2 GeV/c 1 while if the 
hemisphere contains one charged track and greater than two neutral tracks then 
m» must be less thaji 1,0 firV/e3, Figure 1 shows the hemisphere mass distribution 
for the five rases. 

We also cut on the variables 17, 5 EJEr, 1 =* 1.2, where E, is the energy of 
p, and ET in half the «nter-of-mass energy of the r + r ~ candidate system. As 
defined TJV is the fraction of the lau's energy thai goes into vUible decay produrls. 
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The primary purpose of culling on this variable is to remove background from 
c + c~ —» c*c~ff,ii+ii~ff. As A consequence, the cut on tj, will be harder for 
leptottic tan decays than for hudronir tan decays. Wc distinguish between leptonir 
and hadronic decayt according to rtt,. If m, is less than 0.15 GeV/c 2 then the 
decay is considered a "Icptonir" decay, otherwise it is an ''hadronic decay." Note 
that with this scheme tan decays to single charged pions are classified as "lcptonir* 
decays. 

The cuts on »/, art' as follows. If ;>, is classified iw A "leptonic" tau decay then if, 
must be greater than O.JO and less than 0.77. The lower limit is imposed to reject 
unusual low multiplicity hadrotiir events and the upper limit JB imposed to reject 
«!+c"J?niid fi+ ft"[}'events. If both JH and 7̂  are classified as "leptonic" tau decays 
then we further require that the sum »;i + T/2 be less than 1.4. If/), is classified as a 
"hadronic" tan decay (hen f/i must be greater than 0.22. Again the lower limit is 
imposed to reject hadronic events while there is na upper limit because the r+r~/J 
and fi*n~ff background in negligible in this case. 

We call a T*r~ff configuration whirh pisses all of the above cms a "valid 
T+r~ff configuration". Monte Carlo calculations predict that there should be less 
than 0.03 events from r + r~ -+ T+T" 1 1 ' And c+e~ -+ r+c~ff,n+(i~ff with at least 
one valid r+r'ff configuration, while there should be 3.1 ±0.1 events from c + e~ -* 
T*T~IJ with at least one valid r + r~ / / configuration. Hndruntc Montr Carlo1'1 

calculations predict, however, that there will be 28 events from c + r " -• qt) which 
contain at least one valid *+T~jfjf configuration. 

Jb remove the remaining hadronic even!» we calculate the square of the missing 
mass in each lau deray and compare it with the distribution predicted by the 
T 4r~//Monte Carlo. "lladromr* tau decays have a missing mass squared of zero, 
within experimental resolution, and the spectrum for the missing mass squared of 
"leptonic" tau decays is broader with the menu shifted to a small positive value. 
Hndionic events tend lo produce larr/1 negative values for the missing mass squared 
because the assumption that (racks come from the decay of a r is wrong. 
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Let Mvi and A/..2 be the missing muss** for the tan decays in thrust hemi­
spheres ) and 2 respectively. Let 0 and 0 be the polar and azimuthal angles of thi> 
tau lepton in hemisphere 1 in the T+T~ candidate rest system. Figure 3 contains 
the distributions in A/*, for c*c~ -* T + T ~ ^ 4 ^ ~ Monte Cnrlo events. Full *!etcc~ 
tor simulation has been used in calculating M*t in Fig. 3 with the exception that 
0 and 4 arc taken directly from the Monte Carlo generator. Figure ;i(n) shows the 
distribution of A/^ for hndronic tau decays and Fig. .'1(b) shows the distribution 
for leptonic drrnvs. As before, hadnwic and leptonic decays of the tau are distin­
guished by the mass of the visible decay products: if the visible mass is less than 
0.15 GeV/r3 the decay is "leptonic," otherwise il is iiodronic." 

Lei fliiM'n) b c the distribution in AfJ, for "liadroiiic" tau decays, and fi{\t*,) 
be the distribution in Af*# for "leptonic* tau decays. They arc normalized such 
that their peak values are 1,0. Since 9 and 4 are unknown we let them vary and 
find those values which yield the maximum of the joint probability of M^ and 
M*r Let 

tfa mjxw /i(A/*,<0,*)>/i(M&(A*)> 

where /,(*) = / i (x) if thn'st hemisphere t in classified as a "leptonir" tail decay 
and /i(r) = / / / ( ' ) if thrust hemisphere t is classified as an "hadronic" tau decay. 

We define * to be the maximum value of V over all valid T+r~ffc<mfig\mtUit\* 
in «u event. Figure -la shows the distribution of 4» from Hie T+r'"/!*/!" fliiniiUtion, 
which we tun compare to the distribution from the qq simulation shown in Fig. -lb. 
Nearly all T*T~/I + / I~ events haw • very close to 1, whereas nearly all liadronic 
events have • very close to 0. We see that ty clearly separates r + r~ji + / i~ events 
from hadrom<c events. For our final rut we require that # *ie greater than O.S. 
Figure Ac ahows the distribution of * from the data. There Me 7 events in our 
data with * close to 0, and 1 event, our lone r+T""//caiwIidAt^, with * = 0.71. 

Figure 5 is an event picture of our one T4T~ jf candidate. Them an? two valid 
T+T~jycot)fiRurations for this event with tf greater than 0.3. In one eon figuration 
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the V is jnade of tracks 3 and 4, the mass of the V is 0.115 (JoV/c2 and ^ = 0.6°. 
In the other configuration the V is made of tracks 2 and 4, the mass of the V is 
1.9 GeV/c* and V* = 0.71. Interpreting the event as r +c~ —i r+r-jQTwe see that 
each tau decay!; to a charged piou aiid wwral neutral pious. The visible mas* of 
each tau, in each configuration, is 1.5 GeV/c2. 

Tabic 2 contains the expected number of events with ty > 0.3 for various pro­
cesses. Summed over T + T ~ C + C " , T + T " H + ( I J , and T + T~ «•+»"*, the total number 
of events expected for e+c~ -• T +r~//is 2.33. 

SVSTEMATKTS 

We would now like to check our efficiency and cross-section calculations for 
c+c~ -• r*T~ff. One way to do this is to modify parts of our analysis in order 
to make it efficient for similar processes with larger cross-sections. For example, if 
we keep events with identified photon conversions wc expect 0.!* additional signal 
events and '2.0 r+r"i events. In the data we find 2.0 new events. The totals 
without the pair conversion cuts are 5.3 expected, 3 observed. 

To get better statistics, wc can look for T+r~ir events in which the photon does 
not convert inside our tracking chnmbtiS. By defining our V to be a calorimeter 
photon with energy greater than 0.C GcV and otherwise leaving the analysis un­
changed we can check our T 4 T ~ acceptance and efficiency. Using the Monte Carlo 
generator Koralz3 (Hef. 8), we cstimntc that there should be 155 ± 8 T + T - ! events 
with ty > 0.3 in the data, We find 154. Furthermore the breakdown of the number 
of events by T decay typo follows expectations. 

We next modify our analysis so that it selects e+e.~//and / I + / I" /7 final Btates. 
This will check our acceptance and efficiency for finding the V. Kccall that we used 
the variable n, to remove f+e"jyawl fi*it~ff events. To select e +f"//and ft+fi~/f 
events we require that both thrust hemispheres be classified as "leptonic" decays, 
that na > 0.78, i = l,2, and that *)\ +V2 > 1>G4. Aside from these modifications 
our analysis for * + r" -* c*f"/7,/i+/i"/7' s identical to the one for c + c" -» T*T~J/. 
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There are 65 data events which pass our cuts for c + e~ —* c^e~ffiti+ft~ff. Table 3 
shows the expected number of events from various processes. In total there are 
G2.2 events expected from all processes in Table 3. 

CONCLUSION 

In summary we see one candidate event for the final slate T~*T"ff'm c + c~ 
collisions at y/a = 29 GeV. Wc expect to sec 2.33 such events due to known 
processes. Wc set an upper limit on a uniform enhancement factor of 2.0 at the 
95% confidence level. If the production of T+T~jj were enhanced by the factor or 
4.7 which ALEPH reports *t s/l » 91 CcV, then we would expect to see 1U0 
events. The probability of seeing 0 or 1 event when expecting 11.0 is 2 x 10"*, 
While ALEPH expects to see 1.3 times as many events as we do, they in fact 
observe H events to our 1, If we hypothesize that there is a universal enhancement 
of the r+T~//process we would still expect to see a 1.3:1 ratio of events between 
experiments. Using binomial statistics wc calculate that the probability of getting 
a ratio of events as far or farther from 1.3:1 than 14:1 is 0.0(15, 
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Number of Number of Maximum 

charged tracks neutral tracks acceptable 

in in hemisphere mass 

hemisphere hemisphere (GeV/c a) 

<1 1.2 

l 2 1.4 

>3 1.9 

3 0 1.8 

3 >1 1.7 

Table 1. Hemisphere mass cut, 

1'rocoss 

Number of events 

expected lo pass 

T*T~ff selection 

€ + C ~ - • T 4 r ~ € + C " 

+ « + — 

1.28 ±0,1) 

O.G9±0.(H 

0.30 ±0.0) 

«1.0) 

(0.4±0.4) 

(0.015) 

Total 2.33±0.11 

Table 2. Expected events from known processes. 
Items within parentheses art* not included in the total. 
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Process 

r.*e~ -* fi*e-e"*c~ 

c + r~ —* e + c - / i + / * -

t + C~ —+ c+c~qq 

e + e~ —* ft*(i~fi+(i~ 

c + «~ —» /i +ji~gg 

f + c ~ —• 99 

c + e " —» r + T~ 

c+e" —» e + e ~ T + r ~ 

Total 

Tabic 3. Expected events lor c 

— — ^ — — 
Number of events 
expected to pass 

c+e-ffor fi+fi'ff 

selection 

28.1 

23.4 

7.7 

2.3 

0.7 

0 

0 

0.1 

62.2 

e'J^and / i 4 n~ff analysis. 
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FIGURE CAPTIONS 

1) Mass of the rV combination from the r+r'/i+ft simulation. The arrow 
indicates the location of the cut. 

2) Hemisphere mass distribution from the T + T " / I + / I ~ simulation for: a) 1 charged 
track, 1 neutral track, b) I charged track, 2 neutral tracks, c) 1 charged track, 
> 3 neutral tracks, d) 3 charged tracks, no neutral tracks, e) 3 charged tracks, 
> 1 neutral track. The arrows indicate the locations of the cuts. 

3) Missing mass squared distributions: a) "hadronic* r decays, b) "Ic-ptonic" 
T decftys. 

4) The distribution of W for: a) T + T ~ / I + / I ~ simulation, b) qq simulation, 
c) data. The arrows show the location of the cut. 

5) T+T~/fcandidatc. 
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