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Abstract 
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I. INTRODUCTION 

We have searched e+e- annihilation data at fi = 29 GeV from the MARK II 

detector”’ at the PEP storage ring for events which may signify the existence of a 

new lepton doublet (L-, Lo). We consider the case where the Lo may be massive but 

does not exceed the L- mass ml. No evidence for a new lepton doublet was found. 

Our analysis was motivated by the realization”’ Ia1 that in searches for new se- 

quential lepton pairs it had become conventional to set the Lo mass mo to zero while 

considering ever more massive charged leptons. There is no real justification for this 

restriction and one should instead allow both m- and mo to vary with the mass dif- 

ference 

6=m--mo (1) 

arbitrary. The present work is limited to 

m->mo (2) 

and assumes that the (L-, Lo) pair is subject to conventional weak interactions and 

that the Lo is ‘stable’ in the sense that it is unlikely to decay within the MARK II 

detector, i.e. r(L”) 2 loons. Neutrinos with masses between about 100 eV/c2 and a 

few GeV/c2 must be unstable in order to prevent the universe from having too large 

an energy density. However, our assumption that T(L’) 2 100 ns does not conflict with 

the cosmological lifetime constraints.“’ Recently Raby and West”’ proposed a simple 

model with a stable Dirac Lo of mass mo cv 4 - 10 GeV/c2 which, as well as solving the 

dark matter problem, also solves the solar neutrino problem if the standard neutral 

Higgs has a mass between 700 and 1000 MeV/c2. 

The extent to which previous searches of e+e- data for new sequential leptons 

exclude lepton pairs with massive neutrinos has not been addressed quantitatively. If 

6 is small, a few GeV/c2 or less for large m-, the small visible energy in the signature 

events could cause them to be ignored in total cross-section measurements. When 

bm 5 m(r-) the L- h as a long lifetime and would appear as a massive stable lepton in 
particle searches at PETRA. The absence of such leptons qualitatively excludes”’ the 
6 5 m(?r-) region for m- 2 20GeV/c2 but no quantitative study haa been made. 

The largest existing lower limit on the mass of a new charged sequential lepton 

is 41 GeV/c2, obtained by UAl [‘I from a study of W* decays in pp annihilation. 
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This limit assumes that mo is near zero. Barnett and Haber”’ re-examined this 

result and showed that smaller-m- mass ranges can be excluded for massive Lo with 

mu 5 8 GeV/c2. However, most of the (m-, 6) plane cannot be excluded because large 

values of 6 are needed to provide the visible L- decay products with sufficient energy 

to separate them from the hadronic background. 

The present search seeks to explore as much as possible of the (m-, 6) plane and 

the small 6 region in particular. The minimum accessible 6 is limited by the increasing 

L- lifetime and the decreasing momenta of the L- decay products which eventually 

prevents the particle identification required for the signature events. The maximum 

accessible m- is limited by the decreasing number of L+L- pairs which would be 

produced as m- approaches Ebeam/c2. 

The decay modes which provide the best sensitivity at various 6 values are dis- 

cussed in Sec. 1I.C. The analysis method and data are described in Sec. III, and the 

resulting limits on the existence of new lepton pairs are given in Sec. 1V.B. 



II. PHYSICS OF NEW LEPTON PAIRS 

- 
A. Pair production 

We assume that the L- is a point particle obeying the Dirac equation. The pro- 

duction cross-section including radiative corrections at fi = 29 GeV is 

o(e+e- + L+L-) = 688(3 - p2) pb (3) 

where /3 = 4 1 - 4m2_/s. 

B. Decay rates 

We assume that the decays proceed through the conventional charged current weak 

interaction 
L- -+Lo+w- 

W- + other particles 
(4 

with (V - A) coupling at each W- vertex. The occurence of a particular decay mode 

requires the mass difference 6 = m- - mo to be larger than the sum of the masses of 

the ‘other particles’ in Eq. (4). The branching fractions and decay kinematics for the 

allowed modes are controlled by 6 and m-, with 6 having the major influence. 

In the standard electroweak model, neglecting radiative corrections, the (V - A) 

differential decay rate of L- to Lo and a fermion-anti-fermion pair is”’ 

d41’(L- --+ L”fJ2) 

dnfzd4Tl f,dXfSdXT1 

1-q + 
( 1 m$ -m;,-rni) 

G2m? my I( 
x- 2z!L 

fl m- 
=- 

128~~ 
1+ 

ml(l-z- -zfa)-mg 
a 

mW 

(5) 

where G is the Fermi coupling constant, x = 2E/m- is the reduced energy variable, 

SL is the 4-spin of L-, ~7~ is the 4-momentum of T1, and rnw and l?w are the mass 

and width of the W-. 

The physics of purely leptonic decays 

L- + LO+e-- +i7t (6) 

where !. = e, p,r, follows directly from weak interaction theory and is described by Eq. 

(5), which was used in our Monte Carlo simulations. 
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The physics of single hadron decays 

- L’ 4 Lo + h- (7) 

where h = ?r, p, K, K*, al, follows from weak interaction theory and experimentally 

determined parameters such as’ the 7r* lifetime and a(e+e- + p”). The (V - A) 

differential decay rate for L- -+ LOT- is[” 

r(L- + L%-) G2 fi cos 29,m? 
df-l, = 64~~ {A(m--7Wh) - s,tx%~(m--,mo,mr)} (8) 

where p, is the ?r- 4-momentum, fr is obtained from the nr- -+ p”-pP decay rate,‘l’] 

8, is the Cabibbo angle, and 

Similarly, the (V - A) decay rate for L- + Lop- is 

lY(L- + Lop-) = G2f~~~~~*cm3{C(m-,m~,m,) - sL.ppD(m-,mo,m,)} 
dfb 

where pp is the p- 4-momentum and 

c(m-, m0, mp) = 
j/m{(mZ_ - m$)2 + mz(m2_ + rni) - 2mt) 

d 

D(m-, mo, mp) = 
(rn? - rnj - 2m~)A(m!-,m&m~) 

m!! 

A(=, m, m,) = d A(&!, m& mi){ (m2_ - mE)2 - m2,(m2_ + m/j)} 

m! 

B(m-, m0, mA) = 
(m: - m$)A(&!,m~,m~) 

m!! 

A(qy,z) =s2+y2+z2-2(sy+sz+ya) 

(84 

(9) 

(94 

There is no fundamental, general, and calculable method for describing the physics 

of decays with multiple hadrons such as L- + Lo+ (no)- where n > 2 and ?T = 7r*, rrr’. 

When 6 2 4 GeV/c2 it is conventional to treat these multi-hadron decays by assuming 

they occur through the subprocesses 

L--,L’+;il.+d 

L- + LO+z+s. 
(10) 

Our Monte Carlo studies of the decays in Eq. (10) were simulated using Eq. (5) with 

constituent quark masses. The LUND fragmentation model”” was used to produce 
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the multi-hadron final states. This method was adopted for values of 6 as small as mr. 

The single hadron decay modes-of Eq. (7) were treated separately using Eqs. (8), (9), 

and (A3-7) of the Appendix, with non-zero resonance width effects included for the 

p-, K*-, and al. Th e d ecay modes and their partial widths are discussed in detail in 

the Appendix. 

We now use the decay modes L- + LOe-p, and L’ + Lover- to illustrate the 

dependence of the branching fractions and decay kinematics on m-, mg, and 6 = 

m- - mo. 

The decay width for L- + LOe-F’, is 

l?(L- + Lee-De) = $-$(l - 8r + 8r3 - r4 - 12r2 lnr) 

where r s (ma/m-)2, and the e and V, masses are taken to be zero. 

The decay width for L- --) Lox- is 

r(L- --+ LV) = 
G2 fi cos 29,mf? 

167r A(m-, no, m,> 

(11) 

(12) 

When rno = 0 we obtain the usual threshold term A = (1 - mf/m?)2 from Eq. (8~). 

As m- increases with 6 held constant the decay widths are dominated by 6. In 

the limit m- + 00, and 6 << m-, the decay widths become 

G2155 
r(L- + L”e-Ee) = - 

157r3 

r(L- --+ LOT-) = G2fi Tpxs2ec6s (1 _ m2,/62)‘/2(1 - mf/2b2). 

(13) 

(14 

Figure 1 shows the dependence of the branching fractions on 6 for m- = 2 GeV/c2 

and 10 GeV/c2. 

C. Event signatures 

The event signatures were chosen to provide sensitivity over as much of the (m-, 6) 

plane as possible and to reject the large numbers of Bhabha events (e+e- --+ e-‘-e-), 

p-pair events (e+e- + p+p-), and hadronic events (e+e- + hadrons). Suitable 

signatures consist of L+L- decays to e*@, as in the discovery of the r lepton,“” 
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or Lk decay to e* or pf and Lr decay to hadrons. The main backgrounds to any 

new-lepton-pair events are then from r:pair production ‘(e-‘-e- + r+r-), and two- 

virtual-photon reactions. We use the following decay modes: 

L- + L”+e-+iYe 

L- -+ Lot/L- +vp 

L=+L0+7r-- 

L- + LO + p- 

L- + LO + a; 

L-+L”+(23h*)-+LOr 

where h = r or K to form the event signatures: 

e+ + e- -+ e* + plf + Emis 

(15) 

(164 

e+ + e- 4 e* +7rF+<47+E,i,, W) 

e+ + e- + p l +7rF+I47+&i,, (164 

e+ + e- + e* + (L 3 h*)F+ 107 + Emiss (164 

e+ + e- + p *+(13h*)r+~O~+Emiss (164 

where Emis is the missing energy carried away by unobserved particles. 

The ranges of 6 for which large numbers of signature events are expected can be 

_ inferred from Fig. 1. For example, the branching fractions to e and ~1 both exceed 

10% if 6 2 0.5 GeV/ c2 so at least 2% of these L+L- pairs would decay to the e*$F 

signature of Eq. (16~). Similarly, the event signatures of Eq. (16b, c) and Eq. (16d, e) 

are significant for 0.2 5 6 s 3 GeV/c2 and 6 2 1.5 GeV/c2 respectively. However if 6 

is small, and especially if also m- is large, the decay products may not have sufficient 

momentum to allow the particle identification required for these signatures. 



III. ANALYSIS METHOD AND DATA 

A. The visible energy problem 

In general purpose magnetic detectors used at e+e- colliders the visible energy Evis 

measured in an event is the sum of up to three components: the total energy of the 

charged particles with measured momentum; the total energy of photons detected in 

electromagnetic energy calorimeters; and, if hadronic energy calorimeters are present, 

the additional energy of detected neutrons and K”‘s. The energy carried by neutrinos 

and other undetected particles is, of course, absent from Evis. With the assumption 

of a stable Lo the sum of the visible energies from each decaying L* pair is 

&is = &is,1 + Evis,2 

E vis,i L &eatn - Eo,i i = I,2 
(17) 

where the Eo’s are the energies carried off by the L”‘s. Figure 2 illustrates the visible 

energy spectrum, without detector acceptance effects, from L- -+ Lo + multi-hadrons 

for various 6 values when Ebco,,, = 14.5 GeV and m- = 10 GeV/c2. 

Previous searches for new charged leptons in e+e- annihilation always required 

that Evis be greater than several or many GeV. This requirement eliminates most 

events from the two-virtual-photon reactions 

e+e- + e+e-x+x- 08) 

where x = e,p,r,K. Indeed a minimum Evis cut is used in most studies of e+e- 

annihilation physics for the same reason. The effect of the minimum Evis cut in 

- previous analyses was to exclude searches for lepton pairs with 6 5 4 GeV/c2 when 

m- is large. Our analysis method allows us to search for lepton pairs with 6 as small 

as 1 GeV/c2 or less. 

B. Data 

We use fi = 29 GeV e+e- annihilation data obtained at PEP with the MARK II 

detector in its ‘pre-upgrade’ configuration111 during 1981-1984. The data analysed for 

each event signature was (205.1 f 3.0) pb-’ for Eq. (16a), (104.0 f 1.6) pb-’ for Eqs. 

(16b,c), and (123.8 f 1.8) pb-’ for Eqs. (16d,e). 
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C. Backgrounds from known processes 

Backgrounds from known processes which contribute to the event signatures of Eqs. 

(16a- e) were calculated from Monte Carlo simulations which included the acceptances 

and efficiencies of the MARK II detector. The background sources discussed in the 

rest of this section were considered. 

I. e+e- + r+r- 

The process e+e- --) r+r- is the dominant source of background to the event sig- 

natures in Eqs. (16~ - e). The backgrounds were determined from simulated events 

corresponding to an integrated luminosity of 817pb-‘. The r-pair background esti- 

mates assumed the branching fractions and normal errors shown in Table I. 

2. e+e- 4 hudrons 

The reaction e+e- --) qij + hudrons can produce signature events through the 

decay of a hadron to an e or ~1, or through the misidentification of a hadron as an e or 

p. The simulated events corresponded to an integrated luminosity of 192 pb-‘. The 

extent to which the LUND fragmentation model used for the intermediate stages of 

the reaction, where many quarks and gluons are produced and hadronized, correctly 

simulates small multiplicity events is of some concern. However the predicted hadronic 

backgrounds are very small or zero, as shown in Tables II through VI, and no estimate 

of model-dependent uncertainties are made. 

3. e+e- + e+e-p+p- 

Events from the two-virtual-photon reaction e+e- + e+e-p+p- were simulated 

using the Monte Carlo programs of Berends et uL.[~~~ The generated events corre- 

sponded to an integrated luminosity of 410pb-l. 

4. e+e- + e+e-r+r- 

The two-virtual-photon production of r pairs can contribute to the signature events 

in two ways. Using (e) t o d enote a lepton which is not observed in the central region 

of the detector, usually because the angle between its path and the beamline is too 
small, the two possibilities are 

e+e- + (e+)(e-)r+r- (194 
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e+e- 4 (e*)eTr*(rr) (194 

where the former is the more-likely; Again, the events were simulated using the 

programs of Berends et ~1.“” 

5. e+e- + e+e- + hadrons 

The most uncertain calculation of the background from a known process concerns 

the set of two-virtual-photon reactions 

e+e- + e+e- + hudrons. 

The methods of Ref. 13 were applied to 

e+e- + e+e-qq 

q -I- ij + hudrons 

(20) 

(21) 

where q is a u, d, s, c, or b quark. However, this is not a good model when the invariant 

mass of the hadrons is about 1 GeV/c2 or less. A better model for that region would 

be 
e+e- + e+e-7,7, 

7v + 7,, + hudrons 
(22) 

where 7,, is a virtual photon, but we do not have a Monte Carlo program for this 

model. 

The two-virtual-photon processes may be studied experimentally with the MARK 

II’s small angle tagging (SAT) system. One can select SAT-tagged two-virtual-photon 

events of the form 

e+e- + e gAT + signature particles (23) 

where ezAT denotes an electron detected by the SAT. 

Two-virtual-photon backgrounds may also be studied by selecting signature events 

in-which the lepton charge is the same as, instead of opposite to, the charge of the other 

particles. The ‘same-charge’ and ‘op\posite-charge’ backgrounds should be the same for 

e+e- --) e+e-p+p-, and similar for e+e- + e+e-qij if one of the electrons is usually the 

observed lepton. The ‘same-charge’ analog of Eq. (196), i.e. e+e- --) (e*)eF(r*)rr , 

also contributes to the ‘same-charge’ background. Hadronic and r-pair events may 
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contribute if some charged particles are unobserved or if the charge of one particle is 

measured incorrectly. - 

Both methods were used to check the Monte Carlo predictions of the two-virtual- 

photon backgrounds. The results are given in Sec. 1V.A. 

6. e+e- + pL+p- + hudrons 

The backgrounds from the two-virtual-photon reaction e+e- + p+p- + hadrons 

were determined from Monte Carlo simulations based on Ref. 13. 

7. e+e- --) e+e-(7) 

The backgrounds from Bhabha and radiative Bhabha,scattering e+e- + e+e-(7) 

were determined from a Monte Carlo simulation, corresponding to an integrated lu- 

minosity of 90 pb-l, based on the work of Berends and Kleiss. [“I 

8. e+e- --) p+p-(7) 

The backgrounds from single photon production of muon pairs e+e- + p+p-(7) 

were determined from a Monte Carlo simulation, based on the work of Berenda and 

Kleiss “‘I corresponding to an integrated luminosity of 317 pb-‘. 

D. Selection of signature events 

The criteria for the signature events use accepted charged particles and photons 

defined as follows. An accepted charged track must be measured in the main drift 

chamber, satisfy track quality and vertex criteria, and have a measured momentum 

p > 0.1 GeV/c. An accepted photon must satisfy measurement quality criteria in the 

LA calorimeter, have a measured energy E > 0.2 GeV, and be separated from all 

- charged particle tracks at the inner face of the calorimeter by at least 0.2 m unless the 

photon energy exceeds the charged track energy. 

Lepton identification was attempted for charged tracks with p > 0.5 GeV/c. Iden- 

tified electrons satisfied shower development criteria within the fiducial volume of the 

LA calorimeter. Identified muons penetrated at least two of the four layers of the 
muon identification system and satisfied hit pattern criteria. Muon identification was 

possible for tracks with p > 1 GeV/c. Lepton identification efficiency corrections of 

0.96 f 0.01 for electrons and 0.97 f 0.01 for muons were applied to the Monte Carlo 

simulations. 
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We denote the number of accepted charged particles by nc, the number of identified 

leptons (e or p) by nl, the number of accepted photons by nr, and the total charge - 
in an event by Q. Accepted events had at least two charged tracks with cos 6 < 0.65 

with respect to the beam direction. 

Three types of event signatures were used: ep pairs, .&r pairs (! = e,p) with 

2 4 photons associated with the 7r*, and isolated lepton versus multihadron events, 

corresponding to Eqs. (16a), (16b, c), and (16d, e), respectively. These event types 

were divided into a total of 18 subtypes, which are defined and whose purpose is 

explained in the remainder of this section. 

1. ep events 

As in the discovery of the r lepton, e*pF pairs are a good signature for new lepton 

pairs. We require n, = 2 with one identified e and one identified p, nr = 0, and & = 0. 

Events in which the e has p < 1.25 GeV/c and the /.L penetrates less than three layers 

of the muon system were not accepted. The ep events are divided into two subtypes, 

one with acollinearity angle eacol < 25’ and the other with eacol > 25”. Most ep events 

from e+e- + r+r- are in the eaeol < 25’ subtype. The eacol < 25’ subtype is more 

important for small 6 and small m- while the eoeol > 25’ subtype is more important 

when 6 is large and m- is close to Ebecrm/C2. 

2. .h Events 

The accepted 4% events had n, = 2 with only one identified e or ~1, n7 5 4, and 

Q = 0. Accepted events had p, > 0.5 GeV/c or p, > 1 GeV/c, and p, > 1 GeV/c. 

Additional sets of criteria had to be satisfied depending on whether n7 = 0 or n7 > 0. 

In the n7 = 0 case, special care was taken to reject backgrounds from Bhabha or 

- muon pair events where one of the leptons is misidentified as a pion. Accepted ?y* 

passed strict lepton rejection cuts in both the LA calorimeter and the muon system. 

Both charged tracks were required to have p < 13.0GeV/c. A pion identification 

efficiency correction of 0.87 f 0.03, based on studies of 3-prong r decays, was applied 

to the Monte Carlo simulations. Events in which the acoplanarity angle between the 

planes defined by each of the charged tracks and the beam direction was less than 2’ 

were rejected. 

In the n7 > 0 case, the candidate ?y* were charged tracks not identified as leptons. 

In accepted events the X* formed a reconstructed p* with the photons, the total energy 
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of the 7r* and photons was less than 14.5 GeV, and the photons were isolated from the 

lepton by cos B17 < 0.85. For ny = 1, we required E, > 2.0 GeV; pe < 11.0 GeV/c in 

er( 17) events to reject Bhabha events in which the other electron radiates the observed 

photon and is misidentified as a pion; and a reconstructed p* from the r* and 7 when 

the 7 is ‘replaced’ by a ?y” of the same momentum. For n7 = 2 or 3 accepted events 

contained a reconstructed ?y” from two photons, and a reconstructed p* from the X* 

and the two photons. For n7 = 4 accepted events contained two reconstructed x0’s 

from the four photons; a reconstructed p* from the T* and the photons of one of the 

reconstructed TO’S; and a reconstructed a: from the K* and the four photons. The 

acceptable masses of reconstructed ?y”, p*, and a: were 0.04 < m(r”) < 0.24 GeV/c2, 

0.4 < m(p*) < 1.1 GeV/c2, and 0.75 < m(uf) < 1.8 GeV/c2. 

The &r events are divided into the types er and ~7r for n7 = 0, and er(n7) 

and pr(n7) for n7 > 0. These event types are further divided into eacol < 25’ and 

8 crCOl > 25” subtypes, where fiacol is the acolinearity angle of the e* and rT’f for n7 = 0, 

the e* and reconstructed pF for n7 = 1,2,3, and the e* and a: for n7 = 4. Most 4~ 

events from e+e- + ~+r- are in the doCOl < 25’ subtypes. 

,??. Isolated lepton events 

The isolated lepton event signature has the following properties: 

(a) nl = 1, !Z = e or JL with 1.25 < p < 14.0GeV/c, 

(b) the angle between the lepton and each other accepted charged track or photon is 

> .90°; hence the term isolated lepton, 

(c) the total energy of all accepted charged particles and photons in the hemisphere 

opposite to the isolated lepton is < 14.0 GeV, , 

(d) nl, 2 3, where nl, is the number of charged particles, excluding the isolated lepton 

- and particles having the kinematic properties of an e+e- pair from photon conversion, 

(e) all the nl, tracks which enter the end-cap calorimeter deposit too little energy to 

be identified as electrons, 

(f) & = 0 if n: = 3. 

--~ The invariant mass minv of the charged particles and photons in the hemisphere 

opposite the isolated lepton is used, together with n,, ’ to divide the events into four 

subtypes. The isolated electron events are divided into the types e3 for til, = 3 and e > 

3 for nl, > 3. These event types are further divided into minv < 2.5 GeV/c2 and minv > 

2.5 GeV/c2 subtypes. The analogous isolated muon event types are denoted by ~3 and 
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~1 > 3. The partition of the invariant mass minv at 2.5 GeV/c2 puts most e+e- * ~‘-7~ 

isolated lepton events into the e3 and ~3 subtypes with minv < 2.5 GeV/c2. The - 
partition point is greater than mr to allow for measurement errors. 
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IV. RESULTS AND CONCLUSIONS 

- A. Numerical results 

The numbers of events found in the data for the signature subtypes described in 

Sec. 1II.D are shown in the first’rows of Tables II through VI. The expected numbers 

of background events from the known sources discussed in Sec. 1II.C are also shown. 

Background sources for which the Monte Carlo simulations predict zero events are 

omitted from the Tables. The normal errors shown for the expected backgrounds are 

the statistical errors added in quadrature with estimates of systematic uncertainties 

in the integrated luminosities of the data sets (Sec. III.B), the relative particle iden- 

tification efficiencies in the data and the Monte Carlo simulations (Sec. III.D), and 

the uncertainties in the r branching fractions (Table I) where relevant. The statistical 

error in the number of background events is 

where N is the number of events predicted in a data set with integrated luminosity 

LD by a Monte Carlo simulation with integrated luminosity lMC. 

The Monte Carlo predictions of two-virtual-photon backgrounds may be checked 

using ‘SAT-tagged’ events and ‘same-charge’ events, as discussed in Sec. III.C.5. Ta- 

ble VII shows the numbers of these events found in the ‘data and the Monte Carlo 

simulations for each event subtype. The two-virtual-photon Monte Carlo simulations 

predict 16.6f6.2 SAT-tagged events compared to 32 events observed in the data. The 

‘same-charge’ method was applied to all event subtypes except the e > 3 and p > 3 

subtypes where the number of charged tracks n, could be odd and the total charge 

was not restricted (Sec. III.D.3). The Monte Carlo simulations predict 4.8 f 2.3 ‘same- 

charge’ events from e+e- --) r+r- 0 5 f 0 9 from e+e- , ’ . -+ hudrons, 4.2 f 3.1 from 

e+e- + e+e-r+r-, 13.0f4.4 from e+e- --) e+e-p+p-, 4.8f2.3 from e+e- + e+e-q?j, 

and 1.0 f 1.4 from e+e- ---) p+p-qij giving a predicted total of 28.3 f 6.5 ‘same-charge’ 

events compared to 34 events observed in the data. The ‘same-charge’ method there- 

fore finds the predicted two-virtual-photon background to be in fairly good agreement 
with the data, whereas the ‘SAT-tagged’ method suggests that it may be underesti- 

mated. It should be noted that underestimated backgrounds give weaker limits for 

excluding new lepton pairs. 
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The number of ‘excess events’ shown in the bottom row of each of Tables II through 

VI is the difference between the number of data events and the sum of the expected - 
backgrounds. The total number of data events is 1277 while the total expected back- 

ground is 1234.4-246.8 where the errors have been added in quadrature. The individual 

numbers of ‘excess events’ are generally consistent with zero, except for the two e > 3 

event subtypes which contribute 11.9 to the total x 2 = 26.8 for 18 degrees of freedom. 

We do not know if the significant numbers of ‘excess events’ in the e > 3 subtypes are 

statistical fluctuations or are due to deficiencies in the analysis method or to physics 

we do not understand. 

B. Limits on new lepton pairs 

Having found no significant evidence for new lepton pairs, we next determine the 

(m-, S) region excluded by the results in Tables II through VI. Monte Carlo simulations 

of (L-, Lo) production and decay were made at 33 points in the (m-, 6) plane. The 

simulations included the physics discussed in Sec. II and the Appendix. The Monte 

Carlo events were analyzed for each of the signature event subtypes described in Sec. 

1II.D. 

For each event subtype and at each (m-, 6) Monte Carlo simulation point a proba- 

bility ratio method is used to compare the likelihoods for the following two hypotheses: 

(i) the data is consistent with the expected background alone, and (ii) the data is con- 

sistent with the expected background plus the predicted number of new-lepton-pair 

events. Gaussian probability distributions 

G(x;p,a) = (2r02)-‘/2exp[-(x - ~)~/20~] 

are used for simplicity. The unphysical x < 0 regions are excluded and remaining 

x > 0 regions normalized to unit area by multiplying the probability distribution by 

co 

V 1 -1 
c= G(x; p, a)dx . 

0 

Denoting the number of data events in the i’th subtype by Ni, the expected background 

by ,~ugfog, and the expected background plus the predicted number of new-lepton-pair 
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events at (m-, 6) by PL f a~, the desired probability ratio is 

(27) 

If Ri > 1, the ‘background alone’ hypothesis is favored. Figures 3, 4, and 5 show 

Ri = 9 contours obtained by interpolating between, or extrapolating from, the .Zi!i 

values at the (m-, 6) simulation points. The hatched regions show the parts of the 

(m-, 6) plane in which new lepton pairs are excluded with & > 9. 

The most restrictive limits are from the ep event type, and at small 6 from the ex 

event type. The plr subtypes exclude smaller regions than the en subtypes primarily 
because electron identification was possible for smaller momenta than for muon identi- 

fication (see Sec. 1II.D). No part of the (m-, 6) plane was excluded with & > 9 by the 

p?r(ny) subtype with eacol > 25”. The bulges toward large 6 at large m- in the e7r and 

,~‘lr subtypes with eacol > 25’ appear to be due to L* decay to several pions where only 

one X* is at a large enough angle from the beamline to be detected. In the isolated 

lepton events the more restrictive limits at small 6 are from the low multiplicity e3 

and ~3. subtypes with min,, < 2.5 GeV/c2. 

The product of the individual probability ratios & for’the 18 event subtypes gives 

the combined probability ratio 

i=l 

shown in Table VIII for each of the 33 (m-,6) Monte Carlo simulation points. The 
‘background alone’ hypothesis was favored at all (m-, 6) simulation points except 

(0.3,0.3) GeV/c2, for which R = 0.92, and (13,0.7) GeV/c2, for which R = 1.0. Figure 

6 shows the R = 9 contour and hatched region corresponding to R > 9 on both linear 
and logarithmic 6 scales. The R = 99 contour is also shown on the logarithmic 6 scale. 

C. Tau branching fractions 

-- If new. lepton pairs with m- < 14.5 GeV/c2 are assumed not to exist the results 
in Tables II through VI may be used to obtain values for the r branching fractions, 

The isolated lepton event subtypes (Sec. III.D.3) other than e3 and ~3 with minv < 

2.5 GeV/c2 are not used since the numbers of T-pair decays in those subtypes are 
negligible. 
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The best estimate of the true number of r-pair events N7 in each of the remaining 12 

event subtypes is given by the observed number of events minus the sum of the expected - 
backgrounds other than e+e- + r+r-. The expected e+e- + r+r- backgrounds in 

the second row of Tables II through VI assumed the branching fractions shown in Table 

I. The branching fractions giving r-pair backgrounds agreeing most closely with the 

N7 events were found by performing a global x2 fit over the 12 event subtypes using 

the MINUIT”“] minimization program. The best fit r branching fractions, for which 

x2 = 5.4 for 7 degrees of freedom, are shown in Table IX. The normal errors include 

the statistical errors and the estimated uncertainties in the integrated luminosity and 

particle identification efficiencies but do not include any other systematic uncertainties 

in the predicted number of background events. The last decay mode shown in Table IX 

combines the last two decay modes shown in Table I because the e?r(ny) and pz(ny) 

subtypes (Sec. III.D.2) sum over events with from 1 to 4 observed photons. The r 

branching fractions obtained from the present analysis are in good agreement with 

currently accepted branching fractions. A detailed statistical study of r decay data 

has recently been performed by Hayes and Perl.‘17’ 

D. Conclusions 

In conclusion, we have found no evidence for new lepton pairs (L-, Lo) in our 

29 GeV e+e- annihilation data and have excluded their existence over most of the 

accessible (m-,6) plane. The data, with the possible exception of the e > 3 event sub- 

types, appear to be consistent with known processes and with the currently accepted 

r branching fractions. 
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APPENDIX: L- BRANCHING FRACTIONS 

Decay width formulae for heavy charged leptons were calculated by Tsai”” as- 

suming massless neutrinos. This section gives the generalized formulae for the case 

where the Lo is massive but does not exceed the L- mass. The W* propagator effects 

included in Eq. (5) are neglected here. 

The decay width for L- + Lee-De is 

l?(L- + L”eTe) = 
G2m? 
W(l-8r+8r3-r4-12r21nr) (Al) 

where G is the Fermi coupling constant, r = (ma/m-)2, and the e and Ve masses are 

assumed to be negligible. 

The decay width for L- + L”p-pp, where only the ucc mass is assumed to be 

negligible, is”‘l 

r (L- + Lop-Q) = 
G2m5 
A{‘[2 - 3s3 - s2 + (50 - 14)s - 13D]r 
1927r3 2 
- 3 [s” - 2(0 + 2)s2 + D2 - 401 L1 + 12sfiL2} 

W) 

where 

D ~ trn; - m!)2 
d 

L1 z In ( 
l-s+r)m? 

2mp0 

L2 z In ( 
s-D-&%-)m? 

2m,mo ’ 

The decay width for L- 4 LOT-V, is obtained by replacing ml, by mr in Eqs. (A2) 

and (A2a). 

The following decay width formulae for L- decays to a single scalar or vector 
hadron are valid in the narrow resonance limit. For resonances of fifiite width the 
threshold terms should be averaged over q2, where q is the hadron 4-momentum. For 

the long-lived scalar hadrons 7r* and K* one need only substitute m2 for q2. The 
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decay width for L- ---) LOrrr- is”’ 

- 

r(L- + LOT-) = G2 firn? cos2 8, a{ (m!! - m$2 - qz(rny + ma)} 
167r m!! w 

where 8, is the Cabibbo angle, qI is the pion 4-momentum and 

A = A(my,m&qi) 

A(z,y,z) =22+y2+z2-2(sy+sz+yz) 
(A34 

The decay width for L- ---) LoK- is 

IyL- 4 LOK-) = 
G2 f&m? sin2 8, a{ (my - mi)2 - q&(m2_ + ma)} 

167r m!! (A41 

The threshold factor for the decay to a single vector hadron differs from that for 

decay to a single scalar hadron. The decay width for L- --) Lop- is[“’ 

r(L- + Lop-) = 
G2f@!. cm2 8, fi{ (mZ_ - mg)2 + qi(m2_ + rni) - 2q;} 

167r m!! 

(A5) 

where mp = 770 MeV/c2 and A = A(mT, m$, q$). 

The decay width for L- -+ Loal is 

r(L- --+ LOU,) = 
G2 j&m% COS2 8, 6{ (d - m8)’ + q& (d + mi) - 2dl} 

167r m6_ 
(A6) 

where A = A(my, rni, q&) and the Weinberg sum rules[aol give the relation mpfp = 

ma,fal. 

The decay width for L- + L°K*- is 

r(L- + L’K*-) = 
G2 f&.m% sin2 0, a{ (m!. - mz)2 + q&.(mL + rnz) - 2qi.) 

167r m!. 
(A7) 

where A = A(m?, rni, qk.) and the DMO sum rules”‘l give the relation fP = f~=, 
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The decay width for L- + Loiid ---) hadron continuum is IW 

-=+31nl set eA + tan eA1 

\ (A8) 
+. 2fi(l + r) tan3 ea 

1 

where 
r E (ma/m-)2 

set en E 
l+r-xa 

v 
2~ = (A/m-)2 

0 I eA 5 71-12 

w4 

and A is minimum invariant mass cut-off for the ad hadronic continuum. The decay 

width for L- -+ Loi% + hadron continuum is also given by Eq. (A8), but with a 

larger A in Eq. (A8a). It should be noted that in the limit XA 4 0 Eq. (A8) reduces 

to 

r(L- + LOEd)= 3r(L- --) L’e-I&) (A9) 

where 3 is the color factor. Braaten[‘“’ has recently calculated perturbative QCD 

corrections to the color factor in heavy lepton decay, and found 

I’(r- --+ U, + hadrons)/I’(v + v7e-‘f7,) = 3.29 f 0.04 while a ratio”*l of 3(1+ cu,/n) 

is appropriate for very large m- and 6. Our Monte Carlo simulations assumed the 

naive value of 3 for the color factor. 

Equations (Al-8) g ive the dependence of the decay widths on m- and mo. In 

calculating the branching fractions for L- decay the normalizations in Eqs. (A3-7) 

were adjusted relative to Eq. (1) to give good agreement with the 7 decay branching 

fractions for m- = 1.784 GeV/c2 and mg = 0. The normalization of Eq. (A8) relative 

to Eq. (Al) was retained, so as to preserve Eq. (A9) in the small XA limit. Good 

agreement with the 7 decay branching fractions was obtained by setting the minimum 

invariant mass for the ad hadron continuum states to A = 1.275 GeV/c2. We set 

A = 2.0 GiV/c2 for the ES hadron continuum states. 
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TABLE I. 7 branching fractions and normal errors assumed in the determination of 

- the e+e- -+ 7+~- background. 

Decay mode Branching fraction (%) 

r- -- -+ e v,v, 17.9 f 0.4 

r- --) p-i7pVr 17.6 f 0.4 

r- + 7r-v, 10.9 f 0.6 

r- --) (3r*+ 2 07r0)-v, 13.4 f 0.3 

r- --+ P-VT 22.7 f 1.0 

r- + (7r-+ 2 27P)v, 12.0 f 2.0 

23 



- 

TABLE II. Number of data events and expected backgrounds for ep event subtypes 

- with acolinearity angle eacol < 25’ and eac,,l > 25’. 

e----P e--C1 
< 25’ > 25’ 

Data events 308 70 

e+e- --) r+r- 294.7 27.8 
f22.5 f5.9 

e+e- + e+e-p+p- 4.6 16.7 
f2.6 f5.0 

e+e- + e+e-r+r- 9 8 . 13.7 
f4.5 f5.9 

e+e- + p+p-(7) 6.5 0 
f3.2 

Expected events 315.6 58.2 
f23.3 f9.7 

Excess events -7.6 11.8 
f23.3 f9.7 
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TABLE III. Number of data events and expected backgrounds for e3 and ,~3 event 

- subtypes with min,, < 2.5 GeV/c2 and minv > 2.5 GeV/c2. 

e vs 3 e vs 3 p vs 3 p vs 3 
m < 2.5 m > 2.5 m < 2.5 m > 2.5 

Data events 170 11 123 5 

e+e- -b r+r- 153.4 2.2 108.1 1.4 
f14.9 f1.6 f12.1 f1.3 

e+e- 4 q?j 0.5 2.1 0 0 
f0.9 f1.8 

e+e- -+ e+e-r+r- 10.0 1.7 8.0 0 
f4.2 f1.8 f3.9 

e+e- 4 e+e-qij 3.2 0.6 0 0 
f2.0 f0.8 

e+e- -+ p+p-qTj 0 0 1.0 1.0 
f1.4 f1.4 

Expected events 167.1 6.6 117.1 2.4 
f15.6 f3.1 f12.8 f1.9 

Excess events 2.9 4.4 5.9 2.6 
f15.6 f3.1 512.8 f1.9 
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TABLE IV. Number of data events and expected backgrounds for e > 3 and p > 3 

- event subtypes with min,, < 2.5 GeV/c2 and minv > 2.5 GeV/c2. 

evs>3 evs>3 pvi3>3 pvs>3 
m < 2.5 m > 2.5 m < 2.5 m > 2.5 

Data events 14 22 3 4 

e+e- + r+r- 2.3 0.1 2.0 0.1 
f2.2 f0.3 Al.9 f0.3 

e+e- + qQ 0 2.0 0 0 
f1.7 

e+e- -b e+e-r+r- 0 0.5 0 0 
f0.8 

e+e- + e+e-qij 3.3 10.9 0 0 
f2.0 f3.7 

e+e- + p+p-q?j 0 0 0 1.0 
f1.4 

Expected events 5.6 13.5 2.0 1.1 
f3.0 f4.2 f1.9 f1.4 

Excess events 8.4 8.5 1.0 2.9 
f3.0 f4.2 f1.9 f1.4 
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TABLE V. Number of data events and expected backgrounds for e?r and ~7r event 

- subtypes with acolinearity angle Baeol < 25’ and O,,COl > 25’. 

e-r e-r p-r p-r 
< 25’ > 25’ < 25’ > 25’ 

Data events 50 15 56 4 

e+e- + r+r- 58.5 5.5 54.5 3.7 
f9.0 f2.5 f8.6 f2.0 

:+e- + e+e-r+r- 1.6 11.2 1.2 2.1 
f1.6 f4.5 f1.3 f1.9 

e+e- -+ e+e-qij 0 0.6 0 0 
f0.9 

e+e---,p+p-(7) 0 0 0 0.1 
f0.3 

ewe- -+ ewe-(y) 0.8 0.8 0 0 
f1.2 f1.2 

Expected events 60.9 18.1 55.7 5.9 
f9.2 f5.4 f8.7 f2.8 

Excess events -10.9 -3.1 0.3 -1.9 
f9.2 f5.4 f8.7 f2.8 
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TABLE VI. Number of data events and expected backgrounds for e?r(ny) and p7r(nr) 

- event subtypes with acolinearity angle tJoCOl < 25’ and Oacol > 25’. 

Data events I 215 I 28 I 162 I 17 

e+e- + r+r- 

e+e- ---) qTj 

c+e- + e+e-r+r- 

e+e- --+ e+e-q?j 

e+e- 4 p+p-(7) 

e+e- -k e+e-(7) 

198.5 
f21.9 

0 

1.8 
f1.8 

0.3 
f0.6 

0 

1.2 2.3 
f1.6 52.2 

11.9 
f3.8 

0.5 
f0.9 

9.6 
f4.3 

0 

0 

163.6 6.5 
f19.0 f2.7 

0 0 

2.2 5.2 
f1.9 f3.1 

0 0 

1.0 
f1.2 

0 

0 

0 

Expected events 
I zi: I Et 1 El / 21 
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TABLE VII. Numbers of SAT-tagged events and ‘same-charge’ events from data and 

- Monte Carlo simulations for each event subtype. 

I SAT-tagged events Same-charge events I 

I I Data Monte Carlo Data Monte Carlo I I 

10 

9’ 

3 

2 

2 

0 

3.1 f 2.6 

11.6 f 4.2 

4.9 f 2.3 

1.4 f 1.2 

2.0 f 1.8 

0 

e - p (< 25”) 2 2.6 f 2.6 

e - p (> 25’) 7 4.8 f 3.6 

e vs 3 (m < 2.5) 5 3.0 f 2.6 

e vs 3 (m > 2.5) 0 0 

p vs 3 (m < 2.5) 4 0 

p vs 3 (m > 2.5) 0 0 

e vs > 3 (m < 2.5) 0 0 

e vs > 3 (m > 2.5) 1 0.7 f 1.0 

p vs > 3 (m < 2.5) 0 0 

p vs > 3 (m > 2.5) 0 0 

e - n (< 25’) 1 0.3 f 0.7 

e - r (> 25’) 1 3.0 f 2.4 

p - ?r (< 25’) 0 0 

p - x (> 25’) 0 0 

e - n(ny) (< 25’) 2 0 

e - r(q) (> 25’) 5 1.4 f 1.6 

cl-?r(nr) (< 25’) 0 0 

p - r(q) (> 25’) 4 0.8fl.l 0 0 

0.2 f 0.5 

0.1 f 0.3 

0.2 f 0.5 

0 

1.6 f 1.3 

2.4 f 2.1 

0.8 f 0.9 
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TABLE VIII. Probability ratio R of data being consistent with background to data 

being consistent with background plus new lepton pair at (m-, 6). R is the product of the 

Ri for the 18 event subtypes. 

[m-, 6) (GeV/c2) R 

(0.3,0.3) 9.2 x 10-l 
(0.5,0.5) 3.7 x lo2 
(0.7,0.7) 2.4 x 1015 
(1.8,1.8) 1.6 x 1O48 
(2.0,0.5) 1.9 x 1o22 
(2.0,l.O) 2.5 x 1O35 
(2.5,2.5) 2.7 x 1O38 
(3.0,0.3) 1.5 x 102 
(3.0,1.8) 1.0 x 1032 
(4.0,0.5) 4.3 x 1012 
(4.0,l.O) 1.7 x 1022 
(4.0,4.0) 8.8 x 1049 
(5.0,2.5) 7.3 x lo42 
(6.0,0.3) 2.1 x 100 
(6.0,1.8) 1.3 x 1022 
(7.0,0.7) 2.0 x 107 
(7.0,7.0) 1.6 x 1041 
(8.0,0.5) 1.5 x 102 
(9.0,4.0) 5.6 x 1O28 

(10.0,l.O) 1.3 x 103 
(10.0,1.8) 3.9 x 10" 
(10.0,2.5) 1.3 x 1016 

(10.0,10.0) 1.9 x 1024 
(12.0,1.8) 2.0 x 105 
(12.0,7.0) 2.6 x 1014 
(13.0,0.7) 1.0 x 100 
(13.0,1.8) 1.6 x lo3 
(13.0,2.5) 2.2 x 105 
(13.0,4.0) 3.2 x log 
(14.0,l.O) 1.2 x 100 
(14.0,7.0) 2.2 x 100 

(14.0,lO.O) 5.6 x 10' 
(14.0,14.0) 2.5 x loo 
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TABLE IX. Best fit 7 branching fractions from this analysis assuming absence of new 

- lepton pairs with m- < 14.5 GeV/c2. 

Decay mode 

r- --) e-iTevr 

r- + p-ii@7 

r- + 7r-VT 

r- -+ (37r*+ 2 O?r”)-J4 

r- + (7r-+ 2 l?rO)v, 

Branching fraction (%) 

17.8 f 1.0 

17.5 f 1.0 

9.8 f 1.2 

13.9 f 1.1 

36.0 f 2.6 

‘1 



FIGURE CAPTIONS 

FIG. 1. Dependence of L--branching fractions on 6 for (a) m- = 2 GeV/c2 and 

(b) m- = lOGeV/c 2. Decay modes are (1) L- --) L’e-p,, (2) L- ---) L”p-pp, (3) 

L- + Lox-, (4) L- --) Lop-, (5) L- + LOK-, (6) L- + L’K*-, (7) L- + Lou;, 

(8) L- + Load, (9) L- + LOi%,‘and (10) L- -+ L”r-F,. 

FIG. 2. Visible energy spectrum, neglecting detector acceptance effects, from 

L- --+ Lo + multihadrons when Ebca,,, = 14.5 GeV and m- = 10 GeV/c2. 

FIG. 3. New lepton pairs are excluded, with R > 9, from the hatched regions by 

the ep event subtypes. 

FIG. 4. New lepton pairs are excluded, with R > 9, from the hatched regions by 

the e3, ~3, e > 3, and p> 3 event subtypes. 

FIG. 5. New lepton pairs are excluded, with R > 9, from the hatched regions by 

the err, /M, en(q), and pr(ny) event subtypes. 

FIG. 6. New lepton pairs are excluded from the hatched regions by all event 

subtypes combined. The excluded regions are shown in (a) for R > 9 with a linear 6 

scale and in (b) for R > 9 ( a b ove lower contour) and R > 99 (above upper contour) 

with a logarithmic 6 scale. 
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