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ABSTRACT

We have searched for the reaction ete™ — r+r=ff, whete f is cither an
electron. muon, or charged pion, at /8 = 29 GeV using the Mark 11 detector at
the PEP storage ring. One candidate event is found while 2.3 events are experted
from known processes. We would expect to see 11 events if the croms-section for
ete” — rrreffat /5 = 29 GeV were enhanced by the factor of 4.7 which the
ALEPH collaboration reports for /3 = 81 GeV. We also look for ce™ — ete ff
and ete= — ptpff, and for e¥e™ — £y using & similar analysis pirocedure
and see the number of events predicted by the standard model.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the Upitod Stnies
Government.  Neither the United States Government nor any agency thereof, nor any of thei-
employees, makes any warranty, express or implied, or asiumes any legal linbility or cesponsl-
hility for the accuracy, completers s, of usefulness of any information, spparatus, product, or
process disclosed, or represents that #is use would nol infringe privately owned rights. Refet-
ence herein to any specific commercial product, process, or service by toade neme, \rsdemark,
manufacturer, or otherwise does not aecessarily constitute or imply its endorsement, recom-
mendution, o¢ favoting by the United Stutes Government of any agency thereof, The views

and opinions of authors exmessed herein do wot necessarily iste or reflect thost of the
United States Government of any sgeacy thereof.
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INTRODUCTION

The ALEPH collaboration has secently reported an anomalousty large number

of cvents of the type

et

" R 'l"*‘l'-j!, f = o7, pn", xt .

at s =l GeV." An excess of £~ ff events is scen in comparisons both of
the observed number of 7477 ff events with the standard model prediction for the
absolute tate and of the number of 4~ ff events relative to e* e~ and p¥p= Jf

everts,
1 previous papers we showed that the reactions

+ +

cte” = eteTe?

e

t+ +4

etem et ptp

.'.

e ptat ety

proceed at the rate predicted by the vlandard model at /3 = 29 GeV™ as does
the reaction $*r7 4™ In this paper we report on a search for events of the type
e ffat 7 = 29 GeV using 205 ph™! of data collectedd by the Mark 1) detector
at the SLAC storage ring PEDP.

SELECTING FOuR LEPTON CANMIDATES
The Mark 1 detector at PEP

The Mark 11 detector has been described previously!™ In this analysis we yse
the tracking system consisting of a sixteen laver cylindrical drift chamber and o
seven fnyer vertex drift chanther to measure charged particle momenta. These
systems covered the central 85% of the solid augle. We use the lead-liquid argon
electromaguetic ealorimeter to measuse the cueegivs of photons and (o cortect the

momenta of eleetrons. This detector covered 65% of the solid angle.
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Sclecting tracks

Charged tracks must have & momentum in the plane perpendicular to the heam
axis greater than 0.08 GeV/e. The distance between the track and the average
collision point must be less than 1 em in the plane perpendicular 1o the beam axis,
and less than 3 em parallel to the axis. These requircinents help ensure that the

tracks are well measuted ane that theie efficiency is undesstoml,

We set the momentum of a charged track equal to the measured drift chmnber
momentum with one exception: if the chatged track is identified as an electrm, !
and the associated ralorimeter energy oxeeeds the drift chamber momentom, we se
the charged track’s mmmentum equal to its calotitneter energy, Due to radiation,
this is usually the better measnzement,

An encrgy cluster in the calorimeter is treated as an independent pevtral track
i it has an energy greater than 0.2 GeV (1o ensure gond efficiency) and i not

associated with a charged track by the caloriimeter eluster reconstruetion algorithn,
Selecting events

Candidate events must have four or six charged tracks with total chargs equal
to 2010, The total number of teacks, charged and ueatral, st be no greater
than ten. Wa requice that no pair of charged particles be canistent with photon

worrinn Y
canversion.

The total encrgy in an event, defined to he the sum af the energies of all charged
and neutral tracks, must be greater than 9 GeV and less than 27 GeV, This favors
the type of events we desite {we dis-uss this event typre in detail helow), The thrust
axis is caleulated using all charg-d and neutral tracks, To ensure onr sbility to
simulate the detector respanse, we require that the absolute value of the cosine of

the angle hetween the thrust axis and the beam axis be less than 0.74.



SELECTING 7Hr~V CANDIDATES

The remainder of our analysis consists of testing the hypothesis that the evem
was produced by the reaction ete”™ — 7477 ff. We note here that the following
sclection procedure was tuned on a sample of v+7~p*p~ Monte Carlo™ events
in which all 7+ #~ masses were greater than 9 GeV/e? and all pt = masses were
between 0.3 and 5 GeV/e®, This is the event type for which ALEPH reported
an ephianced rate. The production amplitude for these events is dominated by the

Feynmian diagram witl the ff appearing as sadiation from an outguing 7 leg,

I'he ¥ 1= ff selection imust discriminate against several physics backgrounds.
The mast traublesame are hadronic, r¥e=, ete™ff, and p*p~ff events, Ay we

describe the selection procedure we will identify witich background is being reduced.

The fiest step in isolating the signal is to assigu the charged and neutral tracks
it the event 1o the tan deeay products and to the £ and f. We call such an assign-
ment of tracks a 747~ ff configutation.” We try all possible v+ 7 ff configurations

and keep the one that is most consistent with the seaction e*e™ — r¥ e~ ff

‘To produce a 747~ ff configuration we first assign one charged track to the f
and another to the f. Using the nomenclature of the ALEPH paper we call the
suin of the fonr-momenta of the £ and f tracks the “V*, The V must have a charge
of zero and a mass of less than 6 GeV/c?, Tor the purpuse of ealeulating e minss
of the V, the masses of the f and f tracks are sel cqual to the electron mass, The
angle Letween the [ and f tracks must also be less than 110° in the inboratory
frame.

The v+ candidate system is the initinl ¢* ¢~ system minus the measuved V,

ie, the V missing mass system. We require that the invariant mass of this sysiem
be at least 14 GeV/el,

After assigning charged tracks (o the V' the remaining charged and neutral
tracks are boosted 10 the center-of- nass of the 7¥7~ candidate system. A thrust

analysis is performmed on the tracks in this frame and the tracks are then gronped



according Lo thrust hemispheres. ' after this grouping the net charge of each thrust
hemisphere is not +1 the 747" ff configuration is discarded. To climinate *¥1™
events, we discard configurations for which the mass of the charged particles in one
hemisphere combined with the V is less than 1.8 GeV/c2.

We form two faue-vectors, p, by summing the four-momenta of the charged
and neutral tracks in theust hemisphere ¢, ¥ = 1,2, In fonning p, the mass of

charged tracks is set equal to the charged pion mass. We define m, to be the
invariant mass of p,.

\We use the fact that g4 should correspond to the four-vector sum of all visibile
decay products of one of the tau leptons ta impuse a series of cuts o p. We
require thet the angle between py and pa be geeater than 90° in the laboratory
frame, Because of ant ¢hoice of signal this costr little and ensures that the events
we do get have the kinematics of interesi. Next we ealculate the mass of the sum
of the fonr-motueata of py and the V where py = py if the ¥V makes a sinaller angle
to py than py in the laboratory frame and pp = pz otherwise. ‘To reduce v¥7~ and
hadronic background, we require that this mass be greater th 3.0 GeV/e?. The
distribution of the mass of this #V combination from our v+ 2= 3% 4~ simutation is
shown in Figure 1.

In order to further reduce hadronic hbackground we keep only configurations for
whiei the tau decay product imasses m, ase small enough. ‘The maximum allowed
value depends on the number of charged and neutral tracks in theust hemisphere i
{Table ). For example, if thrust hemisphere i contains one chasged track and one
neutsal track then the maximum allowed value for m, is 1.2 GeV/c? while if the
bemisphere contains one charged track and greater than two neutral tracks thep
m, must he Jess than 3.9 GeV/ed, Figure 2 shows the hemisphere mass distribution
for the five cases.

We also ent on the variables g, = E/E,, 1 = 1,2, where E, is the cnergy of
P and E, is half the center-of-mass encegy of the r¥7~ candidate system. As
defined 1, is the fraction of the tau's energy that gaes into visible decay products.



The primary purpose of cutting on this variable s to remove background from
ctem = ete~fliptpfl As a consequence, the ent on g, will be harder for
leptonic tau decays than for hadronic tau decays. We distinguish between leptonic
and hadronic decay: according to m,. If m, is less than 0.35 GeV/¢? then the
decay is considered a “leptonic™ decay, otherwise it is an “hadronic decay.” Note
that with this scheme tau decays to single charged pions are classified as “leptonic”
decays,

The cuts on s, are as follows, If py is classified s a “leptonic™ tau decay then g,
must be greater than (.16 and Jess than 0.77. The Jower limit is imposed to reject
unusual fow multiplicity hadronic events and the upper limit is inposed to reject
ete” ffand p* p= ffevents. ) hoth py and p; are classified as “leptonic” tau decays
then we further require that the sum gy 472 be less than 1.4, If py is classified as a
“hadronic” tan decay then 3 must be greater than 0.22. Again the lower limit is
imposed to reject hadronic events while there is na upper limit because the ete= ff

and gt u— ff background is tiegligible in this case,

We call a v*7r~[f configuration which passes al) of the above culs a “valid
v+~ ff configuration”. Monte Carlo calculations predict that there should be less
than 0.03 events from e+ — v+~ and c¥e= = e¥e=ff, jt p~ff with at lenst
ane valid vt 7= ff configuration, while there should be 3.130.1 events from ¢ ¥ ¢~ —
vt~ ff with at least one valid r*7- ff configuration. Hadrunic Monte Carlo™
calculations predict, however, that there will be 28 events from e*e™ — g§ which

contain al least otic valid £+ 7= ff configuration.

fo remove the remainitng hadeonic events we calculate the square of the missing
mass in each tau decay and compare it with the distribution predicted by the
2= ff Monte Carlo. “Hadronic® tau decays have n missing mass squared of zero,
within experimental recolution, and the spectrum for the missing mass squared of
“leptonic™ tay docays is broader with the mean shifted to a small positive value,
Hadronic events tend to produce large negative values for the missing mass squared

because the assumption that tracks come from the decay of a 7 is wrong.
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Let M,y and A2 be the missing masers for the tau decays in thrust hemi
spheres 1 and 2 respectively, Let & and ¢ be the polar and azimuthal angles of the
tau lepton in hemisphere | in the 77~ candidate rest system. Figure 3 contains
the disteibutions in M2, for ete™ — 7¥+7ut 4~ Monte Carlo events. Full Jetec
tor sitnulation has been used in calculating M2, in Fig. 3 with the exception that
0 and ¢ are taken directly from the Monte Carlo generator. Figure 3(a) shows the
distribution of M2 for hadronic tau decays and Fig, 3(b) shows the distribution
for foptonic decays. As hefore, hadronic and leptonic decays of the tan nre distin-
guished iy the mass of the visible decay products: if the visible mass is less than
0.5 GeV/c? the decay is “leptonic,” otherwise il is “hadronic.”

Let f3(M2) be the distribution in M2, for “hadronic” tau decays, and f{Af2)
be the distribution in M2, lor “lcptonic” tau decays, They are normalized such
that their prak values are 1.0. Since  and ¢ are unknown we let them vary and

find those values which yicld the maximum of the joint probability of A3, and
M, Lt

v max fiA(0,0)) L(ME(0,4))
0<é<ils
where fy(2) = fi(=) il theest hemisphere s is classificd as a “leptonic™ tan decay
and fi(z) = fu(z) if thrust hemisphere i is classificd as an “hadronic™ tau dreay,

We define ¥ to be the maximnm value of ¢ aver all valid v+~ ff configurations
in an event. Figure 4a shows the distribution of @ fram the 47~ 5% 5™ sitmulation,
which we can compare to the distvibution from the g4 simulation shown in Fig. 4b.
Neatly all £¥2~ %4~ events have W very close 10 1, whereas nearly all hadranic
evepts have ¥ very close to 0. We sor that ¥ clearly separates v+~ gt ™ events
from hadronic events. For our final cut we require that W ae greater than 0.3,
Figure Ac shows the distribution of ¥ from the data, There are 7 events in our
data with ¥ close ta 0, and | eveut, aur lone v~ ff candidate, with ¥ = 0.71.

N

jgure 5 is an evem picture of vur one v 1~ ff candidate. There are two valid

r+ ¢~ ff configurations for this event with ¢ greater then 0.3. In one configuration



the ¥ is made of tracks 3 and 4, the mass of the ¥ i 0.115 GeV/c? and ¢ = 0.69.
In the other configuration the V is made of tracks 2 and 4, the mass of the V ik
1.9 GeV/c? and ¢ = 0.7). Interpreting the event as ete~ -+ r+ 7= ff we see that
each tau decays Lo a charged piots and several neutral pions. The visible mass of

each tau, in cach configuration, is 1.5 GeV/c?,

Table 2 contains the expected number of events with W > 0,3 for various pro-
cesses, Summed over tHeete, vty and o ate”, the total number
of events expected for ete™ -~ 77~ ffis 2.33,

SYSTEMATICS

We would now like to clieck our efliciency and cross-section calculations for
ete™ — rtr=ff, One way to do this is to modify parts of our analysis in order
to make it cfficient for similar processes with larger cross-sections, For example, if
we keep events with identified photon conversions we expect 0.9 additional signal
events and 2.0 rtry events. In the data we find 2.0 new events. The totals

without the pair conversion cuts ase 5.3 expected, 3 observed.

To got better statistics, we can loal for r*r~4 events in which the photon does
not convert inside our tracking chambess. By defining our V to be a calorimeter
photon with energy greater than 0.6 GeV and otherwise leaviug the analysis un-
changed we can check our 7+7~ acceptance and efficiency. Using the Monte Carlo
generator Koralzd (Ref. 8). we estimate that there should be 155 £ 8 r*r~4 events
with ¥ » 0.3 in the data, We find 154, Furthermore the breakdown of the number

of events by 7 deeny type {ollows expectations.

We next modify our analysis so that it selects e*e™ff and pa* ™ ff fina) states.
This will check our acceptance and efficiency for finding the V. Recall that we used
the variable 1, to remove ete™ff and p* i~ ff events, To select e*e™ffand p*p~ ff
events we require that both thrust hemispheres be classified as “leptonic” decays,
that , > 0.78, i = 1,2, and that §; 4+ n; > 1.64. Aside from these modifications
our analysis for e¥e™ — e*e~ ff, p* = ff is identical to the one for ¢*e~ — r¥r=jf



There are 65 data events which pass our euts for e¥e~ — ete~ff,utu=ff. Table 3
shows the expected number of events from various processes. In total there are
62.2 events expected from all processes in Table 3.

CONCLUSION

In summary we see one candidate event for the final state v+~ ffin e*e”
collisions at /3 = 29 GeV. We expect to see 2.33 such events due to kunown
processes. We set an upper limit on a uniform enbancement factor of 2.0 at the
95% confidence level. If the preduction of r+7—ff were enhianced by the factor of
4.7 which ALEPH reports at /3 = 91 GeV, then we would expect to sce 110
events. The probability of secing 0 or 1 event when expecting 11.0 is 2 x 1074,
While ALEPH expects to sce 1.3 times as many events as we do, they in fact
abserve }4 events to onr J, Il we hypothesize that there is a universal enhancement
of the v+r=ff process we would still expect to sce a 1.3:1 ratio of events Liotween
experiments. Using binomial statistics we calculate that the probability of getting
a ratio of events as far or farther from 1.3:1 than 14:1 is 0.005""
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Number of Numiber of Maximuw
charged tracks | ncutral tracks acceplable
in n hemisphere mass
hemisphere | hemisphere (GeV/c?)
1 <l 1.2
1 2 14
| 23 1.9
3 0 1.8
3 21 1.7

Table {1, Hemisphete mass cut,

Number of events
Process expected Lo pass
7+~ 7 selection
etem — r¥rmete” 1.28:40.19
etem =t utyT 0.63£0.04
ete” —t¥rTgq 0.360.09
ete” — g (<1.0)
ete” ity (0.410.4)
cte™ = p¥pTuic (0.015)
Total 2.33£0.11

Table 2. Expected events from known processes.

ltems within parentheses are not included in the total.
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Number of events
Process expected o pass
ete~ffor utu~ff
sclection
ete” = etemete 28.1
eYem —ete ptps 23.4
ete” —etcTgg 7.7
ete” = ptu~pty~ 2.3
ete™ = ntu=gh 0.7
ete™ — gf 0
etem — r¥r— 0
ete” wete rir 0.1
Total 62.2

Table 3. Expected events for e*e™ff and pt i~ ff analysis.
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FIGURE CAPTIONS

1) Masa of the ¥ combination from the r¥r~ gt~ simulation. The arrow
indicates the location of the cut.

2) Hemisphere mass distribution from the 2% 7~ u* p~ simulation for: a) 1 charged
track, ] neutral track, b) | charged track, 2 neutral tracks, ) 1 charged track,
> 3 ncutral tracks, d) 3 charged tracke, no neutral tracks, e) 3 charged tracks,
> 1 neutral track. The arrows indicate the Jocations of the cuts.

3) Missing mass squared distributions: a) “hadronic” r decays, b) “leptonic”
7 decays.

4) The distribution of W for: a) r+r=p*p™ simulavion. b) ¢§ simulation.
c) data. The arrows show the location of the cut.

5) rtr=ff candidate.
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