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ABSTRACT 

We review experimental knowledge on what are usually called heavy leptons, 

but we call new leptons. These are leptons other than the electron, muon, and 

their associated neutrinos. The measured properties of the tau lepton are sur- 

veyed, including a discussion of the inconsistencies in present knowledge of its 

one-charged-particle decay modes. We summarize experimental limits on the ex- 

istence of other possible leptons. We conclude the review with a discussion of 

searches which can be made with the new and proposed particle colliders. 
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1. INTRODUCTION 

1.1 PURPOSE OF REVIEW 

In 1974 P. Rapidis and one of the authors (MLP) wrote a review’11 entitled 

The Search for Heavy Leptons and Muon-Electron Differences. In the passage 

of 13 years one of the two questions raised in that paper has been answered: 

There is a heavy lepton-the tau.‘“] But the other question, the origin of muon- 

electron differences, has not been answered; it has expanded into the generation 

problem.‘31 The great theoretical and experimental success of the unification of 

the electromagnetic and weak interactions”’ has deepened the mystery of the 

source of the tau-muon-electron differences. 

In this review we return to the first question, “What is known about leptons 

other than the electron, muon, and their associated neutrinos?n Such other 

ieptons are usually called “heavy feptons.” But we prefer the term “new leptons” 

to include new small or zero ma& leptons. 

Properties of the tau and its associated neutrino are summarized in Sec. 2. 

Then the experimental limits on the existence of additional new leptons are dis- 

cussed in Sets. 3 and 4. The boundary between the two sections is the theoretical 

structure”’ given the name “standard model.” This review concludes in Sec. 5 

with considerations of the range of future searches for new leptons using the new 

and proposed very high energy particle colliders. 

Our classification and discussion of search limits is organized according to 

types of data and search techniques. Sometimes, as a guide to the reader, we 

discuss the theoretical motivations and implications relevant to a search, but we 

do not review the theoretical or speculative literature on new leptons. 

In the past few years there have been several surveys’6-0’ of the status of 

new lepton searches. Also, Bullock and Devenish”‘] published a complete review 

of the particle physics of leptons in 1983. 
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;-- Many limits from search methods using &red target experiments became . . - 
obsolete when improved sensitivity was obtained using e+e- colliders. A few of 

the older search methods are discussed in the paper but most are ignored, the 

reader is referred to older reviews.““11 

1.2 DEFINITION OF A LEPTON 

. Within the standard model the definition of a lepton is straightforward: 

(Al) A lepton interacts through the electroweak interaction and presumably 

through the gravitational interaction. 

- (A2) A lepton does not interact through the strong interaction. 

(A3) Within the structure of electroweak theory a lepton can be a member of 

a doublet or can be a singlet. This doublet or singlet classification is con- 

nected to a lepton generation conservation rule. Experiment finds no devi- 

ation from perfect conservation, but the standard model allows imperfect 

conservation. 

(A4) A lepton is a fermion. 

Going beyond the standard models obscures the boundary between leptons 

and other particles which avoid the strong interaction: 7, IV*, Z”, and the 

proposed Higgs particles. We fix the boundary by requiring a general lepton 

conservation rule. Therefore, the broader lepton definition is: 

(Bl) A lepton interacts through the electroweak interaction and presumably 

through the gravitational interaction. 

_- , .__ 
(B2) A lepton does not interact through the strong interaction. 

(B3) Leptons obey a general conservation rule. If fJ represents a lepton and e 

represents a possibly different antilepton, in all reactions the sum of the 

total number of e’s and the total number of A% is fixed. For example, in the 

decay of the supersymmetric partner e”- of the e-, Z + e- + 7, where 7 

2 



-ii a-photino. If the speculative ideas from-grand unification are true then 

this conservation rule can be broken with quark to lepton conversion, for 

example, u + u + p+ + S, where u and s are the up and strange quarks. 

The prohibition against the connection of leptons with the strong interaction 

has been relaxed in hypothesis about particles such as leptoquarks and colored 

leptons. For example, the latter particle has the decay scheme eLlor + f!- + g 

where g is a gluon. Here, definition (B 3) has been retained, but not (B 2). 

C 



2. THE TAU LEP.TON . . - 

The tau lepton was discovered”’ in 1975 at the SPEAR e+e- storage ring of 

the Stanford Linear Accelerator Center (SLAC). It has been a subject of extensive 

study since the discovery. In general, measurements show it is a sequential lepton 

in the standard model of electroweak interaction, but there are some difficulties 

in understanding all the measurements. In this section we summarize present 

understanding of this massive lepton. Other recent reviews are in Refs. 12-14. 

2.1 SPIN, MASS AND SIZE 

The spin and mass of the r have been determined from the threshold behavior 

of the production cross section. The QED production cross section for a spin l/2, 

point-like particle is 

- 

QI~ _ 47ra2 m - P2) 
3s 2 , (2.1.1) 

where p = dm, m is the mass of the particle, and fi is the center- 

of-mass energy. The DELCO experimentllsl provided the best measurement of 

the threshold production cross section and established the r lepton as a spin l/2 

particle. The world average measurement’161 of the r mass is (1784 f 3) MeV/c2. 

Measurements of the production cross section at energies well above the 

threshold test the point-like nature of the r. It is customary to parameterize 

the deviations from the QED prediction by a form factor”‘] 

4s) = (lf .-**&h * (2.1.2) 

--- .f. The QED cut-off parameter A& quantitatively, characterizes the validity of QED 

and measures the point-like nature of the 7. Measurements”6-ao1 at PETRA find 

the limits, A* > 200 GeV at the 95% confidence level, indicating the r is less 

than lo-l8 m in size . 

5 
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;-- 2.2 ._ WEAK INTERACTION PROPERTIES .~ 

In the standard model, the coupling of all leptons to the charged (W*) and 

neutral (2’) weak currents have the same universal strength; and the leptons 

couple to the currents with a V-A structure. The V-A coupling of the r has 

been studied by analyzing the electron and muon momentum spectra from its 

decays. The lepton universality of the r coupling to the charged weak current has 

been tested by measuring its lifetime and, for the neutral current, by measuring 

the forward-backward asymmetry in the angular distribution of the r+r- pairs. 

2.2.1 Michel Parameter 

The momentum spectra of electrons and muons from r decays depend on 

the mixture of vector (V) and axial-vector (A) currents. The mixture is usually 

defined by the Michel parameter p. la” The mixtures V-A, V+A, V and A have the 

p values 0.75,0.0,0.375 and 0.375. The average measurement’aa1 is p = 0.73f0.07 

and thus consistent with a V-A coupling. More precise measurements of the 

coupling will be useful. 

2.2.2 Lifetime 

Measurement of the r lifetime provides a direct study of the coupling strength 

of the r to the charged weak current. In the standard model, the r decay r- -+ 

e-Deu, proceeds in perfect analogy to the p decay /.L- ---) e-ii,+. Assuming 

p - r universality of the weak coupling and that the r neutrino is massless, the 

7 lifetime PW4 is related to the /.L lifetime by 

( > 

5 
mP 

r7= - 
ml 

rp B (r- + e-D6y,) 
(2.2.1) 

- 

C 

= 16.03 x 10-13B (T- + e-De&) s . 



,=- Table 1 lists more recent measurements of rr. The conventional way to aver- 
. . - 

age such measurements is to add the statistical and systematic errors in quadra- 

tive for each measurement and use these combined errors to obtain a weighted 

average and a final error. We call this the “formal average.” There are two 

problems in this method: (a) there is no general justification for so combining 

statistical and systematic errors, and (b) if several measurements have the same 

systematic error, the final error in the formal average is too small. These remarks 

apply to all the average values of measurements discussed in this section. 

The formal average of the measurements in Table 1 is 

- 
rr = (3.04 f 0.09) x lo-13s . 

- 

With the formal average measurement (see Sec. 2.3.1) of the electron branch- 

‘ing ratio B, = (17.7 &0.4%), the predicted lifetime is rz = (2.83 f0.06) x lo-l3 s. 

This is in fair agreement with the above averaged measurement. 

2.2.3 Charge Asymmetry 

In the standard model, the reaction e+e- + r+r- proceeds through both the 

electromagnetic and neutral weak currents. The differential cross section for the 

reaction is given by 

da 7rQ2 -= -R 
dcos8 2s 

1+cos2fl+ ;AT,cosB 1 , (2.2.2) 

C 
.t. 

where R,, is the production cross section, normalized to the QED cross section 

of p-pair, and A,, is the forward-backward asymmetry in the differential cross 

section. R,, and A,, are related to the vector (gV) and axial-vector (gQ) weak 

coupling constants by 
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R,, = 1+2g&giRe x+ (8: -I-!$) (8$+-d') iXi2 9 

A,, = & [&CRe x + %&&hilx (s) I21 3 (2.2.3) 
1 S 

X= 
4 sin2 8~ co82 9~ s - rng + irnzrz ’ 

- 

Here, BW is the Weinberg angle, and rnz and I’2 are the mass and width of 

the Z”, respectively. In the standard model, g:gI = gz = f and gzgc = gz = 

$(l - 4sin2 8~)~, assuming lepton universality. At PEP and PETRA energies, 

which are well below the Z” pole, the effect of the Z” current is detected through 

its interference with the electromagnetic current. The interference produces both 

a shift in the production cross section and an asymmetry in the angular distribu- 

tion. The shift in cross section is too small to be detectable. However, the asym- 

metry is large enough to be detectable and thus allows a test of the lepton uni- 

versality in the axial coupling. The average value’““8-“0”61 is gig: = 0.21 f 0.03, 

consistent with the prediction of lepton universality. 

- 

2.3 DECAY MODES AND BRANCHING RATIOS 

a- .f. 

The r decay is a good laboratory for studying many aspects of the standard 

model. Since the r appears to have no internal structure to complicate theoreti- 

cal calculations, many decay branching ratios can be predicted with the present 

understanding of electroweak interaction. The large lepton mass allows the 7 to 

decay into both purely leptonic states and semi-leptonic states with accompany- 

ing hadrons. 

The hadronic decay products have distinctive charge conjugation (C) and 

isospin (and hence G-parity) signatures, a reflection of the quantum number of 

the charged hadronic weak current. The weak current is classified according to 

its G-parity: 

C 
-- 
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vector weak current: G = +l,Jp = l- , e.g., p-(770) 

axial weak current: G = -1, Jp = O-,1+ , e.g.,r-,al(1270) . 

These are known as the first class currents. Currents with opposite G-parity are 

called the second class currents, which are suppressed by the order a2 or 10s4 in 

the standard model. Examples of second class current decays are r- -t a; (98O)v, 

and r- + b,(1235)v,. 

In this section, we review the results on the standard model allowed decay 

modes. Limits on forbidden decay modes will be surveyed in the next section. - 

2.3.1 e and ~1 Decays 

; In the standard model, assuming e - ~1 universality, the JL decay branching 

ratio of the r is the same as the e decay except for a small phase space suppression 

factor, I=,=1 

BP - = F (mp/m,) = 0.97 
B, 

, 

where 

F(y) =l-8y2+8y6-y8-12y41ny2 . 

(2.3.1) 

The formal average measurements for the branching ratios (Table 2) are 

B, = (17.7 f 0.4%) and B, = (17.7 f 0.4%). The ratio of the two measurements 

is BP/B, = 1.00 f 0.03, in agreement with the theoretical prediction based on 

e - p universality. 
..- _T. 

It is customary to calculate the branching ratios for other decay modes nor- 

C 

malized to the electron branching ratio. We will use the formal average measure- 

ment of B, quoted above in the calculations. 
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;-- 2.3.2 . . -T and K Decays 

The decays r- + ?r-u, and r- + K-v, involve the coupling of weak axial- 

vector current to the pion and kaon, respectively. In the standard model, the 

branching ratio for r- + X-V, decay can be calculatedia9”41 from the precisely 

measured pion decay 7rr- -+ JL-D~, with the assumption of p- r universality, 

& 
B,= 

(fir cos 8c)2 
rn; 

127r2 [ 1- 
m2 2 
---$ 1 = 0.607 

7 
(2.3.2) 

where the quantity fir cos Bc is the form factor at the W  - R vertex. The average 

measurement of the pion branching ratio (Table 3) is B, = (10.9 f O.S)%. This 

gives the ratio B,/B, = 0.62 f0.04, in agreement with the theoretical prediction. 

The branching ratio’za*a41 for r- + K-v, decay is related to the kaon decay, 

K- + p-~~, in a similar manner: 

z UK sined 2 = = &? m: 12T2 [ 1 2% 1 4 0.0395 . (2.3.3) 

The DELCO collaborationta6’ measured the branching ratio to be BK = (0.59 f 

0.18)%, yielding a ratio of BK/B~ = 0.033 f 0.010. Within the limited accuracy, 

the result agrees with the prediction. 

2.3.3 p and K* Decays 

The p branching ratio can be calculated1zs”41 by using the conserved-vector- 

current (CVC) la” hypothesis to relate the coupling strength of the p to the weak 

charged vector current and the electromagnetic neutral vector current. Gilman 

and Rhie “” used the measured cross section for the reaction e+e- + p to calcu- 

late the electromagnetic coupling and predicted that BP/B, = 1.23. The former 

average measurement of the p branching ratio (Table 4) is B, = (22.8 f l.O)%, 

yielding a ratio of BP/B, = 1.29 f 0.06, in agreement with the CVC prediction. 

C 
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;-- The Cabibbo-suppressed K* decay is related!‘a”‘l to the Cabibbo-favored p 

decay by a phase space factor, the Cabibbo suppression factor tan2Bc, and W(3) 

breaking sum rules. Gilman and Rhie”” predicted Bp/Bp = 0.052. The average 

measurement ‘no’so1 of the K* branching ratio is Bp = (1.6 f 0.3)%. This gives 

the ratio BK*/B~ = 0.070 f 0.013, in agreement with the theoretical expectation. 

2.3.4 37r and 4~ Decays 

The three-pion decay of the r is mediated by the axial-vector part of the 

weak interaction and there is no firm prediction for the decay branching ratio. 

- However, isospin conservation imposes a limit on the relative fraction on the 

branching ratios for r- + rrr-27r”u, and r- --) I~-R+K-v,: Br2r~ 5 Bs*. If 

the decay is dominated by the al resonance as expected, then Bx2r~ = Bsr. 

B3* has been measured by many experiments. However, there are significant 

differences between the experiments, as evidenced in Table 5. The formal average 

measurement of Bsr is (6.7 f 0.4)%. Th is average includes small contributions 

from the decays r- + K-b?~-v~ and r- + K-K+n-v,, but excludes the 

decay r- -+ K*-v~ --+ ?r-K~ur + rT-rT+~-ur. 

_ 

The four-pion decay proceeds through the vector current and can be estimated”91 

by CVC. Gilman and Rhie ips1 use the measured cross sections for e+e- + b7r-27r” 

and e+e- + 27r+27rr- to calculate the branching ratios for r- --+ A-T~T~~~~u, 

and r- + 7r-37r”uT, and predict B3rr~/Be = 0.275 and Br3T~/Be = 0.055. The 

formal average measurement (Table 5) of BsrrO is (5.0 f 0.5)%. This yields the 

ratio B3rr~/Be = 0.28 f 0.03, in agreement with the CVC expectation. 

It is difficult to measure the branching ratios for r- + 7r-27r”u, and r- --+ 

a-37r”u, for two reasons. First, there are several experimental difficulties in 

deducing the 7r” composition from the detected 7 composition. Sometimes the 

two 7’s from the K o decay are detected as one 7, sometimes spurious 7’s are 

detected, sometimes very low energy 7’s are not detected. Second, decay modes 

with q -mesons such as r- -+ ?r--)?~~ur and r- + 7r-2r]u, can give similar 7 

- -- 
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i ,c- 
signatures through q -+ 77 and v  + 37r”. As discussed in the following sections, 

. -- our present knowledge of decay modes with q mesons is limited. 

The CELLO collaboration’*“’ measured Brzro and Br3r~ by unfolding the 

observed photon multiplicity spectrum, ignoring the q contributions. The results 

are 
B r2r0 = (6.0 f 3.0 f 1.8)% 

B *3ro = (3.0 f 2.2 f l.S)% . 

The MARK II collaboration’Sa1 measured the branching ratios by fitting the 

observed photon multiplicity spectrum. The fit favored additional multiple neu- 

tral meson decay modes other than r- + 7rr-27r”u, and r- + 7r-37r”u,. Using 

the decay r- t rrr-q?rou, as an example for the multiple neutral meson decay 

modes, the fit yields 

B r2T0 = (6.2 f 0.6 f 1.2) %  

B 
( 

0.0 f 
1.4 1.1 

r3so = 0.0 * 0.0 ) 
%  

B *r&J = 4.2 f ;-; f1.6 %  . 
. > 

The MAC collaboration’ss1 measured Br2r~ by using events with two energetic 

photons. The result is 

B r2r0 = (8.7 f 0.4 f 1.1) %  . 

.F_ W ithin the errors, all measurements of BrsrO and Br3r~ are consistent with 

the theoretical expectations. The result from MARK II on Brrlro will be discussed 

in Sec. 2.3.7. 

The ARGUS collaboration1341 has found evidence for r- + 7rr-wu, in the 

L 
-- 

decay r- + ~T-~+~T-~ou7, with a branching ratio of (1.5*0.3f0.3)%. This result 

11 



has been confirmed by the CLEO collaboration;fs’l which measured a branching 
. - - 

ratio of (1.60 f 0.27 f 0.41)%. From the spin-parity analysis, both experiments 

found that the wx system is consistent with a Jp = l- state and there is no 

evidence for second class currents. 

2.3.5 5~ and 67r Decays 

There are no firm theoretical predictions for the five- and six-pion decay 

branching ratios. The five-charged-particle decay has been observed and the for- 

mal average of the measured branching ratios [lP,Se.,S7] . 1s B5 = (0.11&0.03)%. The 

HRS collaboration’371 further classified their candidate events into those that con- 

tained no photons, and those that contained photons consistent with originating 

from a single r” decay. With this interpretation, Bsr = (0.051 f 0.020)% and 

B 5rr0 = (0.051f 0.022)%. 

- 

There are no experimental measurements on the decays r- -+ 7r-7r+7rT-27rouT, 

r- ---) 7r-7r+7r-37r”ur, r- + li-47r”u, and r- + 7r-!j7r”u,. However, isospin 

invariance imposes “” the limits: Br4=0 5 qB5* = (0.038 f 0.015)% and Br5ro 5 

$BSrrso = (0.066 f 0.028)%. 

2.3.6 1~1) Decay 

The decay r- --$ ~-qly~ is suppressed in the standard model because the 

decay proceeds through a second class current. The xv system has the parity 

ww)~= P(q+?)(-l)J = (-l)(-l)(-1)5 = (-1)J , 

..- _T_ and thus the system has J IJ = O+ or l-. However, the G-parity of the system is 
5 
.- 

G(v) = G(+(rl) = (-l)(+l) = -I , 

and thus is opposite to that for a first class current. The decay is expected to be 

suppressed by the order of o2 or 10S4 relative to the first class decay. 

12 



,=.- Recently, the HRS collaboration reported”? evidence for r- + rr-vv, with 
. q -+ 77. The branching ratio was measured to be B,, = (5.1 f l.Of 1.2)%. The 

result was not confirmed by other experiments,. as shown in Table 6. The HRS 

collaboration also searched”” for the 7 signal using the decay v + rr+lr-rr” in 

a subsequent analysis. The low Q2 of the q decay restricted the rr+?~- invariant 

mass to be in a relatively narrow range, 

280 < mr+%- < 410 MeV/c’ 

m2rr m,-mm, . 

- The analysis took advantage of the excellent momentum resolution of the HRS 

without using the electromagnetic calorimeter information. No q enhancement 

was observed, resulting in an upper limit of 2.3% at the 95% confidence level. The 

TPC collaboration searched”” ’ indirectly for a second class current in the SU(3) 

related decay r- + K-K”v,. The result is BKKO < 0.26% at the 95% confidence 

level. With the assumption of. an approximate flavor SU(3) symmetry,“” the 

TPC limit corresponds to B Xrl < 5.1 x BKKO < 1.3%. From the results of all 

experiments, there is therefore no evidence for second class currents. 

2.3.7 2nq Decay 

_ _ .-. 

The decay r- -+ rr-q?r”u, is allowed in the standard model and is expected 

to proceed through the p (1600) resonance. Gilman used“‘] the measured cross 

section for e+e- + ~7r + - 7r together with the CVC hypothesis to calculate the 

branching ratio and found Brrlro = 0.15%. The HRS upper limit”” of 2.3% at 

the 95% confidence level discussed in the previous section also applies here as 

the limit is insensitive to the number of TO’S accompanying the q. The CLEO 

collaboration usedIS’] the same technique and set an upper limit of 2.1%. 

As discussed in Sec. 2.3.4, the MARK II collaboration, using the decay r- -+ 

rr-~rr”v, as an example of the multiple neutral meson decay modes, obtained 

B rvr~ = (4.2f;:;f1.6)?‘f o rom a fit of the observed photon multiplicity spectrum. 

c 
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,=- This is significantly larger than the theoretical prediction. This, however, is not a  
. - meaningful comparison as the decay is used as an example of the multiple neutral 

meson decay modes and the MARK II detector is insensitive to the q  signal due 

to the lim ited mass resolution and the large combinatorial problem. Note that 

the results on Br2%0 and Brsr o are relatively insensitive to the assumption. 

2.3.8 37rv Decay 

- 

There are no theoretical predictions on the branching ratios for the decays 

r- + ?r-rpr+lr-u, and r- + 7r-q27r”v,. However, the two branching ratios are 

related by isospin invariance: Brr12r~ 5 Bsr,,. The HRS collaboration used”‘] 

the six S-prong events with photons to set an upper lim it on Bsrq. The ex- 

periment found that all the events had A+~T- combinations with invariant mass 

less than 410 MeV/c 2. Attributing all the events to the v decay yields the lim it 

Dss,, < 0.4% at the 95% confidence level. From isospin invariance, therefore, 

B q12*0 < 0.4%. 

As in the previous section, the lim it on Bsrt) also applies for the case where 

the q  is accompanied by rr”‘s. Note that the ezperimental lim it on Brr12r~ is 2.1% 

(from CLEO). 

2.3.9 7r2r] Decay 

_ _  .-. 

There is also no theoretical prediction on the branching ratio for r- + 

7r-2qu,. However, there is an experimental lim it”” on the decay from the HRS 

collaboration. The experiment searched in the S-prong sample for events that 

contained at least two separate r+~- combinations with invariant mass less than 

410 MeV/c2 and found one event. This results in the upper lim it of Bra,, < 0.6% 

at the 95% confidence level. As before, this lim it also applies if the q’s are 

accompanied by rr”‘s. 
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2.4 . LEPTON NUMBER CONSERVATION IN ..TAu DECAYS 

. 

Lepton number conservation is an experimentally observed phenomenon, it 

is not required in the standard model. The search for lepton number violating 

decays probes for effects in the energy scale well above the reach of present 

colliders. The observation of lepton number violating decays might indicate the 

existence of new particles or interactions. Limits”” on lepton number violating 

decays for muon are in the range 1O-g-1O-‘2. Liits for r decay are in the 

10-3-10-5 r ange, Table 7. No violation of r lepton number conservation has 

been seen. More stringent limits would be useful. 

2.5 COMPARISON OF INCLUSIVE AND EXCLUSIVE BRANCHING RATIOS 

The inclusive branching ratios for r decays into final states containing one and 

three charged particles have been measured in many experiments, as shown in Ta- 

ble 8. The formal average values are B1 = (86.6 &0.3)% and B3 = (13.3 &0.3)%. 

With most of the exclusive branching ratios for major decay modes measured with 

high precision, the sum of the exclusive branching ratios can be compared with 

the inclusive measurements to search”*’ for unexpected decay modes. The ex- 

clusive measurements are summarized in Table 9b for the three-charged-particle 

final states. The sum of the two exclusive branching ratios is in fair agreement 

with the inclusive measurement. For the one-charged-particle final states, the 

sum of the measured exclusive branching ratios, Table 9a, is significantly less 

than the inclusive measurement. Thus, there may be a discrepancy between the 

measured inclusive one-charged-particle branching ratio and the sum of the mea- 

sured exclusive branching ratios. Gilman and Rhiefaal had-an important role in 

bringing the problem to the attention of elementary particle physicists. Truong”” 

was one of the early commentators on this problem. 

We discuss the discrepancy from the experimental viewpoint. We will note 

where measurements are confirmed or contradicted by deductions from weak 
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decay theory and strong isospin conservation, but our emphasis is on the various 

experimental possibilities for explaining the discrepancy. These possibilities are: 

(i) Some or all of the major decay branching ratios, e-Deuz, JL-D,,z+, our, and 

p-u7, are each a few percent larger than presently measured. 

(ii) The discrepancy lies in mismeasurements or misinterpretations of the one- 

charged-particle decay modes with multiple neutral mesons. 

(iii) The inclusive branching ratio measurements are wrong. 

(iv) An unknown particle or particles occur in some decays of the r yielding 

modes that are detected in the inclusive branching ratio measurements, 

but are missed in the exclusive branching ratio measurements. 

We first consider Item (i), the hypothesis that some or all of the branching 

ratios for 

r- + e-+D~+uVz 

7 i+p-+Gp+uT 

r- + x- + u, 
(2.5.1) 

r- + p- + UT 

are larger than presently measured. This is a possible explanation if the measured 

branching ratios can be shifted up by two or three times the errors quoted in 

Table 9a. However, it becomes more difficult to accept this explanation when we 

consider the agreement between the predictions from weak decay theory and the 

branching ratio measurements. The agreement means that all the measurements 

must shift together by two or three times the errors if we accept the theory. At 

present, we do not understand why all the measurements might be systematically 

low. 

The MARK II collaboration made a special effort”” to explore the dis- 

crepancy by fitting all the one-charge-particle decay modes into known decay 

modes. They found that B,, BP and BP are larger than the formal averages (see 
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Table 10). The results can only be regarded as an indication due to the large 

errors in the measurements. 
, 

Another possibility, Item (i;), is that the discrepancy is connected with the 

one-charged-particle decay modes with multiple neutral mesons which give the 

signature 

r- + x- + n77+uT , n7 > 2 . (2.5.2) 

Such a signature has always been explained by taking 

x- = r- 
- 

and assuming the 7’s come from modes such as 

r- --) A- + 27r” + UT 

r- -+ 7r- + 37r” + ur 

r- 4 r- +7r”+rl+u, . 

(2.5.3) 

(2.5.4) 

Two experiments have measured inclusive branching ratio with multiple neutral 

mesons in the final states. The TPC collaboration “‘l reported the weighted sum 

branching ratio 

B r2r0 + 1.6 Br3=0 + 1.1 Brrlro = (13.9 f 2.0 f 1.9)% . (2.5.5) 

The special effort “‘I by the MARK II collaboration discussed earlier, ignoring 

the decay modes containing q’s or more than 37r”‘s, found 

BT2*0 + Bs3r~ = (12.0 f 1.4 f 2.5)% . (2.5.6) 

As discussed in Sec. 2.3.4, a further analysis’821 by the MARK II collaboration 

which allowed the decay mode r- ---) ~-q~‘ur gives, 
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Br2ro = (6.2 f 0.6 f 1.2j% 

B 
( 

0.0 f 
1.4 lil 

r3*0 = 0.0 * 0.0 > 
% (2.5.7) 

B 4.2 f 0.7 
rr)ro = 1.2 f1.6 % . 

> 

Thus the sum is about the same, but the interpretation is different depending 

upon whether q-containing modes are allowed. This shows some of the difficulties 

in measuring the branching ratios of these multiple neutral meson modes. 

There are really two problems connected with the signature in Eq. 2.5.2. 

First, does it represent a sum of decay modes with branching ratios large enough 

to take up the discrepancy ? Second, if this signature represents a summed 

branching ratio as large as 10 or 12 or 14%, what modes comprise it? At present 

we cannot answer either question. 

- 

The third experimental possibility for explaining the discrepancy, Item (iit], is 

that the inclusive branching ratio measurements are wrong. Perhaps B1 is closer 

to 80% rather than 86%, with B3 about 20%. The formal average measure- 

ment (Table 8) disagrees with this hypothesis. However, there have been times 

in physics when a quantity was consistently measured slightly wrong because 

the “follow-the-crowd” effect led experimenters to seek and correct measurement 

errors in just one direction. 

The fourth possibility, Item (iv), is the existence of an unknown decay mode 

r- --+ X- + ur + neutral particle 

neutral particle + 7's and/or u’s 
(2.5.8) ; 

. -- 

From the experimental view this is a subtle possibility because the decay mode 

must be detected in the measurement of BI, it must not contribute to the decay 

modes in Eq. 2.5.1, and may or may not contribute to the general signature of 
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;- Eq. 2.5,.2. Since the event selection criteria in the inclusive branching ratio mea- 

surement are usually different from the criteria used for exclusive measurements, 

perhaps a decay mode could be contrived that passes the former criteria but fails 

the latter. Related to the speculation of Eq. 2.5.8 is the hypothesis”@’ that the 7 

sometimes couples to a massive neutrino, N,, with 

r- 4 e- +k+Nr , p--w,+N, , or-+N, (2.5.9) 

- 

a few percent of the time. A sufficiently massive Nz might yield events which 

were counted in measuring Br but nowhere else. The testing of these sorts of 

speculations faces the difficulties of a small number of expected events and large 

backgrounds in existing data. 

Summarizing, we do not know the source of the problem in the one-charged- 

particle decay modes. It is difficult to study the problem with present data 

because the discrepancy is just at the limit of the statistical and systematic errors 

of a single experiment. Combining results from different experiments reinforces 

the discrepancy, but then there is concern about the “follow-the-crowd” effect. 

2.6 THE TAU NEUTRINO 

2.6.1 Neu trino Mass 

_ _ _Y._ 

The upper limit ‘so’ for the 7 neutrino mass it 70 MeV/c2 at the 95% confidence 

level. The limit is below the muon mass and thus excludes the decay u, -+ 

p-efu,. The limit is still relatively poor compared with the limits’16’ for electron 

and muon neutrinos. Future e+e- experiments should have the sensitivity to 

about 10 MeV/c2 in the I+ mass, before being limited by the uncertainty in the 

r mass’1s1 of 23.2 MeV/c2. 
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,c- 2.6.2 . -Other Properties 

The study of the r decay modes shows that the u, spin is l/2 and that it 

obeys conventional weak interaction theory. The latter involves only the charged 

weak current; we have no experimental knowledge of the neutral weak current 

behavior of u,, that is, of the r& - Z” - u, vertex. Some information will be 

gained when the Z” width is sufficiently well-known to detect the 

z” + UT + fis (2.6.10) 

contributions. - 

2.6.3 Interactions of the Tau Neutrino 

A way to examine the neutral weak current behavior of the u, would be to 

study the inelastic reactions 

ur + nucleon -+ ur + hadrons . (2.6.11~) - 

Similarly 

u, + nucleon + r- + hadrons (2.6.11b) 

depends on the charged weak current interactions of the u,. 

Unfortunately, there is no known way to carry out the measurement in 

Eq. 2.6.11~ because ur beams would be contaminated with u,‘s and u,,‘s. The 

measurement in Eq. 2.6.11b can be done by producing u,‘s through the inter- 

action of a high intensity proton beam in a dense target, usually called a beam 

dump. The process in Eq. 2.6.11 b could then be detected in a large mass neutrino 

detector with properties allowing the detection of the r. It is an extensive and 

expensive experiment; it has been proposed,‘61.621 but has not been done. 

c  
-- 
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.- 3. SEARCHES WITHIN THE STANDARD MODEL 

3.1 INTRODUCTTON 

In the standard SU(2) x U(1) gauge theory”’ of electromagnetic and weak 

interactions, the known leptons are classified into left-handed doublets and right- 

handed singlets under the weak isospin group: 

left-handed doublets: 
(:), (F)L +qL 

right-handed singlets: ei ,pi , ri . 

As the charged leptons form a sequence with increasing mass, this classification 

has become known as the sequential lepton model. At present, the masses of the 

neutral leptons (neutrinos) are consistent with being zero. 

The standard model has no predictive power on the number of generations of 

leptons and quarks. The agreement between experiment and theory requires no 

additional generations. If a new heavy lepton was discovered, it would indicate 

the existence of a new generation, as was the case in the discovery of the T.‘~’ 

In this section we first review the searches for heavy charged leptons in the 

clean laboratory of the e+e- colliders and then in the more complex environment 

of the pp collider. We will not review the searches performed in fixed target 

experiments ‘I1 as they have been superseded by collider experiments. We then 

discuss searches for heavy neutral leptons using e+e- colliders and fixed target 

experiments. Finally, we discuss indirect searches for neutral leptons by neutrino 

counting. 
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z  - 3 .2  - -New C H A R G E D  L E P T O N S  

3 .2 .1  P roduc t ion  a n d  D e c a y  

In  th e  s tandard  m o d e l , s e q u e n tia l  c h a r g e d  lep tons  a re  pa i r  p r o d u c e d  in  e + e -  

ann ih i la t ion  by  vi r tual  o n e - p h o to n  e x c h a n g e , Fig.  la. A t e + e -  s to rage  r ings  wi th 

ene rg ies  c o m p a r a b l e  to  o r  h ighe r  th a n  th o s e  a t P E P  a n d  P E T R A , th e  lep tons  

c a n  a lso  b e  p r o d u c e d  by  vi r tual  o r  rea l  Z” e x c h a n g e , Fig.  lb. T h e  lowest  o rde r  

p r o d u c tio n  cross sect ion no rma l i zed  to  th e  p -pa i r  c ross sect ion is 

- 
R L + ~ -  =  O L + L -  -= ,8 [Q2(~ )+2Qg~gf (~ )R t?x ( r )  

o P + P - 

+  (g :1  +  g :'>  (,t2  (y) +  d 2 P 2 )  l x (412 ] 9  
(3 .2 .1 )  

w h e r e  

x(4  =  2 . m ;zm zrz -  s- z 
H e r e  C Y  is th e  fin e  st ructure constant ,  G F  is th e  Fermi  coup l i ng  constant ,  rnz  a n d  

I’2  a re  th e  m a s s  a n d  wid th  o f th e  Z” b o s o n , fi is th e  c e n ter -o f -mass e n e r g y , Q  is 

th e  c h a r g e  o f th e  lepton,  p 2  =  1  - 4 m i /s a n d  m L  is th e  L  m a s s . A lso, gv,  g a  a re  

th e  vector  a n d  ax ia l -vector  coup l i ngs  o f th e  L  to  th e  Z” b o s o n . In  th e  s tandard  

m o d e l , th e  a s s u m p tio n  o f l ep ton  universal i ty  m e a n s  th a t th e  coup l i ng  constants  

o f a l l  l ep tons  a re  i d e n tical: 

g ; =  g t =  g ; =  g ,” =  --~ + 2 s i n 2 e ~ -  

1  g := g ~ = g ;= g ~ = - 2  . 
(3 .2 .2 )  c, 

T h e  wor ld  a v e r a g e  m e a s u r e m e n t [“’ o f th e  W e inbe rg  a n g l e  (weak  m ix ing ang le )  

is s in2  t9 w  =  0 .2 2 6  f 0 .0 0 4 . There fore ,  th e  vector  coup l i ng  g ,, is a l m o s t zero.  
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;-- In I$q.-3.2.1, the term independent of GF is the direct electromagnetic inter- 

action contribution. The term linear in GF is due to the interference between 

the electromagnetic and the weak interactions. The quadratic term is the direct 

contribution from the weak interaction. At PEP and PETRA energies, where 

most of the searches for heavy charged leptons were performed, the production 

is dominated by the electromagnetic current with small contribution from the 

electroweak interference. The weak contribution is negligible. 

With the discovery16” of the IV* and 2’ bosons at the pp collider at CERN, a 

charged lepton with mass less than the W  can be produced via W  decay, Fig. lc, 

- 
w-+L-+lJL (3.2.3) A 

and a charged lepton with mass less than half the 2’ mass can be produced in 

the Z” decay 

zO-+L-+L+ . (3.2.4) 

The calculations for W* and Z” cross sections in pp collision involve quantum 

chromodynamics (QCD) and are complicated. We will not present the formulas 

here. “” 

The L- decays into its associated neutrino UL plus SU(2) doublet fermions 

if mVL < mL: 

L- + us + e- + De 

L-+uL+p-+Dp 

L- + UL + r- + i& 

L--wL+d+ii 

(3.2.5) L 

L-+uL+S+E . 

Figure 2 shows a rough method to estimate the branching ratios. Ignoring the 

Cabibbo-like suppressed decay modes, such as sti, bii, and dc, and ignoring the 
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mass threshold effects, the branching ratios are: ;. 

B (L- j u,y-De) cz B (L- + ULJ.L-~~) N B (L- + ULT-fiL) N O-1 

B (L- --+ uLdn) N B (L- --+ u&) H- 0.35 . 
(3.2.6) 

These branching ratios assume the L-Q mass differences is above about 4 GeV/c2. 

Since the quark decay modes are enhanced by the color factor of 3, the hadronic 

decays are the dominant decay modes. 

3.2.2 Charged Lepton Searches Using e+e- Colliders 
- 

The e+e- collider provides a definitive way to search for a sequential charged 

lepton. The search is sensitive to leptons with masses up to near beam energy. 

The search technique normally used takes advantage of the fact that the neutrinos 

from the L- decay carry away a large fraction of the L- energy. This results 

in an event with a large acollinearity or acoplanarity angle. The lepton from 

the purely leptonic decay modes also provides a powerful tag in discriminating 

against the hadronic background. The 7 background can be rejected by requiring 

one of the heavy charged leptons to decay into a jet of particles with four or more 

reconstructed charged tracks or with the jet mass greater than the r mass. 

The general search techniques can be summarized as follows: 

(i) The e versus jet or p versus jet method uses events with an electron or 

muon recoiling against a jet of particles. This technique selects the event 

with one L- decaying leptonicly while the other decays hadronicly. 

(ii) The l-prong versus jet method uses events with one charged particle recoil- 

ing against a jet of particles. This technique has higher detection efficiency 

than the last technique since particle identification is not required. It also 

accepts events where one of the L- decays into a r lepton, and the r lepton 

decays into a one-charged-particle final state, which is a significant fraction 

of the r decay. However, this topology has larger hadronic contamination, 
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which can be rejected by requiring large missing transverse momentum or . . - 
a large acollinearity angle. 

(iii) The single jet method uses events with only one jet of particle. This tech- 

nique is sensitive to charged leptons with masses close to the beam energy. 

The high mass reduces the boost to the decay products of the lepton and 

thus the decay products are likely to be emitted at large angle to the orig- 

inal lepton direction. Therefore, this technique selects events where the 

decay products from one of the leptons lie outside the acceptance of the 

detector. 

- 
(iv) The two jet method uses events with two jets, a large acollinearity angle, 

and large missing transverse momentum. This selects events where both 
- 

leptons decay hadronicly. 

Comprehensive searches’66-s81 have been carried out at PETRA with null 

results. There are no new charged leptons with masses less than 22.5 GeV/c2 at 

the 95% confidence level, Table 11. Searches close to the r mass were conducted 

by measuring the r production cross section; a method more sensitive than the 

techniques discussed earlier. 

In the searches just discussed, the experimenters assumed that myL was zero 

or at least small compared to mL. Indeed, the search results are not applicable 

if mvL is close to mL, as discussed in Sec. 3.3. 

_- . _T.. 

All the searches discussed are for the case where the charged lepton is heavier 

than its neutral partner. If the charged lepton is lighter and there is no mixing 

between the neutral lepton and the neutral leptons from other generations, then 

the charged lepton will be stable. The MARK J collaboration@“’ set a lower limit 

on the mass of 14 GeV/c2 at the 95% confidence level. The JADE collaboration’71 

used the energy loss measurement in their jet chamber to search for such a stable 

lepton, and set a lower limit of 21.1 GeV/c2 at the 95% confidence level. 

5 
-- 
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3.2.3 Charged Lepton Searches Using jip Colliders 

As discussed earlier, the discovery168’ of the W* and Z” bosons at the pp 

collider at CERN provided a new opportunity for heavy charged lepton search. 

The UAl experiment used a sample of 56 candidate events with large missing 

transverse energy for the search.‘601 The experiment looked for the lepton through 

the decay process: 

w- + L- + DL 
(3.2.7) 

L- + UL + hadrons . 

Many of the candidate events were ascribed to the process”” 

- w- + r- + G7 

r- -+ u, + hadrons . 

The other major background was from 

p + p --) 2’ + hadron jets 

z”-+u~+@ , f!=e,p, or7 . 

(3.2.8) 

(3.2.9) 

After taking into account these and other possible sources of background, no 

heavy lepton signal was observed. This resulted in the lower mass limit of mL > 

41 GeV/c2 at the 90% confidence level. 

3.3 CLOSE-MASS LEPTON PAIRS 

Suppose an (L-, UL) pair exists with mL > m,, , with 

6 = mL - rnyL < several GeV/c2 , (3.2.10) 

_ _ _T_ 

and with the decay modes of Eq. 3.2.5 allowed by 6. This is a close-mass lepton 

pair.‘621 In searches using 

e++e-+L++L- 

c 

the maximum visible energy in the event is controlled by 6; the smaller 6, the 

smaller the maximum visible energy. (Visible energy is the sum of the energies 
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carried --by- charged leptons, charged hadrons, and neutral hadrons which decay 

finally to photons.) All the searches summarized in Sec. 3.2.2 used a minimum 

visible energy criterion to reduce background from the two-virtual-photon pro- 

cesses 

e++e- + e++e-+e++e- , e++e-+p++p- , e++e-+ hadrons (3.2.11) 

and would not have found an (L, UL) pair if 6 were less than 3 or so GeV/c2.1621 

A reanalysis has begun of MARK II collaboration data from PEP using the 

close-mass pair concept. No new leptons have been found”” in the (mL, 6) region 

shown in Fig. 3. It may be possible to extend the search to smaller values of 6. 

Incidently, when 6 5 m,, the lifetime of the L- seems sufficiently long that it 

can be detected as an apparently stable lepton. The TPC collaboration is also 

carrying out a search for close-mass pairs.‘“” 

- 

The analogous problems occurs in the heavy charged lepton search using pp 

colliders (Sec. 3.2.3) when 6 is relatively small, there is insufficient unbalanced 

transverse momentum, to separate the sought signal from backgrounds. This has 

been explored in Ref. 65. 

The general reason for searching for close-mass pairs is that there is no theo- 

retical explanation of the specific masses of the known charged leptons or neutri- 

nos, hence a priori a close-mass (L-, UL) pair is as likely as a pair with m,, N 0. 

One specific reason for such a search is a recent hypothesis”61 that the UL of 

close-mass pair could be a type of dark matter. 

3.4 NEW NEUTRAL LEPTONS 

3.4.1 Production and Decay 

In the standard model, neutral leptons can be pair produced in e+e- annihi- 

lation by Z” exchange, Fig. 4~. The pair production cross section normalized to 

the p-pair cross section is 
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R ULOpi 
Lop= - 

ap+cr- 
= p (p,, + sd) [VF’ (y) + s.L’Bz] Ix(412 - (3-44 

All the symbols are identical to those defined for Eq. 3.2.1, except that the vector 

and axial-vector couplings for the neutral lepton are different: 

(3.4.2) 
u, - JJF = yr - 

9v - sv sv -g+ 

g~=gpkg~~g~=; . 
In fact, Eq. 3.4.1 is identical to Eq. 3.2.1 with the lepton charge Q set to zero. 

In the simplest version of the standard model, the neutral lepton (neutrino) is 

left-handed and massless. More generally,$“’ going slightly beyond the standard 

model, it is possible to supply a right-handed singlet, heavy neutral lepton so 

that the left-handed neutral lepton can acquire mass. Then, just like the quark 

sector, the weak and mass eigenstates will not coincide. It is convenient to express 

this mixing in a Kobayashi-Maskawa type, unitary matrix U. For example, for 

the case of four generations, the electron neutrino is a mixture of the four mass 

eigenstates ~54: 
4 

u, = c U,iLY . (3.4.3) 
i=l 

This mixture of neutral leptons of different generations allows for the pro- 

duction of an electron-type neutral lepton in e+e- collision through the W boson 

exchange, as shown in Fig. 4b. The production cross section is’s”sO’ 

u (e+e- -+ LOP,) = jUe~j2 - ;” (1 - m;/S)2 (1+ ini/2S) (3.4.4) z 
-- 

fors<<m&. Unlike pair production, e+e- + Lop, where the mass of the lepton 

is limited by ECm/2, this production mechanism allows for the production of an 

1;O with mass up to EC,. 
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With the mixing between neutral leptons of different generations, neutral 

leptons can also be produced in rr and K decays 

A+ + e+ + Lo 

7r++p++LO 

K+ --+ e+ + Lo 

K++p++LO ; 

(3.4.5) 

and in the leptonic or semi-leptonic decays of charm and bottom mesons, such 

- 
as 

D++e+ + Lo + hadrons 

D++p+ + Lo + hadrons . 
(3.4.6) 

The Lo mass is limited by the msss of the parent meson, therefore, the Lo mass 

which can be attained is small compared with that attainable at present e+e- 

colliders. However, the mesons can be produced at high rates, allowing a sensitive 

search to very small mixing angles. 

In the standard model, there is no lepton flavor changing neutral current 

and the neutral lepton decays through the emission of a W boson. Figure 5 

shows a rough method to estimate the decay branching ratios into various SU(2) 

doublet fermions for the case where the neutral lepton is heavier than its charged 

partner. In fact, this method is identical to that used for the charged lepton 

decay discussed earlier, except with the interchange of the charged and neutral 

leptons at the W vertex. The branching ratios are estimated to be 

_ _ .- 

B (Lo + L-e+y,)- B (Lo + L-p++) N B (LO -+ L-T+vr) = 0.1 

B (LO + L-q N B (LO + L-SC) = 0.35 
(3.4.7) L 

.- . 

As before, these branching ratios assume the LO-L- mass difference is above 

about 4 GeV/c 2. One characteristic of the decay is that there are at least two 

charged particles in the final state, with at least one of them being a lepton. 
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i ,=.- Ifthe neutral lepton is lighter than its charged partner and there is no mixing 

. between the neutral lepton and the neutral leptons from other generations, then 

the lepton~ is stable. On the other hand, if there is mixing, then the lepton 

Lo decays through the emission of a W  boson into a charged lepton A!, with the 

standard coupling strength multiplied by the mixing parameter U~L. The lifetime 

of the neutral lepton depends on the mixing. For example, for an electron-type 

neutral lepton, the lifetime’231 is 

-=j& 2 ( ) 
5 

B (Lo + e+e-v,) 7p . (3.4.8) 

- Here m,, and r,, are the mass and lifetime of the muon and B(L” + e+e-v,) 

is the electron branching ratio. Therefore, the neutral lepton could have a long 

lifetime if the mixing is small. 

: 3.4.2 Neutral Lepton Searches Using e+e- Colliders 

The e+e- collider allows definitive searches for heavy neutral lepton, as is the 

case for the charged lepton (Sec. 3.2.2). The mass attainable is I&/2 for the 

production of a pair of heavy neutral leptons by Z” exchange 

e++e-+Z”-,Lo+LO ; (3.4.9) 

and up to ECm for the production of a single heavy neutral lepton through W  

exchange 

e+ + e- + Lo + De . (3.4.10) 

_ _ .-. 
However, the production cross section was small’70’ at PETRA and PEP energies. 

At PEP (EC, = 29 GeV), from Eq. 3.4.1 

u e+e- + Los > = 0.33 pb (3.4.11) 

through Z” exchange. From Eq. 3.4.4 
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u (ewe- --+ L’D~) = 2.35 x lUc~12 pb (3.4.12) 

through W exchange with ue mixing. These are to be compared with the muon 

pair cross section of op+p- = 100 pb. The maximum total integrated luminos- 

ity accumulated by a PEP detector was about 300 pb-l. This corresponds to 

about 100 and 700 produced events for the two processes, assuming lUc~12 = 1, 

in Eq. 3.4.12. 

- 

Several groups have searched for fourth generation heavy neutral lepton can- 

didates at PEP and PETRA. Since no fourth generation heavy charged lepton 

was found at these colliders (Sec. 3.2.2), the neutral lepton must decay by mixing 

to be detectable. For the case where there is no mixing, searches used neutrino 

counting (Sec. 3.4.4). 

To find short-lived heavy leptons, the HRS collaboration’711 searched for 

events with an isolated electron .plus an additional charged particle in one hemi- 

sphere recoiling against at least two charged particles in the other hemisphere. 

Six candidates were found in the search. This is consistent with the background 

of 5.5 f 2.2 events expected from conventional sources, hadronic events with 

charm meson decays or electron misidentification. The experiment is more sensi- 

tive to a low mass lepton, mL s 3 GeV/c2, where the limited phase space forces 

the virtual W boson to decay into e or p: 

Lo -+ e-W+ --+ e-p+u, 

LO +/A-w+ -b p-e+u, 

LO --$ r-w+ - +- + e p ueupur . 

Assuming full mixing with u,, up, or u,, the experiment is at the limit of sensi- 

tivity to heavy lepton production, Fig. 6. 
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The- M.ARK II collaboration”” searched for a..-long-lived heavy neutral lepton 

using candidates that decayed between 0.2 and 10 cm from the e+e- interac- 

tion point. The candidate events were required to have at least two particles in 

one hemisphere recoiling against at least two particles in the other hemisphere. 

Three events were found, consistent with the estimate background of two events. 

Further examination of the events revealed that they were incompatible with the 

heavy neutral lepton decays. Since the lifetime, Eq. 3.4.8, is inversely propor- 

tional to the square of the mixing matrix elements, the search sweeps out a region 

in the lU12 versus m plane. The region excluded is shown as curve 11 in Figs. 7 

and 8 for mixing with electron and muon neutrinos, respectively. Similar limits 

are obtained for mixing with the r neutrino. The search was sensitive to heavy 

neutral leptons up to about 13 GeV/c2 in mass. 

- 

The JADE collaboration’661 searched at PETRA for a short-lived, electron- 

type heavy neutral lepton produced through W exchange. Two different tech- 

niques were employed in the search: (i) For a neutral lepton with low mass 

(2 6 GeV/c2) where all the decay products are expected to be boosted forward 

in the laboratory, events with one jet of particles in one hemisphere recoiling 

against nothing in the opposite hemisphere were analyzed. (ii) For a neutral 

lepton with high mass (2 6 GeV/c2) w h ere some of the decay products could 

move backward in the laboratory due to limited boost, acoplanar twc+jet events 

were studied. No evidence for a heavy neutral lepton was observed, resulting in 

a lower mass limit of 22.5 GeV/c2 at the 95% confidence level for full mixing, 

pLJeL(2 = 1. 

The CELLO collaboration’731 searched for (i) the pair production of electron- 

or muon-type heavy neutral leptons through 2’ exchange and (ii) for the produc- 

tion of a single electron-type heavy neutral lepton through W exchange. (i) The 

search for the pair production of heavy neutral leptons used events that contained 

four or more charged particles with at least two of them being leptons of the same 

type and opposite charge. No evidence for neutral leptons was observed. Assum- 

ing full mixing, electron- and muon-type heavy neutral leptons with masses in 
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the range 3.1-18.0 and 3.2-17.4 GeV/c2, respectively, were excluded at the 95% i ,=.- 
confidence level. For small mixing, the experiment searched for candidates with 

. 
separated vertex. No candidate was found, resulting in the limit on mixing of 

curve 12 in Figs. 7 and 8. This search considerably extended the region excluded 

by the MARK II measurement. I”’ (ii) The search for the production of a single 

electron-type heavy neutral lepton used events that contained an electron and a 

muon or an electron and a jet of four or more particles. No evidence for such lep- 

tons was found with masses between 0.6 and 34.6 GeV/c2 at the 95% confidence 

level, assuming full mixing. 

- 
Gilman and Rhie”‘] used the results from monojet searches at PEP to ex- 

elude certain values of mixing between the heavy neutral lepton and the electron 

neutrino. The monojet searches’761 set limits on the production of events with one 

jet of particles in one hemisphere recoiling against nothing in the other. Since 

these events can also originate in the production of a relatively short-lived heavy 

neutral lepton through W exchange, the limits can be used to set limits on mix- 

ing. The result is shown as curve 13 in Fig. 7. The JADE group’761 performed a 

similar analysis on their monojet result. The limit is shown as curve 14. 

- 

3.4.3 Neutral Lepton Searches in Fixed Target Experiments 

_ _ .r. 

A heavy neutral lepton can be produced in the leptonic or semi-leptonic decay 

of a meson if it mixes with the neutrino produced in the decay (Sec. 3.4.1). The 

mass of the new lepton is limited by the mass of the parent meson. In present 

fixed target experiments, the charmed D meson is the heaviest meson copiously 

produced. This limits these searches to masses less than about 1.8 GeV/c2. The 

copious production of T, K and charm mesons allows very sensitive searches to 

very small mixing angles. In this section we will not review the results”” from 

fixed target experiments that assume full mixing since they are now superseded by 

the e+e- experiments discussed in previous sections. Instead, we will concentrate 

on experiments that are sensitive to small mixing. 

-- 
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,c- The most direct technique”” is to study pion and kaon decays at rest and 

search for additional monochromatic peaks in the electron or muon momentum 

spectra from the leptonic decays ?r + eL”, T 4 pL”, K + eL”, or K -+ pL”, 

as appropriate. No evidence for secondary peaks has been observed. Upper 

limits’7*-621 on the mixing parameters between a fourth generation heavy neutral 

lepton and the electron and muon neutrinos are shown as curves 1, 2 and 3 

in Fig. 7 and curves 3 and 4 in Fig. 8. The limits on the mixing are of order 

10m6 up to masses of about 400 MeV/c2. Heavy neutral leptons can also be 

produced’gS1 when ?r or K mesons decay in flight and the leptons subsequently 

decay downstream. It is therefore possible to use the existing neutrino detectors 
- or modification thereof to search for heavy neutral leptons produced in high 

intensity ?r or K beams. In these searches, the square of the mixing matrix 

element enters twice: Once in the production of the heavy neutral leptons when 

the x  or K decays, and again when the leptons decay into ordinary leptons or 

leptons and quarks. Depending on the beams and the particular sensitivities of 

the detector, these two mixing matrix elements could be the same or different. 

Limits’6”6s1 using 7r or K beams are shown as curves 5 and 6 in Fig. 7 and curve 5 

in Fig. 8. Sensitivities to mixing parameters below lo-* have been reached in 

these experiments. 

- 

_ _ _Y_ 

Charm meson decays considerably extend the mass range of the searches. In 

a typical charm decay experiment, a proton beam is dumped onto a high density 

target to absorb all the long-lived hadrons before they decay. This suppresses the 

neutrino flux from long-lived hadron decays and enhances the fraction of neutri- 

nos produced in the charm decays. Limits obtained from the experiments’66-661 

are shown as curves 7, 8 and 9 in Figs. 7 and 8 for mixing with electron and 

muon neutrinos, respectively. 

For completeness, the limits’601 obtained from the assumptions of e - ~1 uni- 

versality are included as curve 10 in Figs. 7 and 8. 

; 
-- 
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3.4.4 _ Neutrino Counting 

The searches for a heavy neutral lepton discussed in Sec. 3.4.2 required the 

lepton to be unstable and to decay inside the detector. If the neutral lepton is 

stable or long-lived, then it is not directly observable. Ma and Okadaiool proposed 

the detection of the radiated photon from the process 

e++e-+ Lo+@+7 (3.4.1) 

to tag the events. Therefore a measurement of the single photon cross section 

provides a measurement of the neutral lepton cross section; hence, a measurement 

of the number of generations of sufficiently small mass neutral leptons. Since most 

of the radiative photons are soft, it is important to detect the low energy photons 

in order to maximize the search sensitivity. The dominant background in the 

search is the radiative process e+e- + e+e-q with the e+ and e- in the final state 

scattered at small angles. The reduction of this background requires a detector 

with the ability to detect and veto electrons at a small angle, 8, to the beam line. 

For the veto angle 8, the minimum acceptable photon energy is @ . Therefore 

a very small veto angle allows the acceptance of very low energy photon and 

hence a higher sensitivity measurement. Several experiments’9’-g31 at PEP and 

PETRA have carried out this measurement (Table 12); the ASP experimentto3’ 

used a detector designed especially for the search. The combined limit’P’1 on the 

number of generations of neutral leptons is 4.8 at the 90% confidence level. These 

limits are comparable with indirect measurements’g’i’D61 of the Z” width from jjp 

collider. 

- 

c 
-- 
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4. NEW LEPTON S&ARCHES 
BEYOND THE STANDAkD MODEL 

4.1 INTRODUCTION 

In this section we discuss the experimental limits on the existence of hypothet- 

ical leptons whose properties or interactions cannot be encompassed within the 

standard model. All confirmed searches have been null; their limits can be used 

to restrict new models or theories. There are a few unconfirmed measurements 

which may be explained by the existence of a new lepton or by the unconventional 

behavior of a known lepton, we note most of these proposed anomalies. 

Present experimental limits on charged heavy leptons are well understood 

because of the simplicity of the production process (Fig. la) 

e++e-++y+L++L- . (4.1.1) 

The limits on charged lepton and neutral lepton combinations are more obscure, 

hence we outline the possibilities in Sec. 4.2. Then we go beyond the standard 

model by allowing lepton decays through a neutral, weak current (Sec. 4.3). 

Next, electromagnetic decays of charged leptons are allowed (Sec. 4.4) introducing 

the old idea of electromagnetically excited leptons. Limits on the existence of 

supersymmetric leptons are surveyed in Sec. 4.5. Broadening the discussion in 

Sec. 4.6, we consider some studies of high energy, multibody, purely leptonic 

processes which would have disclosed the existence of new leptons or of abnormal 

lepton behavior. Finally, in Sec. 4.7 we consider a miscellany of searches and 

speculations: leptons with unexpected charge or spin, very heavy leptons, and 

leptons connected with the strong interaction. 
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,-.- 4.2 . L-EPTON CLASSIFICATION 

We classify the simpler models for leptons into nine cases: 

(i) Consider an (Lo, L-) pair with the latter heavier and no generation mixing 

(LO,L-) , m- > mo . (4.2.1) 

Since there are no new L- with m- < 22.5 GeV/c2 (Sec. 3.2.2), then subject 

to the close-mass pair discussion restrictions in Sec. 3.3, there are no Lo with 

mo 2 22.5 GeV/c 2. The m- > 41 GeV/ c2 limit of Sec. 3.2.3 is restricted by the 

discussion in Ref. 65. 

(ii) Consider an (Lo, L-) pa’ lr with the former heavier and no generation 

mixing 

(LOT) , m0 > me (4.2.2) 

Then the L- is stable, and from Sec. 3.2.2, m0 2 21.1 GeV/c2. 

(iii) Consider a pair of neutral leptons 

(LovLo’) , no > mot (4.2.3) 

with no generation mixing and the neutral current, weak decay 

LO+LO’+f+f’ (4.2.4) 

_ allowed. Here, f, f’ represent a lepton, antilepton or quark, antiquark. This case 

is discussed in the next section. 

(iv) Consider a single neutral lepton Lo without generation mixing. If suffi- 

ciently light the limit on its existence is contained in the discussion on the number 

of neutrino types in Sec. 3.4.4. 

C 
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,z.- (v-1. Now allowing generation mixing consider an (Lo, L-) pair with m- > mo 
. - or m- < mo. W ith either choice some of the limits discussed in Sec. 3.4 apply, 

with the latter choice, Case (ii) above applies also. 

(vi) Or allow generation mixing with a single neutral lepton Lo, once again 

some of the limits given in Sec. 3.4 apply.“’ 

(vii) Turnings to a pair of new charged leptons 

( L-, L-‘) , m- > rn’ (4.2.5) 

- one can consider the unconventional neutral current decay 

L-+L-‘+f+f (4.2.6) 

.or an electromagnetic decay 

L-*L-l+7 . (4.2.7) _ 

(viii) Allowing generation mixing one can replace L- ’ by fI = e, ~1 or r in 

Eqs. 4.2.6 and 4.2.7. 

(ix] The analogy to Case (iv) is a single stable charged lepton, as discussed 

in Sec. 3.2.2. 

In the next sections we discuss some of these cases not allowed in the standard 

model. 
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,c- 4.3 /DECAYS THROUGH A NEUTRAL WEAK CURRENT 

. - 

Neutral leptons from the pair (Lo, @ ‘) can -be produced (Fig. 4~) via 

e++e--+ZO+LO+LO , 

e++e--tZO+LO+LO’ , 

e++e-+ZO+LO’+jF’ . 

(4.3.la) 

(4.3.lb) 

(4.3.lc) 

- 

In this discussion we assume no generation mixing. Search signatures for the 

reactions in Eqs. 4.3.1~ and 4.3.lb are provided by the unconventional decay in 

Eq. 4.2.4. 

- 

Some of these search signatures are topologically identical to the signatures 

used for neutral lepton searches assuming generation mixing as discussed in 

Sec. 3.4. Thus for Los pair production (Eq. 4.3.la) long-lived Lo’s could give 

one or two separated vertexes, the signature used in the monojet searches. The 

translation of the limits discussed in that section to the case here depends on the 

particular (Lo, Lo ‘) model and is left to the reader. 

The reactions in Eqs. 4.3.1~ and 4.3.lb also have special small multiplicity 

signatures. As was used in Ref. 97, the two-charged-particle decay modes 

Lo--+ LO’+e++e- , LO’+p++P- (4.3.2~) 

and O-charged particle decay modes 

Lo--+ L”‘+u~+@  , l=e,p,r (4.3.2b) 

give distinctive events with two or four leptons and missing energy. Figure 6 

gives an example of a limit’071 that follows from those assumptions. 
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,c- The. decay of a charged lepton through a neutral weak current was considered 

in the 1970’s for various models.‘66’Q6-1001 Often a so-called ortholepton”” was 

assumed to decay via 

L--be-+u’+D’ , t=e,p,r (4.3.4) 

because the electromagnetic decay 

L=-dr+7 (4.3.5) 

- 
was suppressed. The null results from e+e- searches for unstable and stable 

charged heavy leptons (Sec. 3) also apply here. With changes in particle the- 

ory, there is no interest in charged leptons with neutral weak current decays. 

Incidently, so-called paraleptons’06’ with doubly charged weak current decays 

L- + A?!+ + (hadrons)-- (4.3.6) 

were also considered, the same remark applies. 

4.4 EXCITED CHARGED LEPTONS 

The concept of an excited charged lepton, A!*, with the electromagnetic decay 

e*---e-+7 , A? = e,p,r (4.4.1) 

_. _ _m_ 

is old,11011 but current interest in composite models”o2’ have renewed interest in 

the concept. If the A?J consists of two, three or more elementary particles, the e* 

could be an excited state of these particles. In the decay process (Eq. 4.4.1) and 

in some production reactions, the !!* - 7 - e vertex contains the new and unknown 

physics. The vertex function has an unknown complex strength Xe where X is 

dimensionless and e is the electron charge. Usually limits are given in terms of 

A/m* where m* is the assumed mass of the e*. There is no evidence for excited 

leptons. 
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Three-.general methods have been used to search for excited leptons: 

(i) Lepton-hadron scattering 

J! + nucleon t e* + hadrons ; e = e, p 

e* +e+7 
(4.4.2) 

is the oldest search method.‘l’lO’ll’ The fixed target experimentst”‘o’L’l are ob- 

solete but this method will be very sensitive for e* searches when the HERA 

electron-proton collider operates (Sec. 5.3). 

- (ii) The electron-positron annihilation processes can produce excited leptons 

in two ways (Figs. 9a and 9b) 

- 

e+ + e- -+ t*+ + l*- + t+ + t- + 7 + 7 (4.4.3a) 

e++e--+l*++t-+t++f-+7 - (4.4.33) 

Here, .fZ means e, /.L or r. The search method using e*+&*- production (Eq. 4.4.3~1) 

does not depend on X, therefore assuming the !* is a point-like particle, a direct 

lower limit can be set on m*. Sometimes a form factor”03”0’1 IFl. I2 is associated 

with the cross section for this reaction. The sensitivity of the .fZ*+f? method 

(Eq. 4.333) d p d e en s on A/m* and the limit must be given in terms of a maximum 

value of A/m* for each m*. Figures 10 and 11 are recent examples. Of course 

the advantage of this method is that the upper limit on m* is about Ecm rather 

than EC,/2 as in the e*+/?*- method. 

The reaction 

e++e--+7+7 (4.4.4) 

which can occur through e* exchange (Fig. 9c) as well as through e exchange has 

also been used to search for the e*. 
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(iii) The decays of the W* or 2” produced in pp or pp collisions can also be ;.- 
used to search for excited leptons via . .- 

w- + es- + Dl + e- + 7 + & (4.4.5a) 

2” 4 e*- + e+ --) e- + 7 + e+ * (4.4.5b) 

The data from the UA2 experiment “OS1 at CERN has been used to search for the 

k*, the limits are given in Fig. 12. Again there is a dependence on an unknown 

coupling strength parameter, Xmas or XV-A, but in contrast to the e+e- search 

method described in (ii), it is likely that these X’s are close to 1. For the value 

- 1, the lower limit “‘a’ on me* is 75 GeV/c2 at the 90% confidence level. - 

4.5 LEPTONS AND THE SUPERSYMMETRY CONCEPT 

The supersymmetry concept requires for a lepton e-, the existence of a spin 

‘0 partner, the slepton A?. The search methods, in part analagous to those used 

of excited leptons, are diagrammed in Fig. 13. The general production method 

(Fig. 13~) is 

e++e-*7+i++iV ) e”= e”,j.i,i . (4.5.1) 

The e” can also be pair produced through a q exchange reaction (Fig. 13b). Here 

the spin l/2 photino, 7, is the supersymmetric partner of the photon. Single e” 

production 

e+ + e- + e”+ + 5 + e- (4.5.2) 

can occur through diagrams such as Fig. 13~. The respective upper limits on the 

mass search range are 
-- 

ml < EC,/2 and rng < Ecm - rn? . 
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;.- With the rng and rn+ assumption discussed next, the rn; search range can be 

extended upward using the reaction (Fig. 134 

e++e-+7+7+7 . (4.5.3) 

The cross section depends upon the rnz mass in the g propagator and upon rn+ 

. In using these methods it is conventional to assume (i) 

mi>TTky (4.5.4) 

- 
so that the decay 

e’- + e- +q (4.5.5) 

always occurs; (ii) the 7 is stable; and (iii) the 5 is weakly interacting and not 

detected. There is no evidence for supersymmetric particles.“’ 

4.6 HIGH ENERGY, MULTIBODY, PURELY LEPTONIC PROCESSES 

The purely leptonic processes 

e+ + e- + e+ + e- + e+ + e- 

e+ + e- + e+ +e-+p++p- 
(4.6.1) 

.- . = 

have been studied in their own right and as a background to new particle searches. 

The background problem is serious when just two of the particles are observed 

in a conventional detector, the other two particles having been emitted along 

the beam line. At PETRA and PEP energies the processes in Eq. 4.6.1 can 

be completely calculated using quantum electrodynamics, but the calculation is 

tedious and Monte Carlo methods must be used to predict cross sections and 

kinematic distributions. Recently, Berends, Daverveldt and Kleiss”ogl made a 

complete calculation method available. 

c 
-- 
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; W.hen all four particles are observed in a conventional detector in the PETRA 

and PEP energy range, the observed cross section is a fraction of a pb. Hence 

the two reported measurements have a few tens of events. One experiment, 

Bartel et al.,‘1o71 using the JADE detector found agreement with the theoretical 

predictions in many kinematic distributions. The other experiment, Behrend 

et al.,‘lo*l used the CELLO detector and found an excess of events with large pair 

masses. At present there are no other published experiments in this area. 

4.7 MISCELLANEOUS LEPTON TYPES AND LIMITS 

- We conclude Sec. 4 with a miscellany of limits on unconventional types of 

leptons: leptons with connection to the strong interaction, leptons with fractional 

electric charge, and extremely massive leptons. 

4.7.1 Leptons Connected to the Strong hteraction 

There have been proposals for leptons connected in various ways to the strong 

interaction, such as leptoquarks’loD’llol or colored leptons.1111’1’21 Leptoquarks 

would decay into a lepton and a quark 

L+l+q ; (4.7.1) 

colored leptons into a lepton and a gluon 

L--d?+g . (4.7.2) 

_ _ .-. 
There is no evidence for such interesting objects. The experiment of Bartel 

et al.‘llsl is an example of the search methods. 
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4.7.2.. _ Leptons with Fractional Electric Charge 

- 

_. . = 

Two kinds of searches for the fractionally charged quarks of conventional 

theory also apply to fractionally charged particles that do not participate in the 

strong interaction-leptons. 

(i) Some quark searches in e+e- colliders have simply looked for a pair of 

fractionally charged stable particles 

e+e- + x+’ + xmc , c # 1 ; (4.7.3) 

and have not required the produced particle to interact. Such a search is partic- 

ularly suitable for fractionally charged leptons because it is reasonable to assume 

the point-particle production cross section. All searches gave null results.“] 

- 

(ii) Quark searches in macroscopic matter have usually not required the par- 

‘title to participate in the strong interaction. Such searches could have found 

fractionally charged leptons, if. the lepton-atom chemistry allows the lepton to 

be stored in ordinary matter. All but one’“” of the recent searches have had 

null results.‘116-11s1 The positive result of Ref. 114 remains difficult to under- 

stand, remains unconfirmed, and remains not contradicted by any other results 

using the same experimental method. However, the null results of Refs. 115-118, 

particularly the superior sensitivity of Ref. 115, have cast doubt on the positive 

result of Ref. 114. 

In thinking about the significance of these primarily quark searches for lep- 

tons, remember that the emphasis was on charges of order 1 with special emphasis 

on l/3, 2/3 and 4/3 charges. It is easy to design stable, fractionally charged lep- 

tons that would evade these searches and all other searches for stable charged 

leptons. Simply set the charge to be a sufficiently small fraction of the unit 

charge, say 0.1 or 0.01 or 0.001. 

; 
._ 
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;.- 4.7.3 -- Extremely Massive Leptons 

Consider a stable massive lepton with unit charge. If the charge were +l, it 

would behave chemically and electrically in matter as a heavy isotope of hydra 

gen. If the charge were -1 it could electrically bind to a nucleus of charge 2, the 

system behaving as a massive nucleus of charge Z-l. A variety of methods’“e-‘a’l 

have been used to~search for anomalously heavy isotopes of light elements such as 

k, Li, C, 0 and N. Searches have extended from less than 10 amu to lo5 amu 

with sensitivities in the range of 10-l’ to 1O-2g concentration of anomalously 

heavy isotope to normal isotope. Reference 121 gives a useful summary figure. 

- All searches gave null results. - 

If one has a model for massive stable lepton production in the early universe, 

these null searches can be used to exclude the existence of stable charged leptons 

in some mass ranges. 
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_ 5.FUTURESEARCHESFORNEWLEPTONS 

The history of the discovery of the known Jeptons consists of unconnected 

experimental techniques: the e found in cathode ray tube research, the ~1 found 

in cosmic rays, the vc deduced from beta decay spectra and later found through 

a reactor experiment, the u,, separated from the u, in an accelerator neutrino 

experiment, the r found in an e+e- collider experiment, and the u, deduced 

from r decay modes. Except for the deduction of a neutrino from the decay of 

the charged partner, no technique has been used successfully twice. Therefore, 

we shall not describe a program for searches for new leptons using new particle 

colliders or new search techniques, rather we shall summarize the type of searches 

which can be conducted. But first we note the dramatic change that occurs in 

lepton decay processes when mL > mw. 

- 

; 5.1 LEPTONS WITH MASSES LARGER THAN THE W MASS 

Consider a lepton pair (L-,. Lo) with 

m--mo>mw . (5.1.1) 

In conventional weak interaction theory the dominant decay mode is 

L- + LO + w,, 
(5.1.2) 

W&I + e-+~l or hadrons , tZ=e,p,r . 

Similarly, if 

mg-m->mw 

the dominant decay is 

LO + L- + w&J . 
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I The L- + Lo + W- decay width is”“’ 

IyL-+LO+w-) = $(1-%)2(l+s) (5.1.5) 

ignoring mg. An analogous equation applies to Lo + L- + W+. 

Incidently, the conventional theory of the weak interaction radiative correc- 

tions to the masses of the W and Z” restricts the L-, Lo mass different to’12a’1241 

[ m2_-- 2 112 mol < 600 GeV/c2 (5.1.6) 

- 

More speculative as in Sec. 4 (Lo, Lo’) pairs might exist with the unconven- 

tional decay 

LO+ LO’+Zfe, . (5.1.7) 

5.2 FUTURE SEARCHES USING e+e- COLLIDERS 

5.2.1 Searches Below the 9 

The new e+e- collider, TRISTAN, enables the searches described in Sec. 3 

to be extended to total energies in the 60 to 70 GeV range. The searches at 

PETRA were at a maximum total energy of about 44 GeV. 

5.2.2 Searches At the 8’ 

The process’126’1a6’ 

e+e-tZFed+L+Z , L = L- or Lo (5.2.1) 

where E,, w mz offers three great advantages for new lepton searches: 
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(i) The-cross section has a strong maximum with 

oZopeak(e+e- + L’L-) .= 1100 pb 
(5.2.2) 

oZopeak (e+e- + LoLo) = 2200 pb . 

The radiative correction to the Z” resonance is included. Since the charged 

lepton accounts for only a small fraction of the total Z” width, the increase 

in the hadronic cross section is much larger than that for the charged lepton; 

this poses a special problem for the charged lepton search. 

- (ii) The presence of a new L can be detected indirectly through the measure- 

ment of the Z” width, I’z. For a new lepton, with the conventional weak 

current couplings, the extra width is 

AI‘z(L-) k: 80 MeV/c2 

&C’Z(L~) B 160 MeV/c2 
(5.2.3) 

where mL 6: mz/2. 

(ii;) A related method for indirect detection of stable Lo’s uses the reaction [90,1!26,127] 

I _ .- 

e+e-+Z”+7+Lo+LO+7 

with Ecm a few GeV larger than mz. 

These methods will lead to definitive L- and Lo searches for 

(5.2.4) 

mL 5 (mz/2 - 5) GeV/c2 (5.2.5) 

at the SLAC Linear Collider (SLC) and LEP. This includes a definitive mea- 

surement of the total number of different neutrino types with masses obeying 

Eq. 5.2.5. 
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Analogous methods can be used for the unconventional lepton types discussed 

in Sec. 4. For example, an (Lo, Lo’) pair can be produced in 

e+e- + Zfed + Lo + Lo’ (5.2.6) 

provided 

mo + mot 2 (mz - 10) GeV/c2 . (5.2.7) 

Close-mass pairs with both m- and mo obeying Eq. 5.2.5 will be much easier 

to detect than at present energies (Sec. 3.3). The background cross sections 

(Eq. 3.2.11) will be smaller relative to the production cross section (Eq. 5.2.1) 

and both the L- and the Lo will contribute to I’z. 

- 

5.2.3 Searches Above the Z” 

The LEP e+e- circular collider is designed to generate at total energies up 

to about 200 GeV.““’ The possibility exists to go to yet higher energies using 

the linear collider principle,“a”‘201 perhaps to several TeV or more. As Ecm rises 

to 200 GeV and above several new factors affect lepton searches. 

(i) As discussed in Sec. 5.1, new leptons obeying conventional weak interaction 

theory decay via 

L- + LO + Wrial 
(5.2.8) 

LO + L- l tWrial . _ 

Hence, the signatures are different from those used to detect new leptons 

at energies below or at the Z” mass. 

(ii) According to conventional theory lepton production will occur through the 

processes 
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i ,=.- 
e+e- + 7vihud + L+ + L- ’ 

. 
(5.2.9) 

e+t?-+Z~iti,~+L+Z ,. L=L-,L” 

and their interference. The cross section is 

a(e+e- + LZ) = 0.087R 
[Ecm(TeV)]2 pb 

(5.2.10) 

ignoring the high energy radiative tail of the Z”. Once Ecm > 0.2 TeV the major 

energy dependence is given by E&f as shown in Table 13. Lepton production 

through the 7 is stronger than production through the Z” when I& is beyond 

the Z” peak. Large luminosities are required for a definitive search. For example, 

at Ecm = 1 TeV 

a(e+e- --) L+L-) k: 10-37cm2 , (5.2.11) 

and to produce N events in a lo7 second year requires an average luminosity of 

L: =‘N x 1030cm-2s-’ . (5.2.12) 

5.3 FUTURE SEARCHES USING ep COLLIDERS 

The HERA ep collideri’gO’ provides a powerful way to search for leptons11811 

with the lepton number of the e or which mix with v,. The reaction (Fig. 14) 

e- + p + E- + hadrons (5.3.1) 

can occur through 7 or Z” exchange. The reaction 

_ _ .-. e- + p + E” + hadrons (5.3.2) 
C 

can occur through W exchange. Here E- and E” are leptons. One example’1s11 

for the E- is an excited electron e*. Another example”811 for both the E- and 

the E” is provided by composite models for leptons. 
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,=.- There -is a more general mechanism for new lepton production through a 

virtual 7, Z”, or W, for example, 

e- + p + e- + hadrons + Ztidud 
(5.3.3) 

ZvOirtual -,L+Z . 

But the cross sections for such reactions are relatively small and it would be 

difficult to find the lepton signal amid the very much larger cross section for pure 

hadron production 

- e- + p -+ e- + hadrons . (5.3.4) - 

High energy ep collisions can produce leptoquarks (Sec. 4.7) if they are elec- 

tron related’1S’1 via 

e-+q+L 

where q is a u or d quark in the reaction. 

5.4 FUTURE SEARCHES USING j~p AND pp COLLIDERS 

5.4.1 Searches Using W  Decays 

In Sec. 3.2.3 we described a search at the CERN pp collider using 

p + p + W* + hadrons 

_. ..-- w-+L-+LO ; 

with the limit m- > 41 GeV/c2 for mo w 0. The m- and no ranges of such 

a search can be increased as the rate of W  production increases at the CERN 

and Tevatron pp colliders; background problems rather than mw may limit that 

52 



i mass range. The analogous process 

j~+p + Z”+ hadrons 

ZO-+L+Z 
(5.4.2) 

could be used as a search method, however, the searches using the Z” produced 

in e+e- annihilation (Sec. 5.2) are more comprehensive and definitive. 

- 
5.4.2 Searches Using the Drell-Yan Mechanism 

Figure 15~ shows the process1132’ 

jJ+porp+p--,q+g’+ hadrons 

or (5.4.3a) 

p+porp+p-+ q+q+ hadrons 

with 

q + if + w”-*ual + L- + L 0 

or 

(5.4.3b) 

q + Q-b z~irtual-+ L +Z , L= L- or Lo - (5.4.3c) 

The subprocesses in Eqs. 5.4.36 and 5.4.3~ have the same size cross sections as 

the e+e- annihilation cross section (Eq. 5.2.9) when 

EC&&) = &&+e-) . (5.4.4) 

P 
-- 

There is, however, a small probability of obtaining an E,,(qq’) which is a sub- 

stantial fraction of E,,@p) or E,,(pp). Consider the reaction in Eq. 5.4.3~ which 
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requires - 

&&N’) > 2mL . 

Then 

- 

a(pp or pp + Lz + hadrons) < a(e+e- + Ln (5.4.5) 

where Eq. 5.4.4 applies. 

The effects of Eq. 5.4.5 and the much larger background in hadron colliders 

make pp or pp searches using the Drell-Yan process much more difficult than 

searches using e+e- colliders. Of course, with very high energy, high luminosity 

pp colliders, experiments have the possibility of exploring a lepton mass range 

beyond the reach of the highest energy e+e- collider under construction-LEP. 

The proposed Superconducting Super Collider (SSC) would have a total energy 

of 40 TeV. The Large Hadron Collider (LHC) being discussed for CERN would 

have a total energy up to 18 TeV. 

- 

At very high energies there are two other recently proposed lepton-production 

processes which are calculated to have large cross sections for some lepton mass 

ranges. These are discussed in the next section. 

5.4.3 Searches Using Gauge Boson Fusion and Gluon Fusion 

Figure 15b shows lepton production via gauge boson fusioni1s3’ 

p + p + Wv$ual + z&ual+ hadrons 

Wv&tual + z&tn~~ + L- + Lo . 

An analogous subprocess is 

(5.4.6~) 

(5.4.63) 

C 

wi*usl + W”Trtual + L + z , L = L-, LO . (5.4.6~) 

This process can give a larger cross section than the Drell-Yan process when the 

lepton masses are large. 
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The gluon fusion processes,“Bg1 (Fig. 15~) may be important depending on 

factors such as the total energy relative to the lepton mass and the existence of 

the Higgs boson. 

In conclusion, there are several processes by which massive leptons can be 

produced in very high energy jfp or pp collisions. More study is required as to 

how such leptons can be detected in the presence of the very much larger cross 

sections for hadron production. 

5.5 MISCELLANEOUS FUTURE SEARCHES 

We began this section pointing out the erratic history of the experimental 

methods used to discover new leptons. It may be that the method which will 

be used to discover the next new lepton will be within the speculations of this 

section. 

5.5.1 Unusual Charged Leptons 

In Sec. 4.7 we discussed searches for fractionally charged leptons and ex- 

tremely massive leptons. As fashions go in theoretical particle physics there is 

no pressing need to search for such particles. But the search techniques are in- 

teresting to experimenters, and as new techniques are invented, there is no basic 

physics which prevents more sensitive fractional charge searches’1s41 than those 

discussed in Sec. 4.7. 

5.5.2 Leptons as Dark Matter 

_ These days a number of astronomical observations and cosmological models 

require the existence of so-called dark matter-matter not detectable through its 

emission of electromagnetic radiation. Dark matter is also one explanation of the 

existing discrepancy between present data and present solar theory on neutrino 

emission by the sun. 
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,=.- One.form of dark matter might be stable, neutral leptons.‘lasl This speculation 

was particularly popular when there was data requiring the electron neutrino to 

have a mass in the range of 20 to 50 eV/c2. Most recent data”“’ gives an upper 

limit on m,, less than 20 eV/c2, and this idea has lost favor. A number of 

ingenious methods, however, are begin developed for searching for dark matter. 

Some of these methods depend only on dark matter having a weak interaction, 

which is just what is needed for lepton searches. 

5.6 L’ENVOIE 

- 
The delights of searching for new leptons are the unexpected directions from 

which the discoveries have come and the simple beauty of leptons-particles free 
- 

of the confusing strong interaction. The pain of searching for new leptons is that 

it has taken about one hundred years to find six kinds, counting the neutrinos; 

or, a new charged lepton every forty years. One of us (MLP), now sixty years 

old, wonders if another lepton will appear during his lifetime. 

Yet there must be more leptons. Could the universe of leptons be so meager 

that no more leptons will be found with tomorrow’s research instruments? Com- 

pared to those instruments, the research instruments of the past: cathode ray 

tubes, thick plate spark chambers and the SPEAR storage ring are toys. So we 

are optimistic; the question is how to find more leptons. 

The answer is the old joke. A winner of a million dollar lottery is asked by a 

reporter “How did you pick the lucky number 48?” The winner answers =Brains 

and luck, I know that 7 is a good number so I calculated that 7 x 7 = 48 must be 

a better number.” U But 7 x 7 = 49” says the reporter. “That’s the luck part” 

replies the winner.’ 
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Table 1. r lifetime in units of lo-l3 s. The statistical error is given first, the 
‘systematic -error second. We list all measurements provided: (a) the statistical and 

. systematic errors are each 2 0.40 x lo-l3 s, (b) the measurement is described 
in a preprint,-journal article, or Ph.D. thesis authored by the experimenters, and 
(c) the authors have not stated the measurement is superseded by a more recent 
measurement. 

LifetiXle Errom combined Experimental Rdvmct 
in quadrature Group 

2.i8 f 0.16 f 0.17 
D. Amidei et al., 

f0.23 MARK II SLAGPUB-4362 (1987) 

E. Fernand- et al., 
3.15 f0.36f0.40 M.54 MAC Phya. Rev. L&t. 64, 

1624 (1085) 

H. R. Band et al., 
3.09 M.19 MAC Phys. Rev. L&t. 69, 

415 (1987) 

S.. Abachi et al., 
3.02f0.15 l 0.08 fo.17 HRS ANGHEP-PR-87-1 (1987’ 

C. Hebek et d, 
3.25 f0.14 f0.18 f0.23 CLEO Phys. Rev. D36, 

600 (1087) 

H. Albrecht et al., 
2.95 f0.14 f 0.11 4~0.18 ARGUS DESY 87-128 (1987) 

3.04 fo.00 Formal Average 

- 
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Table 2. r leptonic branching ratios in percent. The statistical error is given first, 
the systematic error second. We list all measurements provided: (a) the statisti- 
cal and systematic errors are each 5 3.0%, (b) the measurement is described in a 

i -preprint, journal article or Ph.D. thesis authored by the experimenters, and (c) the . 
authors have not stated the measurement is superseded by a more recent measure- 

. ment. 

No 

No 

Yd 

No 

NO 

No 

No 

No 

Yd 

No 

No 

No 

No 

B(r- + c-o@+) B(r- - l-p+) Brprh#kl 

Meuurement 1 Combined M eamrement 1 Combined Group I 
Refelwlce 

16.0 
J. Bumeater et al., 

PLUTO Phya. Lott. 66B, 
2Q7 (lQ77) 

16.0 
w. Bach0 et el., 

f1.S DELCO Phya. Rev. Le. 41. 
13 (lQ76) - 
CL. Bergor et al., 

17.6fZ.Ml.6 f2.7 PLUTO &a. L&t. QQB, 
489 (1961) 

17.6M.6fl.O 
C. A. Blocker et al., 

il.3 17.1M.6fl.O f1.3 MARK II Pbyc Latt. lOQB, 
119 (lQ62) 

16.Sf2.lfl.Q 
H. J. Behrend et aI., 

fS.1 17.6ftbi2.1 fS.3 CELLO Phys. Lett. 127B, 
270 (lQ63) 
hf. Althoff et al.. 

2O.r*s.o+,y@ +X3 
--s.l 12.Qil.~~~ il.6 TM!30 2. Phys. c26, 

621 (lQ66) 
ch. Berger et al., 

13.of1.of2.Q is.6 19.4fl.bf1.7 f2.3 PLUTO 2. Phys. cm, 
1 (lQ66) 
R. II. Baltruaitt et al 

16.2fo.7fo.6 M.9 16.0&1.&tO.6 l 1.2 MARK III Pbya. Rev. Lett. 66, 
I I I I I1642 (lQ66) 

IW.W.Aahad.. 
17.4f0.6f0.6 fo.9 17.7M.6f0.6 M.9 MAC Phya. hv. I.&t. 66, 

2116 (lQ66) 

17.6 9~0.6 17.3 M.6 MAC Same data Y above 

17.0&0.7ztO.Q fl.1 ---F 16.4fl.2fl.O il.6 

lQ.lM.6fl.l 
I 

il.4 

17.4kO.6iO.6 fl.0 MARK J 

16.6fO.6M.7 fl.1 JADE 

17.7fl.2f0.7 fl.4 TPC 

16.Sfo.QkO.6 fl.2 YARK II 

B. Adaa et al., 
Phys. Lott. 1’198, 
177 (lQ66) 
w. Rartel et al., 
Phyo. Lett. 162B, 
216 (lQ66) 
.H. Aihua l t al., 
Pbyo. Rev. DS6, 
1663 (lQ67) 
P. R. Bwchat a( al., 
Phym. Rev. D25, 
27 f1987) 

17.7 I Formal Average 

- 

^ 

*Not included in fanml average. 
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c I Table 3. T- + ~T-v~ branching ratio in percent. The statistical error is given 
first, the systematic error second. We list all me&urements provided: (a) the sta- 

. tistical and systematic errors are each 5 3.0%, (b) the measurement is described 
in a preprint, journal article or Ph.D. thesis authored by the experimenters, and 
(c) the authors have not stated the measurement is superseded by a more recent 

- 

measurement. 

Measurement 

9.0 f 2.9 f 2.5 

11.7 f 0.4 f 1.8 

9.9 f 1.7 f 1.3 

11.8 f 0.6 f 1.1 

10.7 f 0.5 f 0.8 

10.0 f 1.1 f 1.4 

Combined Experimental 
E rror Group 

f3.8 PLUTO 

f1.8 MARK II 

f2.1 CELLO 

f1.3 JADE 

f0.9 MAC 

f1.8 MARK II 

Reference 

G. Alexander et al., 
Phys Lett. 78B, 
162 (1978) 

C. A. Blocker et al., 
Phys. Lett. lOQB, 
119 (1982) 

H. J. Behrend et al., 
Phys. Lett. 127B, 
270 (1983) 

W . Bartel et al., 
Phys. Lett. 182B, 
216 (1986) 

W . T. Ford et al., 
Phys. Rev. D35, 
408 (1987) 

P. R. Burchat et al., 
Phys. Rev. D35, 
27 (1987) 

10.9 f0.6 Formal Average 
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= - Table 4. r- + p-u, branching ratio in percent-. The statistical error is given 
first, the systematic error second. We list all measurements provided: (a) the sta- 

. tistical and systematic errors are each < 3.0%, (b) the measurement is described 
in a preprint, journal article or Ph.D. thesis authored by the experimenters, and 
(c) the authors have not stated the measurement is superseded by a more recent 
measurement. 

- 

Measurement 

22.lf 1.9 f 1.6 

22.3 f 0.6f 1.4 

23.0 f 1.3 f 1.7 

25.8 f 1.7f 2.5* 

Combined Experimental 
Error Group 

f2.5 CELLO 

f1.5 MARK II 

Reference 

H. J. Behrend et al.., 
2. Phys. C23, 
103 (1984) 

J. M. Yelton et al., 
Phys. Rev. Lett. 56, 
812 (1986) 

f2.1 

f3.0 

fl.O 

MARK III 
J. Adler et al., 
Phys. Rev. Lett. 59, 
1527 (1987) 

MARK II 
P. R. Burchat et al., 
Phys. Rev. D35, 
27 (1987) 

22.8 Formal Average 

*All r- + xr-xo~, included in r- ---) p-v,. 
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. 
Table 5. r branching ratios B(r- + ~r-~+n-~r) and B(r- + x-xr+lr-nrrov,), 
n 2 1, in percent. The statistical error is given first, the systematic error second. 
We list all measurements provided: (a) the statistical and systematic errors are 
each 5 2.0%, (b) th e measurement is described in a preprint, journal article or 
Ph.D. thesis authored by the experimenters, and (c) the authors have not stated 
the measurement is superseded by a more recent measurement. . ._ .- ._ ___-_- 

- 

B r--+u-&r-u, B(s- + r-r+r-nr%, . Elcpammtal 
Measurement Combined Mwurement Comb&d 

RdmnCG 
Group 

Error Error 
w. wagna et al., 

5.4 f1.7 PLUTO Z. Php. C3, 
193 (1980) 
H. J. Behrend et al., 

9.7 f 2.0 f 1.3 f2.4 CELLO Z. Phya. C23, 
103 (1984) 
E. Fernandez et al., 

7.7 ho.8 5.2 f0.8 MAC Phya. Rev. L&t. 54, 
1624 (1985) 
W. R. Bucbtuhl et al, 

5.4 fl.O 6.4 f1.2 DELCO Php. Rev. Lett. 59, 
2132 (1986) 
W. Schmidke et al., 

7.8 f 0.5 f0.8 f0.9 4.7f 0.5 f0.8 f0.9 MARK II Phyr. Rev. Lett. 67, 
527 (1986) 
H. Albrecht et al., 

5.9 f0.7 ARGUS Z. Phys. C33, 
7 ww 
H. Albrecht et al., 

4.2 f 0.6 4~0.9 fl.O ARGUS Phya. Lett. 185B, 
223 (1987) 

6.7 l 0.4 6.0 f0.5 Formal Avaage 
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Table 6. Upper limits on the branching ratio in-percent for r- + u-vu,. 

1.0 95 v-+77 MARKII 43 

1.3 9s r- - K-K“ur TPC 30 
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* ,=- 

. Table 7. Upper limits on branching ratios for 7 decay modes that would violate 
lepton number conservation. Limits at 90% confidence level. A!- means e- or ~1~. 

- 

-_ ._-. 

Decay Mode Upper Limit Experimental Group Reference 

r- + c-c+c- 3.8 x 10" ARGUS H. Albrecht et al., 
c-p+p- 3.3 x 10-g Phys.Lett. 18SB,228 (1987) 
p-e+e- 3.3 x 10-g 
c(-c(+lr- 2.9 x 1O-6 

I-Flf 3.8 x lo-' 

e-%+x- 4.2 x 1O-6 
p-u+r- 4.0 x 10-g 
e-p0 3.9 x 1O-6 
P-PO 3.8 x 1O-6 

1%r*,- 6.3 x 10-S 

e-w+K- 4.2 x lo-" 
p-r+K- 1.2 x lo-' 
e-K*O 6.4 x 10-g 
p- K’O 6.9 x 1O-6 

F,*K- 1.2 x lo-' 

e-7 
e-w0 

3.4 x 10-d CRYSTAL BALL S. Keh, Ph.D Thesis, 
4.4 x 10-d W-burg University, 

DESY F3&3-06 (1986) 

e-KO 
cr-fl 

1.3 x 10-S 
1.0 x 10-S 

MARK II K. G. Hayes3 et al., 
Phys. Rev. D21,2869 (1982) 
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_ . ._-- 

Table 8. r topological branching ratios in percent. The statistical error is given 
,=.- first, the. systematic error second. We list all measurements provided: (a) the sta- 

tistical-and systematic errors are each 5 2.0%, (b) the measurement is described 
in a preprint, journal article or Ph.D. thesis authored by the experimenters, and 
(c) the authors have not stated the measurement is superseded by a more recent 
measurement. 

Bl & Experimental 
Reference 

Measurement Combined Measurement Combined Group 
Error Error 

H. J. Behrend et al., 
14.0 f2.0 15.0 f2.0 CELLO Phys. Lett. IlaB, 

282 (1982) 
C. A. Blocker et al., 

B6.0 f 2.0 f 1.0 f2.2 14.0 f 2.0 f 1.0 f2.2 MARK II Phys. Rev. Lett. 49, 
1369 (1982) 
H. J. Behrend et al., 

15.2 f 1.9 f 1.3 1k2.3 14.7 f 1.5 f 1.3 f2.0 CELLO 2. Phys. C23, 
103 (1984) 
hf. Althoff et al., 

14.7 f 1.1’“,:“3 +1.0 -1.7 15.3 f l.l’_‘,:“, +1.7 
-1.0 TASS0 Z. Phys. C26, 

521 (1985) 
E. Fernandes et al., 

36.7 f 0.3 f 0.6 f0.7 13.3 zt 0.3 f 0.6 f0.7 MAC Phys. Rev. Lett. 64, 
1624 (1985) 
C. Akerlof et al., 

86.9 f 0.2 f 0.3 f0.4 13.0 f 0.2 f 0.3 f0.4 HRS Phys. Rev. Lett. 66, 
570 (1985) 
W. Bartel et al., 

86.1 f 0.5 zlz 0.9 ztl.0 13.6 f 0.5 f 0.8 f0.9 JADE Phys. Lett. 161B, 
188 (1985) 
W. Ruckstuhl et al., 

87.9 f 0.5 f 1.2 f1.3 12.1 f 0.5 f 1.2 f1.3 DELCO Phys. Rev. Lett. 66, 
2132 (1986) 

87.2 f 0.5 f 0.8 

84.7 f 0.8 f 0.6 

_ W. B. Schmidke et al. 
f0.9 12.8 f 0.5 f 0.8 f0.9 MARK II Phys. Rev. Lett. 57, 

527 (1986) 
H. Aihara et al., 

fl.O 15.1 f 0.8 f 0.6 fl.O TPC Phys. Rev. D86, 
1553 (1987) 

zko.3 13.3 f0.3 Formal Average 
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. Table 9a. Summary of formal averages of measured branching ratios in percent for 
modes with 1 charged particle. Values are from Tables 2, 3, 4 and 8 of this paper 
or Ref. 26. 

- 

Type of 
Measurement I Row 

Exclusive 
. measurement 
of modes with 

0, 1 or 29r” 

A 
B 
C 
D 
E 
F 
G 

Decay Mode I Branching Ratio 

e-t& 17.7 f 0.4 
cr’~gJl 17.7 f 0.4 

u-u, 10.9 f 0.6 
P-h 22.8 f 1.0 

u-2u0u, 7.5 f 0.9 
K-u, 0.6 f 0.2 
K.-u, 1.6 l 0.3 

Sum of rowa A-G 78.8 f 1.6 

Exclmive I 
measurement 
of modes with 

3x0 

u-39r0u, 

Sum of all J 
exclusive 

measurements 
Rows A-G, I 

78.8 - 81.8 

Inclusive K 
I I 

All modes with 87.0 f 0.3 
measurement* 1 charged particle 

* Including r- -+ K*-u, -t r-eu, -I T-R+X-u,. 

Reference 

Table 2 
Table 2 
Table 3 
Table 4 

This paper 
Ref. 26 

This paper 

This paper 

Table 8 

5 

-- 
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Table 9b. Summary of formal averages of measured branching ratios in percent 
for modes with 3 or 5 charged particles. Values are from Tables 5 or 8 of this paper. 

Type of 
Measurement Row Decay Mode Branching Ratio Reference 

Exclusive L u-u+%-u, 6.7 f 0.4 Table 5 
Measurement M u-u+u-nu”ur, n 2 1 5.0 f 0.5 Table 5 

Sum of Rows L-M N 11.7 f 0.6 

Inclusive 0 All modes with 12.9 f 0.3 Table 8 
_ Measurement l 3 charged particles 

Inclusive P All mod- with 0.11 f 0.03 
Measurement 

Thin paper 
5 charged particlee 

l Excluding r- + K.-u, + x-Kfu, + u-u+x-v,. 
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i ,=.- Table 10. r branching ratios in percent from Ref. 47 using an analysis method 
in which all observed r decays must be allotted to one of the modes listed here. 

. These measurements are compared with the formal averages from Table 9. 

Row Decay Mode Measured Formal Average 
Branching Ratio Branching Ratio 

A e-Deu, 19.lf 0.8 f 1.1 17.7 f 0.4 

B p- Dph 18.3 f 0.9 f 0.8 17.7 f 0.4 

C CUT lO.Of 1.1 f 1.4 10.9 f 0.6 

D 7r-lr%, 25.8 f 1.7 f 2.5 22.8 f 1.0 

E x-m 0 n > ur, 1 12.0 f 1.4 f 2.5 

F Sum of rows A-E 85.2 

G 7r-7r+7r-u, 6.7 f 0.8 f 0.9 6.7 f 0.4 

H 7r-7r+7r-n7r"uT, n > 1 6.lf 0.8 f 0.9 5.05 0.5 - 

I Sum of rows G and H 12.8 11.7 

J Modes containing K ,meson 2.0 * 

K Sum of rows F, I and J 100.0 

* Fixed in analysis from other experiments. 
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,=.- Table 1.1. _ Lower limits on the mass of a heavy charged lepton at the 95% 
confidence level. 

Limit Experimental 
( GeV/c2) Group 

18.0 JADE 

22.5 MARK J 

Reference 

55 

56 

14.5 PLUTO 57 

15.5 TASS0 58 

C 
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Table 12. Upper limits on number of generations of neutrinos 
at the 90% confidence level. The neutrind mass is taken to be less 
than 10 GeV/c2. 

I Number Experimental 
of Generations Group 

I 17 I MAC 

15 

7.5 

CELLO 

ASP 

I 4.8 Combined Limit 

Reference Reference 
I 

91 

92 

I 93 

94 

91 

92 

93 

94 

- 
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i ,=.- 

. 

Table 13. The value of R in Eq. 5.2.10. 

I JL (TW I L+L- I LOLO I 

I 0.2 I 1.27 I 0.50 I 
0.7 1.18 0.32 

I 
1.17 I 0.31 I 

- 
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i ,=.- FIGURE CAPTIQNS 

. 

1. The-production of a charged lepton through (a) virtual one-photon ex- 

change, (b) virtual or real Z” exchange, (c) the direct decay of a W  boson. 

2. Crude method for calculating heavy charged lepton branching ratios. The 

quark decay modes are enhanced by the color factor of 3. 

- 

3. (L-, Lo) pairs within the hatched region are excluded with > 2a confidence. 

4. (a) The prod UC t ion of neutral leptons through 2’ exchange, (b) the pro- 

duction of an electron type neutral lepton through W  exchange. 

5. Crude method for calculating heavy neutral lepton branching ratios. The 

quark decay modes are enhanced by the color factor of 3. 

- 

6. Upper limit on the heavy neutral lepton pair production cross section at 

90% confidence level, normalized to the cross section expected in the stan- 

dard model. 

7. Limits on mixing as a function of the heavy neutral lepton mass as obtained 

from (1) TRIUMF z -+ eu, Ref. 79; (2) SIN rr -+ eu, Ref. 80; (3) KEK K + 

eu, Ref. 81; (5) B rookhaven AGS R + eu and K --+ eu, Ref. 84; (6) CERN 

PS 191 rr + ev and K + eu, Ref. 85; (7) CHARM charm decay, Ref. 86; 

(8) FERMILAB charm decay, Ref. 87; (9) CERN BEBC charm decay, 

Ref. 88; (10) e - p universality, Ref. 89; (11) MARK II secondary vertex 

search, Ref. 72; (12) CELLO secondary vertex search, Ref. 73; (13) PEP 

monojet searches, Ref. 74; (14) JADE monojet search, Ref. 76. 

_- _ .b. 

8. Limits on mixing as a function of the heavy neutral lepton mass as obtained 

from (3) KEK K --) pu, Ref. 81; (4) SIN z + ku, Ref. 82; (5) Brookhaven c -- 
AGS K -+ PV, Ref. 84; (7) CHARM charm decay, Ref. 86; (8) FERMILAB 

charm decay, Ref. 87; (9) CERN BEBC charm decay, Ref. 88; (10) e-p 

universality, Ref. 89; (11) MARK II secondary vertex search, Ref. 72; (12) 

CELLO secondary vertex search, Ref. 73. 
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9. production through e+e- annihilation of (a) an excited lepton pair, and 

(b) an excited lepton with an ordinary lepton. An excited electron, e*, may 

be detected through the e* exchange diagram contributing to e+e- + 77 
in (c). 

10. Limits on e* production from CELLO, Ref. 103. 

11. Limits on r* production from JADE, Ref. 104. 

12. Limits on e* production from UA2, Ref. 105. 

- 

13. Mechanisms for producing spin 0 supersymmetry leptons, L!*: (a) e” pair 

production, (b) additional process for Z pair production, and (c) processes 

for single e” production. The existence of the e” may be detected through 

the reaction e+e- + 755 as shown in (d). 

14. Definitive searches for new leptons with the e lepton number can be carried 

out using ep collisions. 

15. Mechanisms for producing,new leptons in pp or pp collisions: (a) the Drell- 

Yan mechanisms, (b) gauge boson fusion, and (c) gluon fusion. 
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